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Foreword I

We are guests of green plants on this planet. Plants are a source of food, fiber, and
materials for shelter. Ornamental plants contribute to our esthetic environment.
Numerous plants are sources of pharmaceuticals. Our civilization developed pro-
gressively after the domestication of plants about 10 000 years ago. Since then plants
were constantly improved through conscious and unconscious selection by ancient
farmers for more than 9000 years. During the last century, crop improvement
became a scientific endeavor after the rediscovery of Mendel�s laws of inheritance.
The science of genetics providedmany additions to plant breeder�s tool kit andmajor
advances in food production were made. Green Revolution is a shining example of
these advances. It has been possible to feed 6 billion of Earth�s inhabitants.

Human population continues to increase unabated. It is estimated that there will
be 9 billion people on this planet in 2050 and this will require doubling of food
production. To meet this challenge, we must increase the yield potential of our food
crops and close the yield gap. The average yield of most crops is about half their
potential yield. For example, yield potential of rice is 10 ton ha�1, but farmers on
average harvest about 5 ton ha�1. This yield gap is due to losses caused by biotic and
abiotic stresses. Abiotic stresses include drought, submergence, salinity, and unfa-
vorable temperatures.

Very little progress has been made in developing crops with tolerance to abiotic
stresses through conventional breeding approaches. Breakthroughs in molecular
biology and biotechnology have provided new tools such as molecular marker-aided
selection (MAS) and genetic engineering. These technologies have opened new
avenues for developing crops with tolerance to abiotic stresses.

Editors of this volume have done an admirable job of assembling a wealth of
information on these new approaches for crop improvement. They have sought
contributions from knowledgeable authors from all over the world. The number of
crops included in the volume is comprehensive. These include grain, oil, fruits,
vegetable, and ornamental crops and sugarcane, tea, tobacco, and cassava. Several
chapters provide overview of latest advances in molecular biology such as genomics,
transcriptomics, proteomics, andmetabolomics, collectively called ‘‘omics.’’ There is
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an excellent chapter on the role of plant transporters in abiotic stress tolerance. The
chapter on improving crop productivity under changing environment is a welcome
addition in view of concerns about the impact of climate change on crop productivity.
This comprehensive volume should prove useful for basic researchers, plant scien-
tists, and students interested in crop improvement, as well as teachers.
I would like to congratulate the editors for their labor of love for preparing this

valuable scientific resource.

University of California Gurdev S. Khush, FRS
Davis, California, USA

VI Foreword I



Foreword II

Together with other photosynthetic organisms, plants are the primary producers and
the foundation of the global biogeochemical cycles that sustain terrestrial life. As
such, plants are also the main biological resource for humans by providing food,
feed, and various biomaterials such as oils, fibers, and wood. Taking into account
population growth, urbanization, climate change, and the limitation of natural
resources, global food security has become a strategic challenge just half a century
after the ‘‘Green Revolution.’’ There is a need for higher stability of yield to ensure
global food security and repartitioning and lowering the prices of plant products.
Moreover, the need to cut CO2 emissions and the foreseeable end of the oil era
makes the transition from conventional fossil fuels to alternative and renewable
resources a priority, resulting in a growing demand for plant biomass for alternative
energies and green chemistry.

Agriculture is also challenged by increasing urbanization and industrial pollution,
resulting in the overexploitation of fossil resources, water, and arable land. Seventy
percent of freshwater is used for irrigation, making water one of the most critical
parameters in plant production. The predictions in climate change for this century
are estimated to further negatively affect water supplies and agricultural productivity
leading to the potential amplification of catastrophic incidents. Forty percent of the
Earth�s land surface is now used for agriculture. However, this area cannot be
enlarged and instead, we foresee a reduction in arable land due to urbanization,
pollution, and climate change in the next decades. If this was not enough, the world
population will reach 9.2 billion by 2050, revealing that food production will have to
double and farm productivity to increase by 1.75% each year.

In the face of these challenges, there is an urgent need to develop new crop lines
that can perform better but under conditions of less water, less nutrient inputs, and
by better withstanding abiotic and biotic stresses. This book, edited by Drs. Narendra
Tuteja, Sarvajeet SinghGill, Antonio F. Tiburcio, and Renu Tuteja, comes at the right
time to tackle the problems plants face under abiotic stress conditions and will
clearly be of major value for researchers and breeders. The editors have achieved to
assemble a number of experts that share their knowledge in a very complementary
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way. The volume thereby provides both an excellent overview and a detailed account
of the field of plant abiotic stress response mechanisms. Importantly, the contribu-
tions range from established concepts in model plants to applied questions in
specific crops. The book thereby will enlighten readers of various disciplines and
at various levels, bridging text book knowledge to application.

Paris Heribert Hirt
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Preface

World population is expected to increase from the present �7 billion to �10 billion
by the year 2050; therefore, a critical question that needs to be asked is whether the
rate of increase in crop yield would be sufficient to feed all the people. For example,
the average world cereal yield will need to reach 5 ton ha�1 from its present 3 ton
ha�1 to maintain population growth (FAO). On the other hand, the crops� produc-
tivity is continuously decreasing year by year due to the negative impact of various
environmental stresses. The abiotic stress factors such as heat, cold, drought,
salinity, wounding, heavy metal toxicity, excess light, flooding, high-speed wind,
nutrient loss, anaerobic conditions and radiations are the key elements limiting
agricultural productivity worldwide. For example, the continuous increase in only
salt and water stress can lead to 50% loss of arable lands by the year 2050, which will
lead to a significant decrease in crop production and ultimately will cause losses
worth hundreds of millions of dollars each year. Therefore, increased water-use
efficiency and salt tolerance are important challenges for agricultural production in
an ever-decreasing area of arable land. Global warming and climate change indicate
that in the future there may bemore extreme weather events triggering flooding and
extreme temperature. Managing risks from extreme flood and temperature events
will be a crucial component of climate change adaptation. It is, therefore, of utmost
importance to develop and implement techniques that enhance the crop productivity
in the presence of continuous stress. Overall, the biotechnology and genetic engi-
neering play important roles in innovative economy and is crucial in addressing
global changes such as population growth and climate change. The transgenic
approaches could be one of the fastest ways to produce GMOs that can tolerate
the stress and can produce good yield in the presence of continuous stress. But the
crops classified as GMO will have to undergo a costly authorization process, which
involves extensive risk assessment for human and animal health and the environ-
ment. This is a lengthy process, and also the public acceptance for GMO products on
themarket is much lower compared to conventional or organic ones, which could be
attributed to the nonawareness among the general public, media, and NGOs.
However, the biotech crops could be as safe as conventional crops because in those
countries where transgenic crops have been grown, there have been no verifiable
reports of health or environmental harm (UN FAO). Overall, the improvement of
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crop resistance to the stresses is very essential these days in order to cope with the
upcoming problem of food security.
In this book, ‘‘Improving Crop Resistance to Abiotic Stress,’’ we present a collec-

tion of 54 chapters written bymore than 180 experts in the field of crop improvement
and abiotic stress tolerance with special emphasis on crop plants. The book is
divided into two volumes, each containing 27 articles. It is a timely contribution
to a topic that is of eminent importance. The included chapters provide a state-of-the-
art account of the information available on crop improvement and abiotic stress
tolerance in crop plants. In this book, we present various approaches for improving
crop resistance to abiotic stress.
Volume 1 containing Chapters 1–27 has been divided into two parts, ‘‘Part I

Introduction to Plant Abiotic Stress Response’’ and ‘‘Part II Methods to Improve
Plant Abiotic Stress Responses: Section II A Introductory Methods and Section II B
Omics’’ and Volume II containing again 27 chapters, from 28 to 54, is further
divided into ‘‘Part III Species-Specific Case Studies: Section III A Graminoids;
Section III B Fruit and Vegetable Crops; Section III C Vegetable Crops: Solanaceae;
Section III D Oil Crops Including Brassicas; and Section III E Other Crops.’’ The
Part I of Volume I deals with the understanding of commoneome operatives in
response to various abiotic stresses in plants; industrial perspective of abiotic stress
tolerance; ROS generation and scavenging under abiotic stress; salinity as major
crop constraint; cold and abiotic stress signaling; sulfur dioxide toxicity and toler-
ance and excess soil phosphorus and remediation strategies, whereas Part II of the
same volume covers various chapters under Section IIA that includes past, present,
and future of genetically modified crops and translational biology approaches for
abiotic stress tolerance. Section II B deals with the functional genomics of drought
tolerance in crops; transcriptomic and metabolomic approaches for freezing toler-
ance and cold acclimation; overview of omics techniques in crop research and
Arabidopsis; functional genomics and computational biology tools for gene discovery
for abiotic stress tolerance; overview of transcriptomics and proteomics approaches
for stress-responsive mechanisms; plant tissue culture and genetic transformation
for crop improvement; systems-based molecular biology analysis of resurrection
plants; molecular breeding for abiotic stress using halophytes; helicases for abiotic
stress tolerance; transcription factors in general and MYB transcription factors for
improving abiotic stress in plants; transporters in general and potassium and
sodium transporters for improving abiotic stress tolerance in crop plants; fungus
(Piriformospora indica) assisted abiotic stress tolerance; microRNA-mediated stress
resistance in crop plants and polyamines in developing stress-resistant crops.
Volume II of the book starts with Part III ‘‘Species-Specific Case Studies: Section

III A Graminoids,’’ which uncovers the importance of various approaches such as
functional genomics, omics, genomics-assisted breeding, physiological and mole-
cular approaches for abiotic stress tolerance, and crop improvement in wheat, rice,
maize, barley, sugarcane, and sorghum. Section III B covers different approaches
like omics, grafting for improving crop productivity and abiotic stress tolerance of
various vegetable crops such as chilli pepper, onion, soybean, chickpea, and peanut
and fruit crops such as cassava. Section III C focuses on tomato, potato, and tobacco
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for improving crop productivity and understanding the mechanism of abiotic stress
tolerance. Section III D specifically deals with oil crops including Brassicas where
various means to improve crop productivity and abiotic stress tolerance in oil crops
such as sunflower, sesame, Jatropha curcas, and Breassica crop species including
mustard have been included. Section III E includes genetic improvement
approaches for drought tolerance in cotton with present status and research needs,
and present status and strategies to improve abiotic stress tolerance in tea.

The editors and contributing authors trust that this book will provide a practical
update on our knowledge of improving crop resistance in various crop plants and
lead to new discussions and efforts to the use of various tools for the improvement of
crop productivity.

We are highly thankful to Dr. Ritu Gill, Centre for Biotechnology, MD University,
Rohtak for her valuable help in formatting and incorporating editorial changes in the
manuscripts. We would like to thank Prof. Gurdev Singh Khush, University of
California, USA, and Prof. Heribert Hirt, Paris, for writing the foreword and
Wiley-Blackwell, Wiley-VCH Verlag GmbH & Co. KGaA Boschstr., Weinheim,
Germany, particularly Senior Publishing Editor, Life Sciences, Gregor Cicchetti,
Project Editor Books, Anne du Guerny, and Nitin Vashisht, Account Manager,
Thomson Digital, for their support and efforts.

New Delhi, India Narendra Tuteja
New Delhi and Haryana, India Sarvajeet Singh
Barcelona, Spain Antonio F. Tiburcio
New Delhi, India Renu Tuteja
January, 2012
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Part I
Introduction to Plant Abiotic Strees Response

Improving Crop Resistance to Abiotic Stress, First Edition.
Edited by Narendra Tuteja, Sarvajeet Singh Gill, Antonio F. Tiburcio, and Renu Tuteja
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1
Understanding the �Commoneome� Operative in Plants
in Response to Various Abiotic Stresses
Hemant R. Kushwaha, Sneh L. Singla-Pareek, Sudhir K. Sopory, and Ashwani Pareek

Environmental conditions do play a major role in the overall development and
productivity of various crop species, but the exact relationship between the two has
not been clearly defined. One of the major limiting factors in today�s agriculture is
salinity, which has not only led to loss of crop productivity but has also surmounted
the economical loss. Various transgenic approaches have been undertaken to identify
and establish the association between the stress tolerance of various crop plants and
their environment. But limited success has been achieved because of the complex
interplay of various genes and gene families in stress tolerance mechanism. Latest
technological advancements such as genome sequencing and high-throughput
expression profiling experiments have produced large amount of data, which can
assist in elucidating stress responsive network of various genes and gene families
related to stress tolerance. Anewly established area commonly known as comparative
genomics has laid the foundation for comparing various contrasting cultivars, in
order to understand the mechanism of differential tolerance and susceptibility. A
�commoneome� between various plant species can fill the gaps that have till now
inhibited the knowledge of complex interplay of various genes. Earlier, commo-
neome between Arabidopsis, rice, and common ice plant has been analyzed, but in
order to have a broader perspective, commoneome has been worked out from the
barrier of monocot/dicot divide. Thus, this chapter would not only benefit the
identification of newer gene families in plant species but also assist in hypothesizing
various transgenic varieties with better stress tolerance.

1.1

Introduction

Plants, due to their sessile nature, often have to deal with diverse environmental
stresses. Productivity of various crop plants is critically affected due to prevailing
stress conditions [1]. Although poorly understood, the relationship between crop
productivity and stress is of great biological, agricultural, and economic importance.
One of the major stresses that limits the crop productivity is salinity, contributed
largely by NaCl [2]. According to an estimate, about 8 million hectares of agricultural
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land in the world is exposed to salt stress conditions [3]. Despite the intensive
technological advancements and management practices, modern-day agriculture is
strongly influenced by salt stress. Therefore, an approach to increase the level of crop
stress tolerance by activating a stress-responsive signal transduction pathway in
transgenic plants seems to be a promising approach [4–7]. Owing to lack of precise
knowledge about molecular and genetic basis of stress response, understanding the
complex mechanism of the stress tolerance is still an arduous task.

Several processes in plants such as carbon metabolism, ion partitioning, energy
metabolism, and growth have been observed to get affected by salt stress [8]. The
mechanism of salt stress tolerance in various crop plants is hypothesized to be
controlled by a large number of genes, which are further regulated by complex
networks [9–11]. Hence, traditional breeding and marker-assisted breeding
approaches have been used in the past, but they had limited success in terms of
improving salt stress tolerance among various crop species. On the other hand,
substantial efforts have been made using transgenic approach to understand,
characterize, and improve salt stress tolerance, which also yielded limited suc-
cess [12–15]. Many physiological and molecular biology studies carried out in recent
past have generatedmanyhypotheses by interpreting correlative evidence frommany
species based on biochemical and biophysical principles that govern stress toler-
ance [16]. Therefore, an analytical approach is required that can emphasize on the
multigenicity of stress response and assist in developing crops tolerant to salt stress.

Genomics is one of the approaches considered to lay emphasis on the integrated
analysis of stress-dependent behavior of the entire set of genes of a plant. It
basically integrates traditional area of genetics analyzed with the help of bioin-
formatics tools and could possibly serve as a bridge between molecular biology
and whole-plant physiology, agronomy, and crop breeding [11, 17]. The area of
genomics has proven to be crucial in understanding the functional role of genes
and their evolutionary history. It has been useful in identifying functionally
important regions and deals with the study of complete genomes, particularly
the set of techniques, analytical methods, and scientific questions related to the
study of complete genomes.

In recent years, we have witnessed spectacular advances in functional genomics
such as completion of the various genome sequencing [18, 19] and high-throughput
expression profiling experiments [20] that have generated a large amount of data. This
has led to the development of various computational approaches to analyze
and predict unknown genes and gene families responsible for various responses.
Also, with the assistance of computational genomics, genes responding to various
environmental stimuli can be characterized and mapped on the whole genome,
providing the essential foundation formore detailed analysis and thus elucidating the
stress-responsive network of genes. Various attempts have been made earlier where
genomics has laid the foundation for detailed analysis of various gene families
performing diverse functions (Table 1.1).

Various specialized branches of genomics have now been used in order to develop
a complete framework for understanding the complexity of stress response and
tolerance. Classical genomics, which is related to the identification of various genes,
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their structures, and localization on whole genomes can assist in developing various
QTL maps and analyze linkage of salt stress-responsive genes. Functional genomics
approach using various techniques such as microarray, SAGE, and so on can help in
understanding the plethora of stress-responsive genes, while statistical genomics
assists in analyzing the quantitative data obtained using intensive statisticalmethods.
Comparative genomics is the one promising approach that is now-a-days used by a
large number of research groups (Table 1.2), for understanding the mechanism of
differential tolerance and susceptibility [28].

In our earlier study, we took a closer look at the transcriptome data obtained from
various microarray analyses and thus reflecting the �commoneome� in Arabidopsis,
rice, and common ice plant [36]. With the aim of underlining the commonality and
differences in gene expression profiles, we have extended this study to other crop
species, namely,maize, sorghum, andpoplar and thus extended the commoneome in
view of monocot/dicot divide. Furthermore, a general comment on the above-
mentioned species related to their genome-related studies has also been made in
order to shed light on the transcriptome analysis with respect to pre- and post-
sequencing efforts.

1.2
Genomics-Based Studies in the Model Dicot Plants

1.2.1
Arabidopsis

Approximately two decades ago, Arabidopsis thaliana, a member of mustard family
(Cruciferae or Brassicaceae), was accepted as a model plant for various plant biology

Table 1.1 List of gene families analyzed in various plant systems using genomics and expression
profiling.

Gene Family Function Reference

CesA Synthesis of wall [21]

Lipocalins Modulation of cell growth, metabolism, membrane
biogenesis, and repair, induction of apoptosis, and
environmental stress response

[22]

SAURs Early auxin-responsive genes [23]

Cysteine-rich
antimicrobial peptides

Innate defense against pathogens [24]

Calmodulin Regulating cellular responses to stimuli by playing
critical role as Ca2þ transducers

[25]

F-box Critical for the controlled degradation of cellular
proteins

[26]

Homeobox genes Regulating plant growth and development [27]
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studies, mainly due to its short generation time, small size, and a relatively small
nuclear genome. The full-length 130 Mb sequence of Arabidopsis genome was made
publicly available in 2000 [18]. Since then,Arabidopsis has come a longway in the area
of plant biology research andhas led to characterization ofmanyplant genes and gene
families. The observed synteny ofArabidopsis genomewith other plant genomes such
as rice, Medicago, and so on has assisted in the characterization of various stress-
responsive genes, pathways, and processes in other plant species. Various genetic
and molecular analyses of Arabidopsismutants have shed light on various processes
related to stress response and tolerance that were shadowed for long, in various plant
species. Research groups around the world have been extensively involved in
analyzing the plant system through Arabidopsis. Expression profiles pertaining to
the physiological status ofArabidopsis such as time series data related to development,
manipulative treatments, various stress treatments, and genetic intervention,
obtained using microarray, have been made publicly available by Arabidopsis infor-
mation resource (TAIR) (see www.arabidopsis.org) [37].

Transcriptome analysis using microarray data has revealed the relationships
among stress-regulated transcripts and has enabled the prediction of their cis-
regulatory elements [38, 39]. The correlation between expression profiles and the
50 regulatory motifs of stress-regulated genes has been analyzed comprehen-
sively [40]. In a recent analysis, osmotic stress-responsive genes have been identified
in Arabidopsis [41]. Zeller et al. [42] have used whole-genome tiling arrays to analyze
stress-induced changes with respect to salt, osmotic, cold, and heat stress, as well as
ABA treatments, in the Arabidopsis transcriptome. With such a host of information

Table 1.2 List of some of the gene families analyzed using comparative genomics approach in
various plant genera.

Gene
family

Organism
compared

Function Reference

PDI Arabidopsis, rice and maize Formation of proper disulfide
bonds during protein folding

[29]

PEBP Arabidopsis, rice, maize, wheat,
sorghum

Act on the control of flowering
time

[30]

APx Arabidopsis and rice Catalyze the conversion of H2O2

to H2O, using ascorbate as the
specific electron donor in this
enzymatic reaction

[31]

Dof Arabidopsis, poplar, and rice DNA binding with one finger
domain transcription factor

[32]

TCS Arabidopsis and rice Signaling [33]

Endo-b-
mannase

Arabidopsis, poplar, and rice Function in seed germination
and other plant biological
processes

[34]

CBS Arabidopsis and rice Probable role in salt stress
response

[35]

6j 1 Understanding the �Commoneome� Operative in Plants in Response to Various Abiotic Stresses



available on Arabidopsis, plant researchers can take advantage to develop a compar-
ative view of the genome-based studies and contribute to engineering-improved
crops with desirable and sustainable traits.

1.2.2
Common Ice Plant

One of the facultative halophytes, Mesembryanthemum crystallinum, known as
common ice plant (because of its icy look due to enlarged bladder cells of leaf
epidermis), has been accepted as another model plant for studying salinity stress
responses at physiological, biochemical, and gene levels. Upon exposure to salinity,
this facultative halophyte switches from C3 mode to CAM mode of photosynthesis.
The other mechanism that helps common ice plant to adapt to salt stress condition
involves synthesis and cytoplasmic accumulation of osmoprotective metabolites and
accumulation of sodium in the vacuolar compartment [43]. Golldack and Dietz [44]
suggested that the adaptation of the common ice plant to increased salinity is not
because of its general and uniform cell response to stress, but because the response is
a complexmulticellular whole-plant response that depends on intercellular signaling
processes. Comprehensive genomic analyses of salt stress-regulated genes have been
performed in common ice plant [45]. Analysis shows that leaf tissues of well-watered
and salinity-stressed common ice plant express �15% more functionally unknown
genes than the unstressed plant [46]. Recent analysis has established an extensive
catalog of gene expression patterns in common ice plant that looks into the complex,
transcriptional hierarchies that govern CAM-specific expression patterns [47].

1.2.3
Tomato

Tomato (Solanum lycopersicum), a member of Solanacae family, is one of the other
major economic crops. The inherent features of tomato, such as diploidy, modestly
sized genome (950 Mb), tolerance of inbreeding, amenability to genetic transfor-
mation, and availability of well-characterized genetic resources, makes it an impor-
tant crop species for genetic and molecular research in Solanaceae [48]. In an
initiative funded by National Science Foundation Plant Genome, EST sequences in
tomato were made publicly available (http://www.tigr.org/tdb/tgi/lgi; http://www.
sgn.cornell.edu) [48, 49]. According to an estimate, tomato genome has �35,000
genes, considerably more than the 25,500 genes in the well-studied Arabidopsis
genome. It has been predicted that tomato has diverged from the lineage leading to
Arabidopsis approximately 150 million years ago (MYA). Through the comparative
genomics approaches, it was observed that the majority of the tomato genes (70%)
have significant matches to Arabidopsis genes, therefore, reflecting conserved gene
functions [48]. Analysis of tomato genome, based on probing random cDNAs on
genomic DNA gel blots, showed that�47% of the tomato genes belong to multigene
families [50]. In an analysis, correlated expression profile for 6758 genes across 25
different tomato tissues has been made and is compared to Arabidopsis and grape
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tissues to identify differentially expressed and tissue-specific genes [51]. The culti-
vated tomato is essentially classified as a moderately salt-sensitive plant [52]. It has
been considered that the salt stress response in tomato is regulated by a complex
genetic mechanism [53]. Under salt stress conditions, tolerant genotypes of tomato
maintain inner cellular osmotic status by accumulating higher content of inositol and
sugars in their leaves [54]. Transcript profiling in tomato has shown that salt stress
affectsmany pathways in the crop plant [55, 56]. Recently, amolecularmechanism for
salt tolerance/sensitivity has been proposed using a comparative analysis between
salt-treated and nontreated leaves of tomato [57].

1.3
Genomics-Based Studies in the Model Monocot Plants

1.3.1
Rice

Owing to the whole-genome sequencing and worldwide popularity, rice (Oryza
sativa) is considered an important model crop among monocots for genomic
analysis. For its small genome (430Mb) and predicted high gene density, rice is
considered an attractive target for cereal gene discovery efforts and genome
sequence analysis [19]. The completion of the genome sequence of rice in
2005 has given plant biologist a platform to characterize various genes and
genomes playing vital role in various stress responses and tolerance [58]. Even
though rice is generally considered to be salt sensitive, there is huge genetic
variation for salt tolerance at critical stages in the cultivated gene pool [59, 60]. Rice
salt sensitivity varies considerably across cultivars, and this feature has been
exploited to identify novel genes and proteins that contribute to salt stress
tolerance [61]. Some traditional cultivars and landraces of rice are more tolerant
toward various abiotic stresses. These tolerant varieties can be considered good
source for the resistant traits [62]. Comparing the genetic variation in salt-sensitive
and salt-tolerant varieties can aid in understanding the salt-tolerant behavior of the
crop plant. Transcriptomics approaches have been used to identify differentially
regulated rice genes in response to salt stress for shoots [2, 63–65] and roots [66]
and by comparing rice with other cereals [67].

1.3.2
Maize

A member of Poaceae family, maize is one of the widely grown C4 crop with a high
rate of photosynthesis. It is considered one of the major experimental crop plants
because of its worldwide popularity andmoderate genome size (�2400Mb). Analysis
shows that the substantial phenotypic variability of the maize crop plant is attributed
to its molecular diversity at the genome level [68]. Various microarray experiments
have been used to determine the gene-level expression and identify QTL associated
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with transcript variation of coregulated genes under various environmental condi-
tions. The gene expression profile in maize has also been used to study the effect of
various abiotic stresses in the crop plant [69–72]. In order to understand the abiotic
stress response and tolerance in maize, a web-based approach has been developed
that keeps the updated compilation of various QTLmaps andmajor genes associated
with abiotic stress (http://www.plantstress.com/biotech/index.asp? Flag¼ 1).
Xu et al. [68] have done a comprehensive analysis in maize.

1.3.3
Sorghum

Drought-tolerant sorghum (Sorghum bicolor) is considered one of the top cereal crops
in the world, used not only for food but also as a biofuel. Due to its small genome size
(�730Mb), it is also accepted as amodel plant for functional genomics of Saccharinae
and other C4 grasses [73]. Under high-temperature conditions, sorghum improves
its carbon assimilation by using its complex biochemical and morphological spe-
cializations [74]. Comparative genomic studies have shown the presence of similar
gene families in sorghum to that in Arabidopsis, rice, and poplar (see Figure 1.1).
Previous studies have identified genes and QTL related to abiotic stresses including
postreproductive-stage drought tolerance [75–78]. Transcriptomics-related studies in
sorghum have identified differentially expressed genes that play a major role in
various responses to abiotic stress such as drought, salinity, and ABA [79]. Owing to
its closeness to rice genome than any othermajor cereal cropswith complex genomes
and high levels of gene duplication, sorghum is considered one of the ideal
candidates for genomic analysis.

1.4
Salt Stress-Related Transcriptome Changes Across Diverse Genera

Monocots and dicots have diverged from common ancestors between 12 and 20
MYA. Whole-genome sequencing projects have initiated the era of comparative

Figure 1.1 The �commoneome� approach – a possible route to identifying the �candidate genes�
for stress tolerance in plants.
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genomics, where the knowledge of key components of various stress-responsive
genes and gene families is enhanced across monocot/dicot divide. Therefore, it has
been accepted that the DNA sequence of the vascular plants has all the answers to the
mystery of plant evolution and various responses that can be discovered only through
comparative genomics. Stress response in plant is said to be multigenic in nature
involvingmany genes and gene families. Our knowledge of complex stress response
is ambiguous; therefore, a consolidated picture is still hidden. The identification of
various convergent and divergent pathways between various stress responses can
enhance the understanding of stress response in plants.

Earlier, we underlined the commonalities and differences in the gene expression
profiles in three genera, namely, rice,Arabidopsis, and common ice plant bymanually
scoring the salinity-induced transcriptome changes [36]. Using the similar approach,
we have now attempted to look beyond the monocot/dicot divide to elaborate our
knowledge for salinity-induced transcriptomic changes. Here, we have emphasized
on the genes that show alterations in species under consideration in response to salt
stress. In this analysis, we have classified the gene expression as upregulated
(depicted as þ ) and downregulated (depicted as �) under salt stress conditions.
With the availability of extensive microarray expression data and widely popular
species, Arabidopsis and rice, huge data sets are available for specific comparisons of
the stress response. For other species, we relied on themicroarray expression data (if
available) or individual gene analysis carried out for those species.

1.5
Investigating the Salinity Stress-Related �Fingerprints�

The analysis of various model species in both monocots and dicots revealed a large
repertoire of genes associated with salt stress response. These genes are further
grouped into specific categories that are discussed in the following sections.

1.5.1
Stress Perception and Signaling

Crop plants often face varied environmental stresses. Therefore, in order to copewith
these stresses, plants develop robust signaling mechanism for their perception.
Acomplex cascade ofmolecules involved inprocesses ranging fromstress perception
to the final response in plants has been characterized that plays a vital role during the
salt stress condition. These pathways include Salt Overly-Sensitive (SOS) pathway
(SOS3-SOS2-SOS1) that regulates ion homeostasis under salt stress and results in
Naþ efflux and vacuolar compartmentation [80]; the calcium-dependent protein
kinase (CDPK) pathway, which plays an important role in osmotic stress [80]; and the
mitogen-activated protein (MAP) kinase pathway, which is important for counter-
acting both abiotic and biotic stresses [81]. In addition, two plant hormones, abscisic
acid (ABA) and ethylene, also play an important role in abiotic stress response [82].
A recent study on the complex effects on root physiology in Arabidopsis has shown
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upregulatedABA-marker genes in all cell layers of the roots, which suggests that ABA
might primarilymediate semiubiquitous transcriptional responses to salt stress [83].
The overexpression of mouse calcineurin gene has led to higher salt tolerance in
rice [40].Wang et al. [84] identified a putativemaize calcineurin B-like (CBL) gene that
serves a function in salt stress-elicited calcium signaling and thus in tolerance to
salinity. Guanylate kinase (GK), which encodes an enzyme important for the
biosynthesis of nucleotides [85], and is hypothesized to be an important enzyme
that is fundamental to second-messenger signal transduction pathways [86], has been
characterized in three plant species, namely, Arabidopsis, lily, and tobacco [85, 87]. In
another analysis, AGK-1 and AGK-2 were shown to be constitutively expressed in all
tissues of Arabidopsis, but their transcription levels were found to be highest in
roots [88]. A recent analysis has shown that overexpression of protein kinase SAPK4
in rice conferred increased tolerance to salt stress at the seedling stage and inmature
plants [89].

1.5.2
Gene Regulation

Several regulatory molecules such as transcription factors (TFs) have been charac-
terized that regulate gene expression under salt stress conditions including different
classes of DNA binding proteins such as dehydration response element/C-repeat,
Myb, and Myc proteins and proteins containing bZIP, Zn finger, or AP2 domains
[2, 65, 66, 90–93]. The analysis of intronless OSISAP1 gene that encodes for zinc
finger protein shows that this gene gets induced in response to high levels of
exposure to salt stress [90]. Zn finger protein Zat12 that plays a major role in
metabolism of reactive oxygen species (ROS) as well as biotic and abiotic stress
condition has been characterized inArabidopsis [94]. Past studies have shown the role
of C2H2-type zinc finger protein regulating stomatal aperture, thus playing a major
role in salt and drought stress tolerance in rice [95–98]. Similar analysis shows that a
receptor-like protein kinase and MYC-related DNA binding transcription factor is
induced rapidly by high salt concentration [99, 100]. Another analysis shows that
specificCaM isoformmediates salt-inducedCa2þ signaling through the activation of
an MYB transcriptional activator, thereby resulting in salt tolerance in plants [101].
Another class of transcription factor known as NAC (NAM, ATAF, and CUC) family,
which is one of the largest plant transcription factor families, was observed to be
involved in diverse plant functions, and its overexpression in rice enhances drought
resistance and salt tolerance in rice [97, 102]. Transgenic rice plants overexpressing
one of the members of NAC gene family,ONAC045, showed enhanced drought and
salt tolerance, indicating that it plays an important role in abiotic stress [103]. A
subgroup of AP2/EREBP transcription factors known as dehydration-responsive
element binding (DREB) proteinswere found to play important role in plant response
and tolerance to various abiotic stresses [104, 105]. Results have shown that some of
the DREB genes were observed to be involved in both ABA signaling and stress-
responsive pathways [106]. Also, it was observed that some DREB transcription
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factors activated by ABA mediate their downstream gene expression, thus helping
plants in stress tolerance [107–109].

1.6
Proteins Related to General Metabolism

Under salt stress conditions, several metabolic pathways in plants also get affected.
Analysis of early salt stress-responsive genes in tomato root using suppression
subtractive hybridization and microarray analysis identified genes involved in
various metabolic pathways. Some of the genes involved in nitrogen fixation such
asnitrate reductase, phenylalanine ammonia-lyase, (PAL), glutamine synthetase, and
asparagine synthetase were found significantly upregulated during the salt stress
treatment, while genes involved in methionine biosynthesis were found to be
downregulated by the treatment [55]. Salinity stress enhances carbohydrate accu-
mulation in tomato and leads to its movement from leaves to its fruit during early
fruit development [110]. Salt stress (in roots of Arabidopsis) has shown to down-
regulate the enzymes involved in lignification, as well as the potentially cell wall-
related lipid transfer proteins (LTPs). Interestingly, energy-evolving pathways were
also found downregulated, and it is hypothesized that this may serve to conserve
energy and limit growth [111, 112]. Many transporter proteins such as ABC (ATP
binding cassette) transporter, LeOPT1-like transporters, and MATE-like (multianti-
microbial extrusion) efflux carriers were found to be induced by salt stress treat-
ment [111]. Some of the cell wall-related families such as expansin and xylogulca-
nases were found to be induced by salt stress treatment that is also observed in
response to osmotic stress in some species in order to increase the cell wall
flexibility [111, 113]. In rice, genes involved in photosynthesis were also found to
be downregulated upon salt treatment [114].

1.7
Stress-Induced Proteins with Some Protective Functions

Salt stress in crop plants induces various protective and adaptive responses in order
to minimize the effect of stress. The dehydrin proteins that have been hypothesized
to be associated with membrane and protein stability, metal scavenging, and
suppression of ROS-induced damage were found to be upregulated in sorghum
upon exposure to salinity. Salt treatment to the leaves of tomato plant led to the
induction of ferredoxin thioredoxin reductase protein that plays a major role in
maintaining redox status in plants [56, 57]. Similar response was also observed with
LEA proteins to salt stress [79, 115–117]. In rice, senescence-related genes such as
aspartic proteinase, ClpC protease, NAD-dependent malate dehydrogenase, and
polyubiquitin were found upregulated in response to salt stress [114]. The genes
involved in cell defense and detoxification such as glutathione reductase, dehy-
droascorbate reductase, and phospholipid hydroperoxide glutathione peroxidase
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were found upregulated during the salt stress treatment [114]. Analysis has shown
that salt stress induces oxidative stress in plants, thus leading to the accumulation of
H2O2 that acts as a signal for triggering the cell defense mechanism [118, 119].
Several heat shock proteins (HSPs) were observed to play a crucial role in plant
stress response by reestablishing normal protein conformations and thus maintain
cellular homeostasis [120]. Overexpression of DnaK1 from halotolerant Cyanobac-
terium aphanothece in transgenic tobacco showed increased tolerance to salt
stress [121].

1.8
Proteins Related to Maintenance of Osmotic Homeostasis

It is well established that salt stress in plants leads to disruption of cellular,
ionic, and osmotic homeostasis [122]. Thus, a plant often tends to maintain
homeostasis at every level to survive the stress environment. Analysis shows
that various transmembrane transport proteins play a curial role in ionic and
osmotic homeostasis under salt environments [123]. Transmembrane proteins
such as sodium ATPase (PpENA1 and PpENA2), vacuolar Hþ -ATPase, PpSHP1
and PpSHP2, chloride channel protein, and ABC transporters play important
role in osmotic homeostasis [124–127]. Extensive studies have been performed
on V-ATPase to study its response to the salinity stress environment [128, 129].
Microarray analysis of transcripts in Populus euphratica under salt stress showed
upregulation of genes assisting in maintaining osmotic homeostasis such as
magnesium transporter-like protein, syntaxin-like protein, seed imbibition pro-
tein, plasma membrane intrinsic protein PY-PIP2-1, and aquaporin. Analysis of
barley microarray transcripts revealed an increase in the level of D-pyrroline-5-
carboxylase synthase (P5CS), which is a rate-limiting enzyme for accumulation
of proline in plants [62, 130]. Osmoprotectants such as glycine betaine and
trehalose (which act by stabilizing quaternary structures of proteins and highly
ordered states of membranes) were also found upregulated under salinity
stress [62]. Interestingly, it was observed that transgenic rice overproducing
glycine betaine and trehalose accumulated fewer Naþ ions and maintained Kþ

uptake [131, 132].

1.9
Protein with Unknown Function

Whole-genome sequencing projects in plants have generated vast knowledge about
genes and gene families. The next big challenge after their identification is charac-
terizing them and further associating them with probable functions. In Arabidopsis,
identification ofmore than 5000 unknownproteins have led to the hypothesis of their
probable role in various pathways and networks that might be playing major role in
various abiotic stress tolerance [133, 134]. The unknown proteins were named as

1.9 Protein with Unknown Function j13



proteins with obscure features (POFs) and the proteins that contained at least one
previously defined domain or motif were named as proteins with defined features
(PDF) [133, 135]. Recently, one of these PDF, a CBS domain-containing protein
family, has been characterized in rice and Arabidopsis and has been hypothesized to
play a major role in abiotic stress tolerance and development [35]. Another study in
Arabidopsis has established the role of some of the unknown proteins in oxidative
stress tolerance by using transgenic approach [136, 137]. A large number of unknown
protein coding genes were found to be regulated in microarray analysis under salt
stress in tomato that needs further analysis [55].

1.10
Analysis of Stress Transcriptome from other Plant Species

Since the inception of the idea to study the complex plant stress tolerancemechanism
usingwhole-genomemicroarray, extensive analysis on various plant species has been
performed. Analysis of plants living under extreme saline conditions has extended
the knowledge base that has helped in understanding the salt stress behavior of
plants. Recently, salt-responsive genes have been identified in genome-wide analysis
using cDNAmicroarray in commonwheat [138]. It was observed that genes encoding
various ion transporters and osmotic regulators were upregulated in salt stress
treatment. Analysis has shown the upregulation of genes belonging to various gene
families such as AP2/EREBP, MYB, NAC, and WRKY. Nemoto and Sasakuma [139]
have identified and analyzed early salt stress-responding genes (WESR1-4) in
common wheat (Triticum aestivum L.).
Medicago tranculata is one of the model plant species among dicots being used for

genomic analysis owing to its small, diploid genome and has short generation time,
self-fertility, and high transformation efficiency. It is considered to be closely related
to important forage legume, alfalfa, and can serve as a model organism for soybean
and other economically important legumes [140–143]. A recent analysis inMedicago
has characterized ERFgene family members that were also characterized in rice and
Arabidopsis [144]. Members of ERF gene family encode transcriptional regulators
with a variety of functions involved in the developmental and physiological processes
in plants and were found to play a crucial role in nodulation and in early Nod factor
signaling inMedicago [145]. In an analysis, two genotypes ofMedicagowere compared
and analyzed using macroarray of 384 genes linked to salt stress and recovery
responses in roots [146, 147]. Gruber et al. [148] have identified several transcription
factor genes in the root region that not only respond to the salt stress but are also
induced by osmotic, heat, and cold stress. This analysis shows that these TFgenes not
only are the part of general stress response of root apexes but also are strongly
induced under high salt condition, suggesting the complex interlinking of these TFs
in the root region. Recently, a database (TRUNCATULIX) was made available that
integrates the sequence, annotation, and gene expression data from several M.
truncatula databases [149] (see http://lily.cebitec.uni-bielefeld.de/truncatulix/app).
Thus, with the kind of analysis available for this species, the understanding of the
stress tolerance and response will get further elaborated.
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One of the halophyte commonly known asmangrove plant (Bruguiera gymnorhiza)
has also been studied to understand the salt stress behavior of the plants. The
identification of various mechanisms such as detoxification of ROS by superoxide
dismutase [150], osmotic adjustments via sucrose biosynthesis [151], and increased
total amino acid pool, especially proline [152] and polyphenol [153], has furthered our
understanding of tolerance to salt stress in mangrove plant. Wonga et al. [154] have
elaborated on the genes playing amajor role in salt stress tolerance inmangrove plant
using subtractive hybridization and bacterial functional screening. Tada and Kashi-
mura [155] have performed the proteome analysis of the main and lateral roots and
the leaves in salt-treated mangrove plant B. gymnorhiza and have observed enhanced
expression of FBP aldolase in themain root of the salt-treatedmangrove plant, which
leads to osmolyte production and contributes to stress tolerance.
Widely grown for forage purpose and as a grain crop, Hordeum vulgare L.,

commonly known as barley, has been analyzed for the salt stress tolerance trait, as
it is one of the salt-tolerant crops. Characterization of salinity stress in barley has
revealed the involvement ofmultiple genes that are responsive to salinity stress using
microarray and differential display [66, 156–159]. Analysis done by Walia et al. [62]
showed that a large number of abiotic stress (heat, drought, and low temperature)-
related genes were also found to be responsive to salinity stress in barley.
Potato, another economically important and moderately salt-sensitive crop, is also

studied for its response under salt stress condition. Salt stress treatment of potato
revealed increased activation of antioxidant enzyme and accumulation of proline as
its response [160–163]. Various transcription factors, signal transduction factors, and
HSPs were found to be associated with abiotic stress response in transcript profiling
of potato [164]. The overexpression of proline production enzyme, D-pyrroline-5-
carboxylate synthetase, has been found to play an important role in salt stress
tolerance [165]. Proteome analysis has revealed the photosynthesis-related proteins
and those related to protein synthesis were downregulated, whereas osmotin-like
proteins, HSP, and calreticulin proteins were upregulated under salt stress condi-
tions [166] (see Table 1.3).
Grape (Vitis vinifera) is another economically important crop plant being studied

for salt stress response asmost of the researchers have ranked itmoderately sensitive
to salinity stress [167–170]. In a recent study, it was observed that grapevine growth
wasmore sensitive to water deficit than to an equivalent salinity level suggesting that
the salt uptake contributed to osmotic adjustment and thus facilitated water uptake
and growth in young shoots [171]. Increased transcript accumulation of photore-
spiratory enzymes, glycolate oxidase and catalase, in the peroxisome shows the effect
of salinity on photorespiration [171. Also, a large number of transcripts involved in
ABA metabolism or responsive to ABA were enhanced due to saline conditions.
Recently, a database has been developed that provides genomic resource for grape
genome annotation and gene function (http://cropdisease.ars.usda.gov/vitis_at/
main-page.htm) [172].
Thellungiella halophila, a close relative of A. thaliana, has also been adapted as a

model crop for analysis of abiotic stress tolerance in plants [173]. Thellungiella has
been widely characterized as an extremophile, known for its extreme tolerance to a
variety of abiotic stresses such as low humidity, freezing, and high salinity [14, 173,
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Table 1.3 Up- and downregulated genes in monocots (rice, maize, and sorghum) and dicots
(Arabidopsis, common ice plant, and tomato) in response to salinity stress.

Gene notation Monocots Dicots

Rice Maize Sorghum Arabidopsis Common
ice plant

Tomato

Stress perception and signaling
ABA- and stress-induced
protein

þ þ þ þ

S-adenosylmethionine
decarboxylase 2

þ þ þ þ þ

Auxin regulated protein þ þ þ þ
Calcium-dependent protein
kinase

þ þ þ þ þ

Calcineurin-like phosphatase þ þ þ þ
Calcium binding EF-hand
protein

þ þ þ

Gibberllic acid-induced gene þ þ þ þ
Lectin, lectin protein kinase þ þ
Protein phosphatase 2C þ þ þ þ
Receptor kinase-like protein þ þ þ þ þ þ
Ser/Thr kinase-like protein þ þ þ þ þ þ
Stress regulation
AP2 domain-containing
transcription factor

þ þ þ

CC-NBS-LRR resistance
protein mla13

þ þ þ þ

Myb-like DNA binding
domain

þ þ þ þ �

NAC-type DNA binding
protein

þ þ þ þ þ

Translation initiation factor þ þ �
Zinc finger protein þ þ þ þ þ þ
bZIP DNA binding protein þ þ þ þ �
General metabolism
Aldehyde dehydrogenase þ þ þ
Anthocyanin biosynthesis þ þ
Ascorbate peroxidase,
cystolic type

þ þ

Chlorophyll a–b binding
protein

þ þ

Cytochrome P450
monooxygenase

þ þ þ þ þ

Esterase/lipase/thioesterase-
like protein

þ þ

Expansin, putative þ þ þ
Galactosidase þ þ
Galactinol-raffinose galacto-
syltransferase, galactinol
synthase

þ þ þ
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Table 1.3 (Continued)

Gene notation Monocots Dicots

Rice Maize Sorghum Arabidopsis Common
ice plant

Tomato

b-glucosidase homologue þ þ þ
Glutamate receptor family
protein, glutamate synthase

þ þ þ þ � �

Glycosyl transferase þ þ
1,4-hydroxylphenylpyruvate
dioxygenase

þ þ þ

Ribosomal protein þ þ þ þ þ
Zeaxanthin epoxidase þ þ
Protective function
Acidic endochitinase þ þ þ
Ankyrin repeat family
protein

þ þ

Cold-regulated protein,
cor15a

þ þ þ þ

Dehydrin, DREB subfamily þ þ þ þ
b 1,3-glucanase þ þ
Glutathione S-transferase
homologue

þ þ þ þ þ

Heat shock protein þ þ þ þ þ þ
LEA protein þ þ þ þ
Lipooxygenase þ þ þ þ
Metallothionein-like protein þ þ þ
Papain cystein protease þ þ
Pathogen-responsive
dioxygenase

þ þ

Peroxidase-1 þ þ þ þ þ þ
Protease inhibitor þ þ þ
Subtilisin-chymotrypsin
inhibitor 2

þ þ

Thioredoxin, thioredoxin
reductase

þ þ �

Xyloglucan
endotransglycosylase

þ þ þ

Osmotic homeostasis
ABC transporter family þ þ þ þ þ �
F-box family protein þ þ
Ion transporter, Na/H þ þ þ þ þ
MATE efflux family protein þ þ
Pyrroline 5-carboxylase
synthetase

þ þ

Sugar transporter þ þ þ þ þ þ
Trehalose 6-phosphate
phosphatase

þ þ

(Continued )

1.10 Analysis of Stress Transcriptome from other Plant Species j17



174]. Gong et al. [175] observed activation of additional pathways that led to increase
in metabolites in comparison to the pathways activated in Arabidopsis under salt
stress. Thellungiella was observed to possess novel stress-relevant genes and also
maintain higher expression of certain genes related to salt stress [175, 176]. In
response to salt stress, proline levels were observed to have increased inThellungiella,
higher than that ofArabidopsis [174, 177–179]. Transcriptome analysis of the salinity-
stressed plants of the Yukon ecotype of Thellungiella revealed a stress-specific
response of the plant [180]. Knockout analysis of SOS1 gene by RNAi transformation
method has shown the importance of SOS pathway in Thellungiella [181, 182]. Over
the years, several cDNA libraries have been constructed from Thellungiella plants
grown under various stress conditions, which were used for various comparative
analyses [180, 183, 184]. Similar toThellugiella,Porteresia coarctata is also considered a
comparable halophytic model crop plant of Oryza spp. due to its salt-tolerant
characterstics. A large number of genes related to the salt-stress tolerance in
Porteresia have been isolated and characterized [185]. Recently, Sengupta and
Majumder [186] took an initiative of proteomic analysis of Porteresia under salt
stress. It has been considered that the analysis of physiological and metabolic

Table 1.3 (Continued)

Gene notation Monocots Dicots

Rice Maize Sorghum Arabidopsis Common
ice plant

Tomato

UDP-glucose 4-epimerase þ þ þ
V-type ATPase þ þ þ þ
Water channel protein þ þ þ
Unknown function
Glycine/serine-rich protein þ þ
O-methyltransferase þ � þ þ
Others
Adenine phosphoribosyl-
transferase form 3

� �

Water channel protein
(WCP-III)

� �

A-tubulin � �
TMK (gibberellic acid
induced)

� � �

Peroxidase ATP19a � � � �
Putative translation initiation
factor eIF-2Ba

� � � �

Only those candidates have been selected that show a response common in at least two of the salinity-
related transcriptome analyses. This analysis included both salinity upregulated (þ ) and
downregulated (�) genes. Artificial grouping of these genes has also been done to reflect their
possible physiological role(s).
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adaptation in Porteresia in comparison to Oryza spp. will provide finer details of the
evolved salt stress tolerance mechanism.

1.11
Conclusions

With advancing technologies, the urge to understand and unravel the mystery of
complex genomic response to various stresses in crop plants has led to the
concussion in the existing knowledge. Till now we have information regarding the
stress response in plants in the form of tessellating pieces. Therefore, these pieces
need to be assembled to draw a complete picture (Figure 1.2). We have attempted to
solve the jigsaw puzzle by elaborating on the �commoneome – common gene
expression in various plant species� under salt stress condition. This attempt is
rather complex as it is observed that various plants (monocots/dicots) seem to have
varied gene expression in species-specific manner, though the response to the salt
stress in terms of respective gene expression looks more or less similar.

Comparison of various plant species has helped not only in understanding their
evolution, especially convergence and divergence, but also in getting valuable
insights into their abiotic stress tolerance. Genome projects such as whole-genome

Figure 1.2 An overview of the role played by salinity-related transcriptome that assists plant
survival under stress.
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sequencing and transcript profiling under various conditions in Arabidopsis, rice,
maize, and other plant species has provided basic knowledge bank for comparative
genomic approaches. Availability of ESTs, microarrays, clusters of similarly expres-
sing genes, molecular markers, mutants, and QTL maps in these plant species has
ameliorated the current dogma of stress biology.

It is now widely accepted that salinity is one of the biggest problems gradually
affecting the food crop production around the world. In order to develop crops that
are able to tolerate salt stress, oneneeds to understand the effects of salt stress on crop
plants that also vary from crop to crop. Approaches such as commoneome can help in
developing a better understanding of such responses. In the earlier study, we
attempted to compare three model crop plants, namely, rice, Arabidopsis, and
common ice plant [36]. In this study, we have elaborated on the commoneome
further, by looking at the salt stress response beyond the monocot/dicot divide. It is
learnt that gene and gene families often play a role in multiple pathways and
processes; therefore, they cannot be categorized specifically on one single function.
Hence, these genes and gene families were arbitrarily clustered into specific tasks
they majorly participate in such as signaling, regulation, metabolism, and so on.

Signaling plays a major role in the inception of the stress and hence the plants
overall response. Several pathways, processes, and molecules play an important role
in signaling mechanism. One of the widely studied pathways, the SOS pathway, is
known to regulate ion homeostasis under salt stress. Other knownpathways, namely,
CDPK pathway and MAP kinase pathway, play an important role in osmotic stress.
Plant hormones such as ABA and ethylene play a role in abiotic stress response.
Several transcription factors also help in salt stress response by regulating various
genes� expressions. Some of these DNAbinding proteins that play important role are
DREB, Myb, and Myc proteins, bZIP, Zn finger, AP2 domain proteins, and NAC
family proteins that have been studied in various plants. Salt stress is known to affect
many gene transcripts involved inmetabolism, protein fate, transport, transcription,
and cellular defense and also photosynthesis and photorespiration.

Complexity of salt stress response is amajor cause of incomplete understanding of
plant response to stress. A large number of genes and gene families are still either
unrecognized or unknown, which might be playing a role in its response. A large
number of pathways are still to be deciphered that can shed light on and enhance our
knowledge of the plants adaptability to various stress conditions. There has been
some development in this regard as glyoxalase pathway (which has been proposed to
be involved in various essential functions in animal system) has been shown to have a
direct correlation with enhancement in salinity tolerance in plants [187, 188]).
However, the members of this important gene family are not picked up in our
commoneome analysis. Thus, we can safely conclude that there may be still
numerous genes �unidentified� and/or �uncharacterized� from various databases
that are labeled �unknown,� but may have important contribution to a given stress
response in plants. Comparative analysis of transcriptomes and metabolomes
between salt-sensitive and salt-tolerant lines can also help in identifying �candidate�
genes. With integrative genomic approaches, we can hope to fill these gaps and
develop a better crop that can survive under harsh environment conditions.
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2
Abiotic Stress Tolerance in Plants: An Industry Perspective
Shoba Sivasankar, Robert W. Williams, and Thomas W. Greene

After insect resistance and herbicide resistance, agronomic traits that define the
extent and stability of economic yield are becoming recognized as thenext-generation
plant biotechnology traits. The stability of yield is determined by the tolerance of the
plant to abiotic stresses, such as drought, cold, salt, and heat. Considerable research
in the public and private sectors is devoted to the development of abiotic stress
tolerance in plants, a good component of this being at the level of high-throughput
gene discovery and gene evaluation. A functional relationship to stress tolerance has
been demonstrated in model plant species for roughly 200 genes over the past 30
years. The challenge is to translate this functional efficacy to field performance, as
demonstrated in reduced yield loss under stress. In addition, the extent of yield
stability conferred by individual genes must be enhanced to the level at which it
becomes commercially viable. While the complexity and multigene nature of abiotic
stress tolerance make it a challenging undertaking, early indications of success are
evident from research in both the plant biotechnology industry and the academia. In
this chapter, we describe the various approaches to gene discovery used for abiotic
stress tolerance, and discuss the challenges of high-throughput phenomics under
controlled environment conditions. We conclude with a brief overview of the recent
breakthroughs in abiotic stress research in the plant biotechnology industry.

2.1
Introduction

The postgenomics era, with its influx of enhanced technology in genome-scale
transcript profiling, computational biology, metabolomics, and phenomics, has
enabled continuously improving capabilities to explore functional plant biology.
This makes it possible to address hitherto unexplored aspects of fundamental and
applied crop research at high levels of throughput, though not without challenges.
Consequently, the competitive landscape in the seed and plant biotechnology
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industry is constantly changing, with existing players enhancing their research
capabilities throughmergers, acquisitions, and global extension of research facilities,
and newer players rapidly filling emerging technological niches. First-mover advan-
tage in existing and emerging seed and seed-related businesses is determined, as
always, by the ability to deliver enhanced, stable yields under both optimal and
challenging growth environments.

Agronomic traits that define the extent and stability of economic yield are rapidly
becoming recognized as the next-generation plant biotechnology traits of commer-
cial significance, following insect resistance and herbicide resistance. The extent of
yield produced by a given crop species is determined both by its intrinsic yield
potential and its capacity to performunder adverse growing conditions imposed both
by abiotic and biotic stresses and by nutrient limitation. Narrowing the yield gap that
exists between yield potential and realized yield is the subject of intense breeding and
biotechnology research in commercial crop species. Development of crop plants that
deliver enhanced and stable yields under changing climatic conditions, with the
occurrence of multiple abiotic stresses during a single growing season, is a chal-
lenging undertaking. It requires (1) a mechanistic understanding of the response,
acclimation and tolerance to individual stress conditions, and to naturally occurring
combinations of multiple stresses; (2) the identification of critical physiological
processes, biochemical pathways, allelic variants, and protein conformations asso-
ciated with stress response and stress tolerance; (3) careful attention to precision
phenotyping, growing conditions, and field heterogeneity in the testing process; and
(4) the integration of these with transgenic efforts, QTL mapping, molecular
breeding, and modeling [1–6].

Abiotic stresses such as drought, cold, and salt are of wide occurrence and have
significant impact on crop productivity, and as such, tolerance to these stresses is a
critical condition for yield stability. Tolerance to abiotic stress is complex and involves
multiple component traits, physiological responses, and biochemical pathways. This
complexity necessitates continued emphasis on efforts to identify and understand
the morphophysiological, biochemical, and molecular components associated with
tolerance, and to associate the contribution of these with yield stability and final yield.
Whole-plant physiology combined with traditional breeding over the last several
years has identified several component traits that contribute to yield stability under
stress, especially with relevance to drought tolerance. Today, the establishment and
continuous enhancement of high-throughput facilities including genome-scale
transcript profiling,metabolomics, andphenomics capabilities are helping to achieve
economies of both scale and scope that inform efforts toward crop improvement.
Challenges continue to remain in the determination of associations between
molecular events andwhole-plant-level morphophysiological traits relevant to abiotic
stress tolerance, and the utilization of such understanding for the development of
commercial seed products.

Although abiotic stress tolerance is a typical quantitative trait, there are examples of
single genes such as those controlling flowering time, plant height, ear type, and
osmotic adjustment playing important roles in plant adaptation to stress, as analyzed
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in relation to the impact of quantitative trait loci (QTL) in breeding for tolerance [7, 8].
However, the fact that numerous genes are involved in the expression of polygenic
traits means that the individual genes generally have small effects at the phenotype
level, and thus may need to be combined effectively in order to obtain a significant
commercial impact. Breeding to manipulate more than one quantitative trait locus
contributing to relevant traits in abiotic stress tolerance can help increase the impact
on the phenotype. Biotechnology can enhance existing natural variation for the trait,
and can facilitate the delivery of genetic variation not present in the crop species to be
modified.

At the molecular level, the complex nature of abiotic stress tolerance can
be evaluated by genome-wide evaluation of transcripts to identify genes with
an association with the trait of interest, especially important when trait-relevant
functionality of less than 1% of the genome has been established at the present
time. Genome-wide targeted queries for assessment of trait-relevant functionality
of transcripts are possible through forward genetics approaches such as the
phenotypic evaluation of populations of activation-tagged, transposon-tagged, or
T-DNA insertion mutants. Alongside of this, more defined forward genetics
approaches and reverse genetics approaches in high-throughput mode are prevalent
in the plant biotechnology industry. These include evaluation of functional gene
classes such as transcription factors, gene families where more than one member
has proven to be involved in the response or tolerance to abiotic stress, genes
and gene networks predicted through computational biology, and stress-related
transcripts from extremophile plant or bacterial species. In addition, comparative
genomics, global profiling, knowledge-based gene discovery and directed evolu-
tion all play a role in identifying and applying molecular information to trait
improvement.

Functional analysis of genes through phenomics and metabolomics approaches
helps to unravel the complexity of the trait, to understand similarities and differences
across plant species or within species, and to better define stress-adaptive metabolic
pathways and regulatory gene networks. Integrated information from these func-
tional analyses platforms can be structured into testable hypothesis with the aim to
improve abiotic stress tolerance in commercial crop species, and for the continuous
improvement of trait-specific screening under controlled environments and in the
field. Leveraging information from high-throughput phenotypic screens of model
systems to crop improvement, and the relationship between model system-based
gene-to-phenotype confirmation and gene(s)-to-yield applicability, continues to be a
subject of intense discussion.

In this chapter, we discuss recent trends in abiotic stress research in the plant
biotechnology industry, emphasizing drought. Our focus is upon gene discovery
through a variety of approaches, and upon functional analysis and evaluation of
the plant phenotype conferred by selected genes through the use of phenomics
approaches. We describe important challenges and breakthroughs in the de-
velopment and deployment of stress-tolerant commercial seed products in the
private sector.
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2.2
Gene Discovery and Genomics in the Plant Biotechnology Industry

Research in the plant biotechnology industry aims to identify genes or �leads� that are
capable of conferring a definitive phenotype in relation to the trait of interest, transfer
of these leads into commercial crop species for evaluation of the resultant transgenic
plants in the green house and field environments, and optimization of transgenic
performance as necessary to deliver desirable agronomic performance in the farm-
er�s field. With the completion of the DNA sequencing of the Arabidopsis genome in
2000, the subsequent DNA sequencing of the rice and sorghum genomes and, most
recently, the release of draft genomes of wheat andmaize through the last decade, the
principal challenge to plant biologists has become the assignment of functionality to
the sequenced genes and the association of genes with definitive phenotypes. In
certain instances, the plant biotechnology industry has contributed to sequence
information of crop species to publicly released genome information [9]. Sequence
information of complete genomes ofmodel plant species or commercial crop species
has significantly enhanced the ability to identify genes associated with traits of
interest in both the public and the private sectors.

In the broadest sense, there are two approaches to discover genes that have the
potential to impart abiotic stress tolerance, or any trait, to plants, and these are
forward and reverse genetics. Forward genetics identifies the phenotype of interest
from screening populations and follows up with the cloning and identification of the
gene(s) sufficient to confer the phenotype. Reverse genetics, on the other hand,works
from the gene to the phenotype. It starts with a gene hypothesized to be involved in a
specific phenotype and attempts to identify an alteration in the phenotype through
perturbed expression of the gene. The distinction between forward and reverse
genetics approaches is not necessarily absolute, and whole gene families or func-
tional classes with potential to impact the trait of interest can be assessed for their
effect on the phenotype.

In the following sections, we describe the methods of gene discovery and gene
modification for trait improvement most commonly used in the plant biotechnology
industry, including forward genetics, evaluation of gene families or functional gene
classes, knowledge-based gene discovery, directed evolution, global profiling, com-
parative genomics, and computational biology.

2.2.1
Forward Genetic Screens Using Model Species

Forward genetics helps to associate a phenotype with a gene with no a priori
assumptions about gene function or annotation. The widest adaptation of this
approach involves the query of entire genomes through the use of mutant popula-
tions in which the expression of a good proportion of genes in the genome has been
altered through the insertion of T-DNA, transposon, or activation tags [10–13]. The
use of chemical or physical treatments such as ethyl methane sulfonate (EMS) or fast
neutrons to generate mutant populations with disrupted gene expression is still
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prevalent, though to a lesser extent. The process of identifying trait-relevant genes
through forward genetics approaches involves a series of steps. First, tagged or
insertion mutant populations are generated in the model species of choice, pre-
dominantly, Arabidopsis thaliana. Next, high-throughput phenotyping is executed on
these populations to identify positive or negative effects on chosen secondary or
component traits associated with the trait of interest. With this phenotyping process,
mutants that produce definitive qualitative or quantitative evidence for altering
chosen secondary traits of focus are identified. This is followed by cloning the gene
whose activation or disruption produced the phenotype of interest and then vali-
dating its effect by retransformation into the same model species to recapitulate the
mutant phenotype, using constructs designed to produce the desired expression. The
last step involves the introduction of the confirmed or validated gene into the crop
species of choice, and evaluation of the resultant transgenic plants in the greenhouse
and/or the field.

The development of tagged populations inmodel plant species and their screening
for the identification of genes associated with specific traits, including abiotic stress
tolerance, is a practice as prevalent in the plant biotechnology industry as in academic
research. One of the early examples of forward genetics approaches for response to
multiple abiotic stresses attempted to identify genes responding to low temperature,
drought, salinity, and the phytohormone, abscisic acid (ABA), utilizing biolumines-
cence of the luciferase reporter gene expressed from the dehydration-responsive
promoter RD(RESPONSIVE TO DEHYDRATION) 29A [14]. This group screened
an EMS-mutagenized Arabidopsis population homozygous for the transgenic con-
struct, RD29A::LUC (LUCIFERASE) and identified several genes responsive to
dehydration, salinity, low temperature, and ABA. Of these, LOS5 (LOW EXPRES-
SION OF OSMOTICALLY RESPONSIVE GENES) is under evaluation by Futur-
aGenePlc. (recently acquired by SuzanoTrading Ltd) for crop improvement, as part of
FuturaGene�s research portfolio that focuses on yield, abiotic stress tolerance,
forestry, and biofuels (http://www.futuragene.com/06annual.pdf).

Dupont Agricultural Biotechnology and Pioneer Hi-Bred International, Inc. use
activation-tagged populations of A. thaliana to screen for abiotic stress tolerance,
keying in on critical secondary or component traits of relevance. The Monsanto
Company has also reported the use of activation T-DNA tagging in Arabidopsis to
obtain gain-of-function mutants related to critical traits [15]. A. thaliana, by virtue of
its fully sequenced small genome, small plant size, and short growing period, need
not necessarily be the only plant species utilized in forward genetics approaches to
identify geneswith the potential to confer abiotic stress tolerance. Bothmodel species
and commercial crop species with fully elucidated genomes can serve as targets for
the development of screening populations. Ideally, in addition to having completely
sequenced genome information and lending itself to easy cultivation in a high-
throughput mode, these species should possess at least some characteristics of
extremophiles, specifically in relation to drought, salt, or cold stress.

Thellungiella salsuginea (also known asT. halophila), a close relative ofA. thaliana, is
one suchmodel species that is being explored for abiotic stress tolerance andnitrogen
use efficiency [16–18]. Similar to Arabidopsis, it has a short lifecycle, small genome,
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copious seed production, and is easily amenable to the floral-dippingmethod of plant
transformation. Unlike Arabidopsis, however, it has the additional advantage of
growing well under extreme conditions of cold, salt, and drought stress, and under
nitrogen-limited conditions. Thellungiella genes exhibit high sequence identity
(approximately 90% at the cDNA level) with Arabidopsis genes, and its extremophile
characteristics resultmostly from regulation of gene expression and to a lesser extent
from a limited number of unique gene [19]. While full-genome sequencing is
pending for this species, cDNA expression libraries have been transformed into
Arabidopsis, and the resulting transgenic populations have been evaluated for abiotic
stress responses [19, 20].

Physcomitrella patens, a moss highly tolerant to drought, salt, and osmotic stress,
can serve as another excellent model species for forward genetics approaches in
abiotic stress tolerance [21, 22]. A draft genome for this haploid is available, and the
species is amenable to forward genetics approacheswith faster turnaround rates than
A. thaliana [23, 24]. Yet another model plant species, Brachypodium distachyon, can
also render itself to the development of screening populations and can serve as a
source of unique genes for trait improvement of commercial crop species [25].
B. distachyon is a wild grass related to small grain cereals, and is the first member of
the Pooideae subfamily of grasses to be sequenced. Though its performance under
abiotic stress conditions is not clearly described, its high-quality genome sequence,
small genome, ease of cultivation and transformation, small size, and rapid life cycle
all make it a goodmodel species for gene discovery and phenomics. The extent of use
of screening populations involving Thellungiella, Physcomitrella, or Brachypodium or
model crop species for identification of genes of relevance to abiotic stress tolerance
in the plant biotechnology industry is not known.

2.2.2
Functional Gene Classes and Families

Avery good example of the evaluation of functional gene classes and gene families for
the associated phenotype, including the ability to confer abiotic stress tolerance to
plants, is the evaluation of the A. thaliana transcription factors by Mendel Biotech-
nology, Inc. (http://www.mendelbio.com/technology/index.php). Several research
groups in both the public and the private sectors have used systematic functional
genomics strategies to identify transcription factors with commercial potential. The
Arabidopsis genome encodes over 1500 transcription factors, which account for
roughly 5% of its genome, and about 45% of these transcription factors are unique
to plants [26, 27]. Mendel Biotechnology was founded in 1997, with a focus
on understanding the function of the large class of transcription factor genes in
A. thaliana, based on the premise that these are upstream regulators capable of
regulating and coordinating the expression of multiple downstream effectors that
together confer specific plant characteristics.

The unique characteristics and modes of action of transcription factors make
an overexpression strategy more attractive for assessment of gene function than
does a knockout strategy [28]. As described on the Mendel Biotechnology web page
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(http://www.mendelbio.com/aboutus/history.php), company scientists systemati-
cally analyzed the function of all Arabidopsis transcription factors, by overexpression
in A. thaliana, and discovered individual transcription factors that control complex
traits such as freezing tolerance, drought tolerance, intrinsic growth rate, photosyn-
thetic output, plant form, disease resistance, water use efficiency, nitrogen use
efficiency, and numerous other important processes. A well-studied class of tran-
scription factors at Mendel is the AP2 transcription factor class, C-BOX BINDING
FACTOR(CBF)/DEHYDRATION-RESPONSIVE ELEMENT BINDING(DREB)
genes that are being evaluated for commercial development [29]. The CBF genes
have been successfully used to engineer abiotic stress tolerance in a number of plant
species [30]. According to public information (http://www.arborgen.us/index.php/
products/product-pipeline/freeze-tolerant-eucalyptus), a commercial application for
the CBF genes is closest to reality at Arborgen Inc., in the case of eucalyptus trees
where CBF has been shown to contribute to freezing tolerance. The implication of
another class of transcription factors, theNF-Y family, in drought tolerance in maize
at Monsanto as described later, is a collaborative effort between Mendel and
Monsanto [31]. For a commercial product, it is important to note that transcription
factor technologies may require optimization mostly through the use of stress-
inducible promoters, either to overcome pleiotropic effects resulting from consti-
tutive overexpression or to enhance the desired trait to the level at which it is
commercially viable. With the advent of �systems biology� approaches in the
postgenomics era, it is possible to assemble all genes in the genome into transcrip-
tion networks or protein interaction networks underpinning major biological pro-
cesses. This enables researchers to investigate potential intervention points and gene
combinations for coregulated expression to achieve abiotic stress tolerance and yield
stability [32].

Other than transcription factors, a class of genes that has been evaluated through
reverse genetics is involved in cell cycle regulation, including genes encoding the
KIP-RELATED PROTEINS (KRPs) that are negative regulators of cell cycle [33].
Regulation of cell cycle is crucial to plant growth and development, and similar to the
case of transcription factors mentioned above, plants have several unique genes
involved in the process, though the cell cycle process in plants shares basic
mechanisms with other eukaryotes [34]. The KRP genes are under advanced studies
for commercial application both in canola and in camelina, an alternative oilseed
energy crop, in the hands of Sustainable Oils, Inc. and one of its parent companies,
Targeted Growth, Inc. (http://www.susoils.com/camelina/researchadv_resdev.php).

Genes involved in cell cycle, along with other classes of genes, have been subject to
reverse genetics evaluation at Crop Design, founded in 1998 as a spin-off of the
research work from Dirk Inze�s group at the Flanders Inter-University Institute of
Biotechnology, Ghent, Belgium. Crop Design�s trait discovery and development
program focuses on enhancing grain yield in corn and rice, andutilizes its TraitMill�
platform for applied genomics and phenomics. As indicated on Crop Design�s web
page (http://www.cropdesign.com/general.php), the company has discovered a
range of proprietary leads through TraitMill� for application in the areas of
yield enhancement, drought tolerance, and improved nutrient use efficiency.
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The TraitMill� platform utilizes proprietary bioinformatics tools, high-throughput
gene engineering systems, efficient methods for plant transformation, and auto-
mated high-throughput high-resolution phenotypic evaluation of transgene perfor-
mance in rice (http://www.cropdesign.com/tech_traitmill.php).

2.2.3
Knowledge-Based Gene Discovery

In this approach, specific pathways known to be associated with a physiological trait
or biochemical pathway that is triggered in response to a given abiotic stress is chosen
for identifying key genes that can be targets for biotechnology. Examples are POLY
(ADP-RIBOSE) POLYMERASE (PARP) and POLY(ADP-RIBOSE) GLYCOHY-
DROLASE (PARG) genes from Bayer CropScience (http://www.research.bayer.
com/edition_16/16_Biotechnology.pdfx), and protein farnesyltransferase that forms
the Yield Protection Technology� from Performance Plants, Inc. (http://performan-
ceplants.com/technology-products/technology-solutions/yield-protection-technolo-
gy). Stress-induced activation of PARP is the main cause of energy depletion in
animals. Plants have two PARP genes, PARP1 and PARP2, both of which are
activated by DNA damage under stress, leading to energy depletion through NAD
(þ ) breakdown andATP consumption. Inhibition of the activity or gene expression of
these proteins, by chemical inhibitors or transgenic downregulation, contributes to
tolerance to a broad range of abiotic stresses such as high light, drought, and heat. In
this example, the focus was on improving energy efficiency under stress conditions,
an aspect that is still not explored to the extent it deserves in the area of plant abiotic
stress research [35]. Follow-up studies have shown that in addition to enhanced
energy use efficiency, transgenic plants with downregulated PARP had altered levels
of the hormone ABA that resulted in the induction of a wide range of defense-related
genes [36]. Most recently, the SNF1-RELATED PROTEIN KINASE, SnRK 2.6, has
been implicated in metabolic homeostasis and energy balance in A. thaliana, adding
to earlier reports of similar roles for members of the SnRK1 subfamily in plants [37].
This role of SnRK2.6 is quite apart from its role as a positive regulator in ABA
signaling, and its involvement in regulating ABA-mediated stomatal aperture.

Development of drought tolerance through manipulation of the response to ABA
has been attempted across a variety of studies, and Performance Plants, Inc. has
shown the involvement of the gene encoding the beta subunit of Arabidopsis
farnesyltransferase, ENHANCED RESPONSE TO ABA (ERA1) in the regulation
ofABAsensing anddrought tolerance [38]. The era1mutantwas identified froma fast
neutron- and T-DNA-mutagenized Arabidopsis population for supersensitivity to
ABA [39]. Downregulation of either the alpha or the beta subunit of farnesyltransfer-
ase enhanced the plant�s response to ABA and drought tolerance [39]. This work
specifically demonstrated that antisense constructs for the Brassica napus ERA1
expressed from the dehydration stress-responsive promoter, RD29A, can produce
transgenic plants with enhanced tolerance to moderate drought and significantly
higher seed yield than control plants across 3 consecutive years of field test. Under
drought conditions, these transgenic plants showed significant reduction in stomatal
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conductance and transpiration, and were more resistant to drought-induced seed
abortion during flowering relative to nontransgenic control plants. When grown
under conditions of adequate moisture in the field, the yield of transgenic plants was
the same as that of nontransgenic control plants.

2.2.4
Directed Molecular Evolution

Directedmolecular evolution throughmultigene shuffling is a powerful technique to
modify protein characteristics including improvement in specific activity or enzyme
kinetics, formation of novel substrate specificities or novel products, and optimal
performance in specific environments [40]. It has been successfully used in the
generation of novel carotenoids, enhanced herbicide detoxification, and improve-
ment of insect resistance genes. Maxygen Incorporated, California, USA, founded in
1997, uses its proprietary MolecularBreeding� shuffling technology for the devel-
opment of superior proteins, and its subsidiary, Verdia, has been a part of Dupont
Agricultural Biotechnology since 2004, focusing on plant biotechnology. In the area
of abiotic stress tolerance, Kurek et al. at Dupont have reported the generation of
transgenic Arabidopsis with wild-type RUBISCO ACTIVASE (RCA) or RCA that had
been shuffled for enhanced thermostability [41]. They observed enhanced photo-
synthesis, plant growth, and seed production under heat stress in the transgenic
plants harboring the shuffled protein relative to the control plants transformed with
the wild-type protein.

2.2.5
Global Profiling

With the elucidation of the complete genomes of both model plant species and
commercial crop plants, and the continuous improvement of genome-scale tran-
script profiling methods, global transcript profiling is used widely in both the public
and the private sectors to determine changes in gene expression under a variety of
perturbations, including exposure to abiotic stresses. While the information from
transcript profiling is valuable for understanding stress response at the gene
expression level, it also serves as a source of genes for transgenic modulation or
for marker-assisted breeding, when combined with other relevant data. Reported
examples of the work in the private sector in transcriptomics includes that of
Zinselmeier et al., as well as Kollipara et al. at Pioneer-DuPont, and that of Kreps
et al. at Syngenta [42–44]. Zinselmeier et al. focused on reproductive development in
maize under drought stress, a developmental window critical for yield stability under
drought, to conduct gene expression profiling using microarrays of maize expressed
sequence tags [44]. While confirming the significance of the starch biosynthetic
pathway in the regulation of stress responses, they also identified new pathways and
genes in maize associated with drought stress. Again, at Pioneer-DuPont, Kollipara
et al. reported a parallel transcriptomic and proteomic study across recombinant
inbred lines ofmaize derived fromB73 XMo17 that showed differential behavior for
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cold germination and seed desiccation tolerance [42]. This group identified a variety
of genes and proteins that responded differentially to the two stresses, which could be
classed into various functional groups such as carbohydrate and amino acid metab-
olism, ion transporters, stress and defense response, polyamine metabolism, cha-
peronins, cytoskeleton associated, and so on.

At Syngenta, researchers used microarray-based expression profiling of Arabi-
dopsis responding to salt, osmotic, and cold stresses to identify a combination of over
2000 sequences that showed differential response across the three stresses [43]. Of all
these differentially expressed sequences, the one that had the largest induction across
all three stresses was identified to beAt5g52310 (COLDRESPONSIVE 78 or COR78).
The above reports are from a period when transcript profiling was primarily done
using microarrays with expressed sequence tags, and did not cover the entire
transcriptome. However, EST- and oligonucleotide-based microarrays are likely to
become obsolete in the near future with affordable and fast gene-expression analysis
by cDNA sequencing.

Analysis of all available expression data for a given species can help identify cis-
elements involved in the regulation of gene expression, when combined with
genome sequence and transcript information, as has been reported by researchers
at Ceres, Inc. [45]. Across the Arabidopsis genome, this group identified motifs
associated with drought, heat, and cold stress, along with six other traits or tissue
types. Theywere also able to validate the association of these cis-elements with known
responses or tissue types, as in the case of the ABA responsive element, CACGT,
which is known to be associated with drought, and was also strongly expressed in the
drought data set the authors used.

Though significant research has been published in the public sector on global
proteomic analysis in response to abiotic stress [46, 47], reports from the private
sector are limited, one of those being the results from the work of Kollipara et al.
mentioned above. Similar is the case with metabolomics, though this is an area
receiving increasing interest in both the private and the public sectors due to
enhanced capabilities leading to deciphering fundamental aspects of plant cell
systems and their application to trait discovery [48, 49]. Metanomics GmbH, Berlin,
Germany, with its focus on metabolic functional genomics, has developed large
Arabidopsis populations with overexpression of an entire prokaryotic and an entire
eukaryotic genome (http://www.metanomics.de/seiten/frameset.html). This popu-
lation is being explored for commercially important metabolite changes, and has led
to the identification and validation of several lead genes associated with tolerance to
environmental stresses, as well as traits.

At Monsanto, Harrigan et al. conducted metabolite analysis of the grain of
seven maize hybrids subjected to three separate moisture regimes during growth,
namely, well-watered conditions, moisture stress during vegetative growth, and
moisture stress during grain filling [50]. Their results showed that the magnitude
of the mean differences between well-watered and drought-stressed samples
were small, and statistically significant drought-induced differences were observable
in at least four of the seven hybrids for only glutamine and proline of the various
analytes measured.
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2.2.6
Comparative Genomics

Owing to naturally occurring variations in the levels of tolerance and adaptation to
abiotic stresses both between plant species and within species (as between wild
progenitors and cultivated varieties), a comparative evaluation of the expression of
these responses at the molecular level is critical to the identification of pathways and
genes that are of significance to the tolerance response. In addition to pinpointing
critical pathways and genes of interest, comparative genomics allows the evaluation
of differences in the levels and timing of gene expression between tolerant and
susceptible species or varieties, which contribute to their specific response to the
stress. Furthermore, comparative genomics also provides an avenue for drilling into
allelic differences in the regulatory regions of genes that lead to gene expression
differences between closely related species or between varieties within the same
species. Comparative genomics can be done at a global scale covering the entire
genomeor canbe focused on specific classes of genes known to be associatedwith the
trait of interest. Most published reports in this area are confined to the published
genome sequences of Arabidopsis and rice.

Examples of focused comparative genomics of gene classes with relevance to
abiotic stress research are the analysis of the CCCH ZINC FINGER and PROTEIN
PHOSPHATASE 2C (PP2C) families in Arabidopsis and rice in the public sector
[51, 52]. Genes encoding the former are known to play important roles in RNA
processing as RNA binding proteins in animals. A role for these proteins in plants is
only just emerging and the induction of their expression upon exposure to stress
conditions implicates an association with the response to abiotic and biotic stresses.
The PP2C family is associated with negative modulation of kinases involved in
environmental stress responses and developmental processes, and their comparative
evaluation across the genomes ofArabidopsis and rice has identified both similarities
and differences in their response to abiotic stress and ABA. Expanding comparative
genomics analysis to other stress-related gene families, to species beyondArabidopsis
and rice, and to varieties within species will be useful in understanding the tolerance
response in terms of expression modulation. This is in addition to identifying novel
divergent sequences that can serve as candidates for biotechnological interventions.

In addition to the above, the effect of transgenic perturbations or quantitative
trait loci can be evaluated by comparative genomic analysis of the wild-type
genome and the perturbed genome. In a collaborative effort between researchers
at Dupont Agricultural Biotechnology and the Rockefeller University, the genome-
wide expression profile of wild-type Arabidopsis was compared with that of the ABA-
INSENSITIVE mutant, abi1-1, using massively parallel signature sequencing [53].
This work established that the regulation of gene expression of a majority of ABA-
responsive genes was abolished in the mutant. On the basis of the response of wild-
type Arabidopsis to ABA, the group identified more than a 1000 genes responding to
ABA, including novel ABA-responsive pathways and genes.

A similar study reported by Syngenta and collaborators evaluated the expression
profiles of parental and double-haploid rice accessions in an attempt to determine
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general changes in gene expression under dehydration stress, differences in gene
expression between parental lines with high or low osmotic adjustment, and
differences in gene expression of transgressive segregants from these parental lines,
with opportunity to identify candidate genes based on previously established drought
tolerance QTL [54]. They identified 69 genes differentially upregulated in lines with
high osmotic adjustment, 9 of which were not induced to any extent in lines with low
osmotic adjustment. The latter included SUCROSE SYNTHASE, a pore protein, a
HEAT SHOCK PROTEIN, and a LATE EMBRYOGENESIS ABUNDANTprotein or
LEA. Furthermore, this effort helped identify candidates associated with the drought
tolerance QTL, which included a snRNP AUXILIARY FACTOR, a LEA protein, a
PROTEIN PHOSPHATASE 2C, and a SAR1 homologue.

2.2.7
Computational Biology

Advanced computational tools and specific algorithms can be applied to collections of
large amounts of proprietary and/or public genomic information to enable the
identification of key genes that could be critical targets for modification to alter traits
of interest. Evogene Ltd, Rehovot, Israel, utilizes its proprietary �ATHLETE� platform
(Agro Traits Harvest LEeads Technology) for such en silico gene identification and
evaluates the identified genes inmodel plant systems prior to transfer and evaluation
in target crop species (http://www.evogene.com/technology.asp?tid¼7). Evogene
also utilizes comparative genomics and utilizes evolutionary information across
70 plant species and approximately 8 million expressed sequence tags to facilitate
gene identification. Researchers at Evogene, in association with the Hebrew Univer-
sity of Jerusalem, used computationalmining of the largemultifunctional gene family
of tomato aquaporins on the basis of gene induction in response to abiotic stresses to
identify one specific aquaporin, SOLANUM LYCOPERSICUM TONOPLAST INTE-
GRAL PROTEIN 2;2 or SlTIP2;2 [55]. Transgenic plants overexpressing this gene
showed increased cell osmotic water permeability and enhanced whole-plant tran-
spiration rates. When subjected to commercial greenhouse trials, the transgenic
tomato plants showed increased fruit yield, harvest index, and plant biomass under
both well-watered and drought-stressed conditions over 3 consecutive years.

2.3
High-Throughput Phenotyping and Phenomics

Following the trend of �omics� terminologies at the molecular level, phenomics is a
term that is coming into increasing use to describe high-throughput precision
phenotyping that enables evaluation of the physiological and morphological aspects
of the plant under controlled environments or in thefield. Phenomicsmethodologies
are used to identify genes associated with the trait of interest by helping to establish
functional relationship between genetics and the associated phenotype. They are also
used to characterize plant performance under controlled environments and in the
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field. In developing yield stability under abiotic stress conditions such as drought and
cold, it is important to recognize that the selection can be targeted for escape or for
tolerance. Escape responses are generally associated with a shorter growth duration
that allows the plant to avoid periods of natural occurrence of the stress. This is
possible in geographical locationswhere natural occurrence of stress at specific times
of the growing season is predictable, as in the case of low temperatures at the
beginning and end of the growing season in the maize-growing geographies of
Northern United States and the maize-growing geographies of Canada. The short
duration of growth that allows the escape response is also associatedwith lesser yields
due to the naturally short period of growth available. Tolerance, on the other hand,
allows the plant to encounter and withstand stress occurring during its growing
season, through the use of physiological, morphological, and biochemical mechan-
isms that protect growth and reproduction under stress. Phenotyping for yield
stability under abiotic stress is predominantly targeted toward tolerance to exposure
to the stress.

Research on drought tolerance in the plant biotechnology industry employs high-
throughput screens in model plant species to identify genes that confer a chosen
secondary trait or response associated with stress tolerance, with the goal of employ-
ing these genes for the development of commercial seed products with stable yields
under stress. A schematic of the process in relation to the associated concept and
challenges is presented in Figure 2.1, specifically with regard to the development of
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Figure 2.1 High-throughput phenotyping for
drought tolerance – from model systems to
maize. High-throughput phenotyping is most
commonly applied to amodel plant systemsuch
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drought tolerance in maize. As described in Section 2.2, model plant species such as
Arabidopsis are used in high-throughput screens under controlled environments,
wherein drought stress is usually applied at the vegetative stage, to identify genes that
confer tolerance to stress. Plant treatments in these screens normally involve either
(1) the withholding of water over a period of time to determine if the gene involved
allows the plant to stay turgid for a longer period or to wilt slower, than others, or (2)
the withholding of water to a soil moisture content that is close to permanent wilting
point, and then rewatering to identify the effect of the gene on plant survival after the
drastic stress. Genes identified from such screens are then transferred to commer-
cial crop plants and optimized there, with the aim of providing tolerance to the crop
plant under field drought such that yield stability can be achieved. Yield stability thus
achieved is defined at the product level in terms of reduced yield loss upon the
occurrence of drought during the growing season in plants harboring the transgene,
relative to control plants that do not have the transgene.

There are certain crucial factors to be considered in the process of identifying a
drought-relevant gene from a model species screen and applying it to trait improve-
ment in crop species. Depending on the time of occurrence of drought during the
growth period, and the varying impact of the stress upon different developmental
stages, yield stability under drought stress can be affected to varying degrees by
seedling establishment, vegetative tolerance, reproductive tolerance, rooting char-
acteristics, osmotic adjustment, growth regulators, rate of senescence, and remobi-
lization of reserves [56]. The need for high throughput in the screening of large
numbers of transgenic plants to identify genes of relevance to drought tolerance
necessitates the adherence to small plant sizes and short growth durations. Thus, the
high-throughput nature of the screen itself imposes constraints both upon the
growth stage of the plant at which drought stress can be imposed and upon the
species of plants that can be phenotyped in a cost- and time-efficient manner.
Furthermore, a screen aimed at gene discovery is confined, due to its high-through-
put nature, to measuring only a proportion of the morphophysiological component
traits known to be influenced by drought, and heritability of the traitmight not always
be a consideration in the choice of the traits to be measured. Finally, screens are
conducted in pots under controlled environments, where pot-bound roots experience
drought stress at a rate of occurrence that is significantly more acute than the slower
natural progression of drought under field conditions. Though direct screening for
yield in the field can overcome much of the above limitations of model-system
vegetative screens, this will be at the cost of time and space efficiency. Such field
screens are also subjected to significantly higher variability of the field environment
relative to controlled environment conditions. Although field-based yield screens in
commercial crop species are done to a limited extent for gene discovery, model
species screens under controlled environments for a vegetative phenotype under
drought remain the preferred option for high-throughput gene discovery in most
instances. The question that is under considerable discussion at present is the
relevance of a screen conducted at the vegetative stage in amodel plant species under
controlled environments to the prevention of yield loss under drought in crop plant
species in the field [2, 57–61].

40j 2 Abiotic Stress Tolerance in Plants: An Industry Perspective



In addressing this question, first we have to acknowledge the fact that relative to
single-gene traits such as herbicide tolerance and insecticide tolerance, abiotic stress
tolerance is complex andmultigenic, and the final yield under stress is a composite of
multiple physiological and biochemical responses integrated over the duration of the
crop growing period. The final yield of the crop is the composite result of the
integrated contributions of these various responses or secondary traits, expressed
over time, under varying drought environments. Although a single response pattern
cannot be expected to be highly correlatedwith yield under all drought environments,
the physiologically relevant integrators of the effects of drought are the water content
and the water potential of plant tissues [59]. Both of these are measurable, and they
integrate the effects of drought into the ability to retain turgor at the tissue or the
whole-plant level. The utilization of a visible wilting or turgid phenotype at the
vegetative stage as a screening criterion in high-throughput controlled environment
screens, therefore, is indicative of such integrated response of the plant to drought
stress. Under full-cycle growth in the field, this same capacity tomaintain tissue- and
whole-plant turgor or water potential under drought stress impacts critical responses
and secondary traits known to be associated with yield under stress and having high
heritability, for example, leaf expansion rate and anthesis-silking interval, as applied
to maize [62, 63].

The response to low water potential has been elaborated at the organism and
cellular levels by [58] buildingupon the original concept of stress avoidance and stress
tolerance described by Levitt in 1972 [64]. According to this elaboration, stress
avoidance happens at low stress levels where plant tissue avoids low water potential
and decreased water content by attempting to maintain a balance between water
uptake and water loss through stomatal closure and increased root/shoot ratio. If the
stress becomes more and the plant tissue cannot avoid low water potential, dehy-
dration avoidance or dehydration tolerance mechanisms are used. In dehydration
avoidance, stress responses such as osmotic adjustment and cell wall hardening are
used to maintain a high water content despite a reduced water potential. In
dehydration tolerance, the tissue employs mechanisms to tolerate cellular damage
caused by the water loss, including protective solutes and proteins, metabolic
changes, and detoxification of reactive oxygen species. It is important to note that
molecular events initiated by water stress do not exclusively fall into one or the other
of the above categories of avoidance and tolerance, and that avoidance and tolerance
do not occur in a linear progression upon the onset of stress.

Thus, the water content and water potential of plant tissues under drought are
influenced by morphophysiological factors such as rooting characteristics, stomatal
conductance, and hormonal effects, along with biochemical processes such as
osmotic adjustment, membrane and macromolecular protection, antioxidative
defense, and signaling. Individual molecular events are involved in determining
the expression of these tissue-level morphophysiological and biochemical events,
which are integrated into the expression of the phenotype identifiable as wilted or
turgid at the whole-plant level. Thus, a gene or a molecular event that is capable of
affecting the tissue- and cellular-level phenomena identified above will produce
measurable wilting or turgidity, and a screen for such a phenotype identifies genes
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involved in the expression of those responses that integrate the effects of water
content and water potential of the tissue.

Genes discovered to be associated with a slow-wilting phenotype might not
necessarily translate immediately to yield under stress. The impact of a gene on
tolerance to drought and on yield stability is determined by the secondary trait
affected by it, the heritability of this secondary trait and its contribution to final yield,
the intensity of the gene�s effect on the secondary trait, and the timing and tissue-type
of expression of the gene. Thus, identification of a gene�s association with a slow-
wilting phenotype may not in itself ensure a commercial product with yield stability
under drought. Information on the secondary trait impacted by the gene, the extent of
contribution of the specific secondary trait to final yield, and the requisite timing and
tissue-type of expression of the gene for optimal manifestation of the secondary trait
in question are all critical to the design of the plant transformation construct that
maximizes the potential of the gene to impact yield under stress. In instances where
the impact of the gene is on secondary traits with small but heritable contributions to
final yield, combining two or more of such genes can capture any additive effects. In
instances where definitive spatial and temporal modulation of gene expression is
necessary, promoter optimization becomes important.

Thougha visual or quantitativewilting screen is themost commonhigh-throughput
technique applied to model species for discovery of genes associated with drought
tolerance, several of the secondary traits that respond to specificmolecular eventsupon
the onset of drought, and that integrate the effects ofwater content andwater potential,
can bemeasured quantitatively or qualitatively.Measurement of these secondary traits
associated with drought tolerance can be incorporated into screens or into functional
characterization efforts to provide relevant information to help determine the func-
tional effect of the gene. Studies that have evaluated the relevance of specific phys-
iological secondary traits for the response to drought conditions have been reviewed
recently by Cattivelli et al. [4]. The traits evaluated include stomatal conductance, leaf
temperature, photosynthetic capacity, timing of phenological phases, anthesis-silking
interval in maize, starch availability during ovary/embryo development, partitioning
and stem reserve utilization, stay green, single plant leaf area, rooting depth, cuticular
resistance and surface roughness, osmotic adjustment, membrane composition,
antioxidative defense, and accumulation of stress-related proteins.

Relating the effect of a gene or a genotype to its associated phenotype or secondary
trait with sufficient confidence and precision requires carefully planned experimen-
tation and can be done in controlled environments. Determining the contribution of
a given secondary trait to final yield is more challenging and requires carefully
planned field experiments under managed drought stress and under naturally
occurring drought in targeted environments. Such field experimentation attempts
to integrate responses to drought over the entire growing season and allows the
characterization of gene or genotype effect, and genotype� environment (G�E)
interaction. Ideally, these experiments should include the measurement of as many
secondary traits associated with yield stability as known.

Both vegetative and reproductive screens under controlled environments are
employed in gene discovery in much of the plant biotechnology industry addressing
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abiotic stress tolerance, including companies such as DuPont Agricultural Bio-
technology, Wilmington, DE, USA, and its subsidiary, Pioneer Hi-Bred Inc.,
Johnston, IA, USA; Monsanto, St Louis, MO, USA; BASF Plant Science, Research
Triangle Park, NC, USA, and its subsidiary, Crop Design, Ghent, Belgium; and
Ceres, Thousand Oaks, CA, USA. In the public sector, the Leibniz Institute of Plant
Genetics and Crop Plant Research, Gatersleben, Germany; the Plant Accelerator,
Adelaide, Australia; and the Australian Plant Phenomics Facility, Canberra, Australia
are key centers engaged in high-throughput plant phenotyping. Phenomics tech-
nologies used in gene discovery and in functional gene characterization, under both
controlled and field environments, continue to evolve and have been recently
summarized [65, 66]. The bioimaging company LemnaTec GmbH provides imaging
and quantification capabilities for high-throughput plant phenotyping in controlled
environments.

2.4
Recent Breakthroughs in Abiotic Stress Tolerance in the Plant Biotechnology Industry

Over the past two decades, there have been several studies on the use of single genes
for the transgenic modification of abiotic stress tolerance, and a majority of these
have been on model plant species, such as Arabidopsis. The genes used to modify
abiotic stress tolerance address several different stress-related secondary responses
and biochemical pathways including osmolyte synthesis and osmotic adjustment,
hormonal regulation, antioxidants, transcription factors and other signaling genes,
dehydrins, and so on [67, 68]. Almost all of the published studies report transgene
evaluation under controlled environments with a focus on the vegetative phenotype.
Only in very few instances has the phenotype conferred by the transgene been
evaluated in the field in commercial crop species over full-growth cycle. These
include studies both from the public sector and from the private sector [31, 69–71].

In the public sector, Xiao et al. identified Late Embryogenesis Abundant gene from
rice,OSLEA3-1, on the basis of its drought-induced expression inmicroarray studies,
and overexpressed this in rice from both a drought-inducible and a constitutive
promoter, to obtain a drought-tolerant phenotype with higher grain yield than the
wild type under drought stress in the field [69]. In another instance, Oh et al. studied
genes containing the APETALA2 (AP2) domain in rice and identified several with
stress-inducible expression [71]. They focused on two of the identified genes for
functional characterization, and overexpression of AP37 in rice from a constitutive
promoter conferred a drought-tolerant phenotype with enhanced yield compared to
the wild-type control in the field under severe drought stress. The yield of the
transgenic plants was on par with that of the wild-type control under normal growth
conditions of optimal soil moisture.

A majority of the research on this topic in the private sector remains unpublished
as yet. Transgenic evaluation of the plant NUCLEAR FACTOR (NF-Y)B and that of
the bacterial RNA chaperone, the COLD SHOCK PROTEIN B or CSPB, from
Monsanto are two published studies on drought tolerance, where single transgenes
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transformed into commercial crop species have been evaluated for yield and
associated traits under drought stress in the field [31, 70]. An application for NF-
YB to drought was identified from screens for drought tolerance using over 1500
Arabidopsis transcription factors in the Mendel Biotechnology-Monsanto collabora-
tion [31]. Overexpression of the Arabidopsis NF-YB1 gene in Arabidopsis from the
constitutive cauliflower mosaic virus 35S promoter was found to confer drought
tolerance in the form of reduced wilting, increased survival, enhanced water
potential, and photosynthesis under drought-stressed conditions, compared to the
wild-type nontransgenic control. The maize homologue of the Arabidopsis gene, ZM
NF-YB2, when constitutively expressed in maize from the rice actin promoter
conferred enhanced drought tolerance as observed by less wilting and increased
seedling survival in the greenhouse. In the field, transgenicmaize plants showed less
leaf rolling, higher chlorophyll index, higher photosynthesis rate, cooler leaf tem-
perature, higher stomatal conductance, and enhanced yield compared to nontrans-
genic check plants.

Castiglioni et al. at Monsanto reported the effect of bacterial COLD SHOCK
PROTEINS, CSPA and CSPB, on stress tolerance under controlled environments in
Arabidopsis and rice, and both under controlled environments and in the field in
maize [70]. InArabiodpsis, both proteins showed enhanced growth when subjected to
cold stress, and in rice, both showed enhanced plant height, an indication of better
growth, under cold and heat treatment. CSPB also produced similar positive effects
on rice under drought treatment. WhenCSPBwas transformed intomaize, seedling
vegetative performance was improved compared to nontransformed control plants
when subjected to drought stress, and this was demonstrated by improved leaf
elongation rate, a measure of growth, chlorophyll content, and photosynthetic
performance. One CSPB-expressing maize event was tested in the field across three
different hybrid backgrounds, two different stress regimes (stress during vegetative
phase and stress during reproductive phase), and five replicated locations. The tested
event consistently outyielded the nontransgenic controls in a majority of these
treatments. In 3-year trials, it showed yield advantage over the control in a variety
of stress environments where yield reductions ranged from 20 to 80% due to the
occurrence of some level of water stress.

The above results indicate that yield stability under drought can be achieved either
through single-gene modifications, where the transgene might constitute enhance-
ment of inherent variability in the crop species, or through the introduction of new
variability hitherto nonexistent in the crop species. The yield advantages reported in
these published studies are high, although consistent adherence to these early
published results across time, multiple locations, and different genetic backgrounds
remains yet to be proved. Even if the yield advantages do not remain as high as the
reported early results, the fact remains that drought tolerance can be transgenically
modified by single genes, and careful studies should allow the combination of
smaller effects of more than one such �positive� gene in order to capture additive
effects. One aspect that continues to stand out and that needs constant consideration
in transgenic research on drought tolerance is that genes capable of conferring
drought tolerance under water-limited environments should ideally show yields
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comparable to control plants under well-watered environments. Failure to satisfy this
condition will prevent the wider deployment of drought-tolerant crop products and
necessitate confinement to regions of extreme drought occurrence.

2.5
Conclusions and Future Perspectives

A vast volume of scientific literature over the past three decades has addressed gene
discovery for abiotic stress research, focusing on model plant species, primarily
Arabidopsis. More recently, the complexity and multigenic nature of abiotic stress
tolerance has directed this research into high-throughput gene discovery and gene
evaluation. The very high-throughput nature of the present research necessitates the
adherence to short-duration small-sized model plant species to enable economies of
space and time for gene discovery, while recognizing the challenges of translating
functional gene efficacy from model species to field relevance and yield in com-
mercial crop plants. Single-gene functional efficacy has been reported to confer
changes in morphophysiological, biochemical, and molecular traits associated with
tolerance to abiotic stresses, essentially with relevance to the vegetative performance
of the plant. Most recent research has also seen the translation of this single-gene
functional efficacy to yield improvement in the field under drought. Challenges
remain in achieving yield stability that can be transferable across more than one
growing environment, and tolerance that can address stress occurring at more than
one physiological growth phase during the cropping season.
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3
Generation and Scavenging of Reactive Oxygen Species
in Plants under Stress
Sarvajeet Singh Gill, Lamabam Peter Singh, Ritu Gill, and Narendra Tuteja

Reactive oxygen species (ROS) such as singlet oxygen (1O2), superoxide radicals
(O2

��), hydrogen peroxide (H2O2), hydroxyl radicals (OH�), and perhydroxyl radicals
(HO2

��) are constantly produced as by-products of various metabolic processes in
plants and continuously reduced/scavenged by plant antioxidative defense system to
maintain at a certain steady-state levels. Any disruption in this delicate balance
between ROS generation and reduction/scavenging leads to high accumulation in
plant cells, which causes oxidative stress. Plants counteract ROS toxicity through
enzymatic antioxidant systems comprising a range of ROS scavengers, such as
superoxide dismutase (SOD), ascorbate peroxidase (APX), glutathione peroxidase
(GPX), catalase (CAT), monodehydroascorbate reductase (MDHAR), dehydroascor-
bate reductase (DHAR), guaiacol peroxidase (GPOX), glutathione reductase (GR),
and glutathione S-transferase (GST), and nonenzymatic low molecular metabolites,
such as ascorbic acid (ASH), glutathione (GSH), a-tocopherol, proline, carotenoids,
and flavonoids. Various biotic and abiotic stresses such as plant diseases, drought,
salinity, extreme temperatures, excess light, pollutants, nutrient deficiency, and so on
disturb the equilibrium of ROS production and scavenging, eventually leading to
overproduction and higher accumulation of ROS. High amount of ROS in plant cells
affects various cellular functions through damaging nucleic acids, protein oxidation,
and lipid peroxidation, eventually resulting in cell death. ROS toxicity resulted from
various biotic and abiotic stress factors is considered to be one of themajor causes of
low crop productivity worldwide. Despite this, it has also become clear that ROS play
an important signaling role in plants, controlling various processes such as cellular
growth, control of stomata closing, plant–harmful/beneficial microbe interactions,
programmed cell death, and stress responses, and can also initiate responses such as
new gene expression.

3.1
Introduction

Stress, in the context of plants, is �any unfavorable condition or substance that
affects or blocks a plant�smetabolism, growth, or development.� Factors that induce
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stress to plants can be of two types: �biotic,� resulting from living organisms, such
as fungi, bacteria, viruses, pests, herbivores, and so on, and �abiotic,� resulting
from nonliving factors, such as drought, salinity, extreme temperatures, excess
light, pollutants, xenobiotics, ultraviolet radiation, ozone, hypoxia, nutrient defi-
ciency, and so on. The balance between tolerance and sensitivity of a particular plant
may determine whether a stress factor has a positive or negative effect on that
plant [1]. As the stress factors are variable, the mechanisms of damage and,
consequently, the plant signaling and metabolic responses differ from each other.
Yet, plants respond to all these stresses by increasing generation/production of
reactive oxygen species (ROS), although their identity and compartment of origin
may certainly differ [2, 3].

Reactive oxygen species comprise O2
.�, H2O2,

1O2, OH
., HO2

.�, ROOH, ROO.,
and RO.. ROS are the spin-off, invariably generated by plants during various
metabolic processes in different cellular compartments, such as chloroplast, mito-
chondria, peroxisomes, cytosol, plasma membrane, and apoplastic space [4–6].
Under stable/normal conditions, the ROS molecules are scavenged by various
antioxidative defense mechanisms [7]. The equilibrium between the production and
scavenging of ROSmay be disturbed by various biotic and abiotic stress factors, such
as salinity, UV radiation, drought, heavy metals, temperature extremes, nutrient
deficiency, pollutants, herbicides, and pathogen attacks. These disturbances in
equilibrium lead to sudden increase in intracellular ROS level, which can cause
significant damage to cell structures. It has been estimated that 1–2% of O2

consumption leads to the formation of ROS in plant tissues [8]. Through a variety
of reactions, O2

.� leads to the formation of H2O2, OH
., and other ROS. ROS are

highly reactive and toxic and cause damage to proteins, lipids, carbohydrates, and
DNA, which eventually results in cell death. Accumulation of ROS as a result of
various environmental stresses is a major cause of loss of crop productivity world-
wide [9–15]. High ROS production and accumulation affectsmany cellular functions
by damaging nucleic acids, oxidizing proteins, and lipid peroxidation (LPO) [7].

Conversely, now it has become apparent that ROS also play an important signaling
role in plants, controlling various processes such as cellular growth, stomata
closing [16], plant–pathogen interactions [10], programmed cell death [17], and
stress responses [18, 19]. ROS can also initiate responses such as new gene
expression, regulate and involve in legume–rhizobia symbiosis [20, 21], and establish
both endo- and ectomycorrhiza [22]. It is the evolution of highly efficient scavenging
mechanisms that most likely enabled plant cells to overcome ROS toxicity and led to
the use of several of these ephemeral reactive molecules as signal transducers. The
recent identification of ROS-generating enzymes, such as the plant homologue of
respiratory burst NADPH oxidases, has led to the demonstration that plant cells,
similar to mammalian cells, can initiate and most likely amplify ROS production for
the purpose of signaling. Localized ROS production in organelles such as plastids,
mitochondria, and peroxisomes may also initiate signaling cascades [23]. It is
important to note that whether ROS will act as damaging, protective, or signaling
factors depends on the delicate equilibriumbetweenROSproduction and scavenging
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at the proper site and time [24]. Stress-induced ROS accumulation is counteracted by
enzymatic antioxidant systems that include a variety of scavengers, such as super-
oxide dismutase (SOD), ascorbate peroxidase (APX), GPX, glutathione S-transferase
(GST), and catalase (CAT), and nonenzymatic low molecular metabolites, such as
ascorbic acid (ASH), glutathione (GSH), a-tocopherol, carotenoids, and flavo-
noids [15, 25]. Besides, proline has also been added to an elite list of nonenzymatic
antioxidants that microbes, animals, and plants need to counteract the inhibitory
effects of ROS [26]. The above-mentioned antioxidants are found in almost all cellular
compartments, signifying the importance of ROS detoxification for cellular surviv-
al [15]. Plant stress tolerance may therefore be improved by the enhancement of in
vivo levels of antioxidant enzymes [4]. At present, it has also been shown that ROS
influence the expression of a number of genes and signal transduction pathways,
suggesting that cells have evolved strategies to use ROS as biological stimuli and
signals that activate and control various genetic stress–response programs [27].
Recently, it has become evident that plants actively produce ROS, which may control
many different physiological processes such as biotic and abiotic stress responses,
pathogen defense, and systemic signaling [4].

3.2
ROS Production

ROS are perpetually produced through cellular metabolism and plant cells are well
equipped with antioxidants and scavenging enzymes to keep their levels in check
under normal growth conditions. Biotic and abiotic stresses can increase the rate of
ROS production and collectively with the compartment-specific (down) regulation of
the cells� antioxidant capacity; it can lead to significant ROS accumulation in plant
cells. Till date, numerous studies have well documented the harmful effects of ROS
on cellular components [5], and now, a role in plant signaling has also been firmly
established [28].

Chloroplasts are the prime source of ROS in photosynthetic tissues due to their
capacity to produce high amounts of O2

.� andH2O2, especially during reduced rate
of photosynthetic carbon fixation, which is a typical condition during abiotic
stresses [29]. Oxygen generated in the chloroplasts during photosynthesis can
accept electrons passing through the photosystems, thus resulting in the formation
of O2

.�. Therefore, the presence of ROS producing centers, such as triplet
chlorophyll and electron transport chain (ETC) in PSI and PSII,makes chloroplasts
a major site of ROS (O2

.�, 1O2, andH2O2 production. Various abiotic stresses such
as excess light, drought, salt stress, and CO2-limiting conditions enhance the
production of ROS in chloroplasts. Normally, the electron flow from the excited
photosystem centers is directed to NADPþ , which is reduced to NADPH. Then, it
enters the Calvin cycle and reduces the final electron acceptor, CO2. In case of
overloading conditions of the ETC, a part of the electron flow is diverted from
ferredoxin toO2, reducing it toO2

.� viaMehler reaction [30, 31]. Later studies reveal
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that the acceptor side of ETC in PSII also provides sides (QA, QB) with electron
leakage to O2 producing O2

.� [32]. 1O2 is a natural by-product of photosynthesis,
mainly formed at PSII even under low light conditions [33]. On the external,
�stromal� membrane surface, O2

.� is spontaneously dismutated to H2O2 by Cu/
Zn-SOD [32]. Recent researches have linked chloroplast-produced ROS with the
hypersensitive response [34]. Chloroplast-produced ROS have been shown to be
capable of transmitting the spread of wound-induced PCD through maize tis-
sue [35]. The expression of animal antiapoptotic Bcl-2 family members in trans-
genic tobacco has revealed the involvement of chloroplast in oxidative stress-
induced PCD [36]. It has been shown that in Arabidopsis thaliana cell suspension
cultures, the cells contain well-developed, functional chloroplasts when grown in
the light, but not in the dark, and can be used as model systems to study PCD. In a
study, treatment with antioxidant of light-grown cultures resulted in increased
apoptotic-like PCD induction, which suggests the involvement of chloroplast-
produced ROS apoptotic-like PCD regulation. It has been suggested that chlor-
oplasts can play a significant role in apoptotic-like PCD regulation [37].

Mitochondria are themajor source of ROS in nonphotosynthetic tissues, but in a
green cell of a plant, their contribution is considered small in comparison to
chloroplasts [3]. The redox status of the mitochondrial ETC is an important
indicator of the cell energy status, and ROS, especially O2

.� from complexes I
and III, and the reduction status of the ubiquinone pool are integral parts of this
monitoring system [38]. The mitochondrial ETC harbors electrons with sufficient
free energy that directly reduce O2, which is considered an unavoidable primary
source of mitochondrial ROS generation and a necessary accompaniment to
aerobic respiration [39]. However, ROS production in mitochondria takes place
under normal respiratory conditions that can be enhanced in response to various
biotic and abiotic stress conditions [4]. O2

.� in aqueous solution is moderately
reactive, but it can be further reduced by SOD dismutation to H2O2 [40–42]. It has
been estimated that about 1–5% of mitochondrial O2 consumption leads to H2O2

production [41]. ThisH2O2 can react with reduced Fe
2þ andCuþ to produce highly

toxic OH., and these uncharged OH. can penetrate membranes and leave the
mitochondrion [39, 42, 43]. Peroxidation of mitochondrial membrane PUFA is
initiated by the abstraction of a hydrogen atom by ROS, especially by OH.. This
leads to the formation of cytotoxic lipid aldehydes, alkenals, and hydroxyalkenals,
such as themuch studied 4-hydroxy-2-nonenal andmalondialdehyde (MDA). Once
LPOproducts are formed, they can cause cellular damage by reacting with proteins,
other lipids, and nucleic acids. Key oxylipins and smaller, lipid-derived reactive
electrophile speciesmay also be produced fromLPO [44]. It has also been noted that
UV-C exposure induces quick appearance of ROS in the protoplasts, which is
restricted to chloroplasts and mitochondria. It is suggested that the mitochondrial
transmembrane potential loss and the changes in distribution and mobility of
mitochondria, as well as the production of ROS, play important roles during UV-
induced plant PCD [45]. It is a well-established fact that abiotic stresses strongly
affect the plant cell bioenergetics. Plant mitochondria may control ROS generation
by means of energy dissipating systems. Thereby, mitochondria may play a
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significant central role in cell adaptation to abiotic stresses, which are known to
induce oxidative stress at cellular level [4].

Peroxisomes are also probably one of the major sites of intracellular ROS
production. They contain several oxidases that produce H2O2 and O2

.� as by-
products of the reactions they catalyze. The photorespiratory glycolate oxidase is
located in peroxisomes, its function is especially relevant during abiotic stresses,
which are often accompanied by stomatal closure, and the resulting decrease in gas
exchange leads to reduction in carbon dioxide availability for Rubisco, followed by
increased photorespiration and H2O2 production [28]. Peroxisomes, such as mito-
chondria and chloroplasts, produce O2

.� radicals as a consequence of their normal
metabolism. Two sites of O2

.� generation are established in peroxisomes [46]. The
first site is in the organelle matrix, where xanthine oxidase (XOD) catalyzes the
oxidation of xanthine and hypoxanthine to uric acid [47], and the second site is in
the peroxisome membranes dependent on NAD(P)H, where a small ETC is com-
posed of a flavoprotein NADH and cytochrome b, and here O2

.� is produced by the
peroxisome ETC. Monodehydroascorbate reductase (MDHAR) participates in O2

.�

production by peroxisome membranes [46]. The main metabolic processes respon-
sible for the generation of H2O2 in different types of peroxisomes are the photo-
respiratory glycolate oxidase reaction, the fatty acid b-oxidation, the enzymatic
reaction of flavin oxidases, and the disproportionation of O2

.� radicals [46, 48].
Intensification of H2O2 and O2

.� production in the peroxisomes leads to oxidative
damage and possibly cell death [46]. Conversely, it has also been shown that small
levels of H2O2 and O2

.� act as signal molecules that mediate pathogen-induced PCD
in plants [49, 50]. Hence, it has been suggested that peroxisomes should be
considered as cellular compartments with the capacity to generate and release
important signal molecules such as O2

.�, H2O2, and NO. into the cytosol, which
can contribute to a more integrated communication system among cell
compartments [47].

Besides thesemetabolic ROS sources, hydroxyl radicals (OH.) can be formed from
H2O2 in the presence of redox-active metals through the Fenton reaction or from
H2O2 and O2

.� through the Haber–Weiss reaction. The extremely reactive OH.

radical can run rampant in the cell, causing extensive oxidative damage.Although it is
not considered to have signaling function, the products of its reactions can elicit
signaling responses, and cells sequester the catalytic metals to metallochaperones
efficiently avoiding OH. formation [5, 51]. NADPH oxidases (Rbohs for respiratory
burst oxidase homologues) are an important ROS-generating system in plants
producing O2

.�, which is usually dismutated to hydrogen peroxide (H2O2) rapidly
[52].ArabidopsisRboh isoforms have been shown to participate in different processes:
RbohC is necessary for root hair tip growth andmechanosensing [53] and RbohD and
F function in pathogen defense and abscisic acid (ABA) signal transduction [54].
Recently, the role of Rbohs in heavymetal-induced accumulation ofROS [55] and early
response to salt stress [56] has been established. In case of salt stress, the ROS-
generating activity was localized to internalized plasmamembrane vesicles in contrast
to theapoplasticROSproductionduring biotic interactions, root hair growth, andABA
signaling. In addition, Arabidopsis RbohDwas demonstrated to be responsible for the
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fast-moving ROS signal mediating the systemic acclimation to several abiotic stres-
ses [57]. Other important sources of ROS gaining attention are detoxification reactions
catalyzed by cytochrome P450 in cytoplasm and endoplasmic reticulum [58]. ROS are
also generated in plasma membrane. A number of other ROS-generating systems,
such as pH-dependent cell wall peroxidases, amine oxidases, and oxalate oxidases, are
present in apoplast, and being dependent on pH, they are activated by alkaline pH,
which in the presence of a reductant produces H2O2. Alkalization of apoplast upon
elicitor recognition precedes the oxidative burst, and generation of H2O2 by a pH-
dependent cell wall peroxidase has been proposed as an alternative way of ROS
production during biotic stress [59]. It was recently shown that H2O2 produced by
apoplastic polyamine oxidase can influence the salinity stress signaling in tobacco and
can play a role in balancing the plant response between stress tolerance and cell
death [60].

3.3
ROS Scavenging

ROS are highly toxic, they can react with cellular components such as lipids, proteins,
and nucleic acids, and cause lipid peroxidation, membrane damage, and inactivation
of enzymes, thus affectingmany physiological processes as well as cell viability. Even
so, plants have evolved a complex array of mechanisms to retain low ROS level and
avoid the detrimental effects of excessively high ROS concentrations [61]. ROS are
rapidly detoxified by various cellular enzymatic and nonenzymatic mechanisms in
plants. Oxidative stress occurs when there is a serious imbalance between the
production of ROS and the antioxidative defense [62]. The components of antioxidant
defense systemconsist of various soluble (ASH,GSH) andmembrane (a-tocopherol)
compounds as well as enzymes (SOD, APX, GPX, CAT, MDHAR, DHAR, and
glutathione reductase (GR)) [4, 61].

3.3.1
Enzymatic Antioxidants

SODs are the most effective intracellular enzymatic antioxidants, which are ubiq-
uitous in all aerobic organisms and subcellular compartments prone to ROS-
mediated oxidative stress. Superoxide dismutases act as the first line of defense
against the toxic effects of ROS by dismutating superoxide to H2O2 [4, 10]. The
upregulation of SODs is implicated in combating oxidative stress caused due to biotic
and abiotic stresses and has a critical role in the survival of plants under stressful
environments [4]. Significant increase in SOD activity under salt stress has been
observed in various plants, namely, mulberry [63], Cicer arietinum [64], and Lyco-
persicon esculentum [65]. Pan et al. [66] investigated the effects of salt and drought
stress on Glycyrrhiza uralensis Fisch and observed a significantly increased SOD
activity, but an additional Mn-SOD isoenzyme was also detected under only salt
stress. Increased SOD activity has also been detected following Cd treatment in
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Hordeum vulgare [67], A. thaliana [68], Oryza sativa [69], Triticum aestivum [70],
Brassica juncea [71],Vignamungo [72], andC. arietinum [73]. Similarly, increased SOD
activity following drought stress was also observed in three cultivars of Phaseolus
vulgaris [74], Alternanthera philoxeroides [75], and O. sativa [76]. Wang and Li [77]
studied the effect of water stress on the activities of total leaf SOD and chloroplast
SOD in Trifolium repens L. and observed a significantly increased SOD activity under
water stress. Similar result was reported by Simonovicova et al. [78] inH. vulgare L. cv.
Alfor root tips under Al stress. APX, GPX, and CAT subsequently scavenge H2O2;
however, unlike CAT, APX requires an ascorbate and GSH regeneration system, the
ascorbate–glutathione cycle. Detoxifying H2O2 to H2O by APX occurs by oxidation
of ascorbate to MDA, which can be regenerated by MDA reductase (MDAR) using
NAD(P)H as reducing equivalents. MDA can spontaneously dismutate into dehy-
droascorbate. Ascorbate regeneration is mediated by dehydroascorbate reductase
(DHAR) driven by the oxidation of GSH to GSSG. Finally, GR can regenerate GSH
fromGSSGusingNAD(P)Has a reducing agent [10]. Enhanced expression of APX in
plants has been demonstrated under various stress conditions. Increased leaf APX
activity under Cd stress has been reported in Ceratophyllum demersum [79], B.
juncea [71], T. aestivum [70], and V. mungo [72]. Hsu and Kao [80] reported that
pretreatment of O. sativa seedlings with H2O2 under nonheat shock conditions
resulted in an increase in APX activity and protected rice seedlings from subsequent
Cd stress. Enhanced activity of APX was also observed in Anabaena doliolum under
salt stress [81], in three cultivars of P. vulgaris [74] and Picea asperata [82] under water
stress, and in H. vulgare L. cv. Alfor root tips exposed to Al stress [78]. Sharma and
Dubey [76] found that mild drought-stressed plants had higher chloroplastic APX
activity than control-grown plants, but the activity declined at the higher level of
drought stress. Akin toAPX,GPXalso detoxifiesH2O2 toH2O, but usesGSHdirectly
as a reducing agent. The GPX cycle is closed by regeneration of GSH from GSSGby
GR [10]. Abiotic stress increases GPX activity in cultivars of Capsicum annuum
plants [83], but decreases in roots and causes no significant change in the leaves ofCd-
exposed Pisum sativum plants [84]. Gapinska et al. [65] reported that 150mM NaCl
stress significantly increased theGPXactivity inL. esculentumMill. cv. �Perkoz� roots.
Leisinger et al. [85] reported the upregulation of aGPXhomologous gene (Gpxhgene)
in Chlamydomonas reinhardtii following oxidative stress.

CATs are tetrameric heme-containing enzymes with the potential to dismutate
H2O2 directly into H2O and O2 and are indispensable for ROS detoxification during
stress conditions [86]. CAT is important in the removal of H2O2 generated in
peroxisomes by oxidases involved in b-oxidation of fatty acids, photorespiration,
and purine catabolism [4]. Unpredictable response of CATactivity undermetal stress
has been reported by various researchers. Under Cd stress, CAT activity declined in
Glycine max [87], Phragmites australis [88], C. annuum [83], and A. thaliana [89],
whereas its activity increased in O. sativa [69], B. juncea [71], T. aestivum [70],
C. arietinum [73], and V. mungo roots [72]. Hsu and Kao [80] reported that pretreat-
ment of rice seedlings with H2O2 under nonheat shock conditions resulted in an
increase in CAT activity and protected rice seedlings from subsequent Cd stress.
It has been reported that a significant increase in CAT activity was observed in
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C. arietinum leaves [90] and roots [64] under salinity stress. Srivastava et al. [81]
reported a decrease in CAT activity in A. doliolum under NaCl and Cu2þ stress.
Simova-Stoilova et al. [91] reported increased CAT activity in wheat under drought
stress. However, Sharma and Dubey [76] reported a decrease in CAT activity in rice
seedlings following drought stress. Pan et al. [66] observed that the combined effects
of salt and drought stress decrease CAT activity in G. uralensis seedlings. It has also
been reported that high light condition increased CAT activity in P. asperata under
drought stress [82]. UV-B stress also led to a significant increase in CAT activity in
Cassia auriculata seedlings [92]. The extent of oxidative stress in a cell is determined
by the amounts of superoxide, H2O2, and hydroxyl radicals. Therefore, the balance of
SOD, APX, and CAT activities will be crucial for suppressing toxic ROS levels in a
cell. Changing the balance of scavenging enzymes will induce compensatory
mechanisms. For example, when CAT activity was reduced in plants, scavenging
enzymes such as APX and GPX were upregulated. Unexpected effects can also
occur [10]. Compared to plants with suppressed CAT, plants lacking both APX and
CAT were less sensitive to oxidative stress [93]. Because photosynthetic activity of
these plants was decreased, reduction in APX and CATmight result in suppression
of ROS production via chloroplasts [10].

MDHAR associated with APX is also located in peroxisomes and mitochondria,
where it scavenges H2O2 [46]. Sch€utzend€ubel et al. [94] observed enhancedMDHAR
activity in Cd-exposed Pinus sylvestris and a declined MDHAR activity in Cd-exposed
poplar hybrids (Populus�Canescens). Sharma and Dubey [76] reported that the
activities of enzymes involved in regeneration of ASH, that is, MDHAR, DHAR,
andGR,were higher in drought-stressed rice seedlings. It has also been reported that
the increase in MDAR activity contributes toward chilling tolerance in tomato
fruit [95]. DHAR regenerates ASH from the oxidized state and regulates the cellular
ASH redox state, which is crucial for tolerance to various abiotic stresses, leading to
the production of ROS [4]. It has also been found that DHAR overexpression also
enhances plant tolerance against various abiotic stresses. Plants overexpressing
DHAR showed tolerance to Al stress by maintaining high ASH level [96]. Over-
expression of DHAR in tobacco protected the plants against ozone toxicity [97],
increased salt tolerance inArabidopsis [98], and drought and ozone stress tolerance in
tobacco [99]. Guaiacol peroxidase (GPOX) decomposes indole-3-acetic acid (IAA) and
has a role in the biosynthesis of lignin and defense against biotic stresses by
scavenging H2O2 [4]. GPOX prefers aromatic electron donors such as guaiacol, and
pyrogallol usually oxidizes ascorbate at the rate of around 1% that of guaiacol [100].
The activity of GPOX varies considerably depending on plant species and stress
conditions. It increased inCd-exposed plants ofT. aestivum [101],A. thaliana [89], and
C. demersum [79]. Radotic et al. [102] found an initial increase in GPOX activity in
spruce needles subjected to Cd stress; however, subsequent Cd treatments caused a
decline in the activity. A concomitant increase in GPOX activity in both leaf and
root tissues of Vigna radiate [103] and O. sativa [104] has also been reported under
salinity stress.

GR, a flavoprotein oxidoreductase, is a potential enzyme of the ASH–GSH cycle,
which plays an essential role in defense system against ROS by sustaining the
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reduced status of GSH [105]. GR and GSH play a crucial role in determining the
tolerance of a plant under various stresses [106]. GR activity was found increased in
the presence of Cd inC. annuum [83], A. thaliana [68], V. mungo [72], T. aestivum [70],
and B. juncea [71]. It has been reported that increased GR activity was observed in the
leaf tissues ofC. arietinum L. cv. Gokce [90] and roots [64] under salt stress. Srivastava
et al. [81] reported a decline in GR activity in A. doliolum under Cu2þ stress, but it
increased under salt stress. Sharma and Dubey [76] found a significant increase in
GR activity in drought-stressed O. sativa seedlings. Under high light condition,
drought increased the GR activity in P. asperata Mast. seedlings, but no prominent
drought-induced differences in GR activities were observed in low light seed-
lings [82]. Plant GSTs are known to have roles in herbicide detoxification, hormone
homeostasis, vacuolar sequestration of anthocyanin, tyrosine metabolism, hydro-
xyperoxide detoxification, regulation of apoptosis, and responses to biotic and abiotic
stresses [107]. Noctor et al. [108] reported that GSTs have the potential to remove
cytotoxic or genotoxic compounds, which can react or damage the DNA, RNA, and
proteins. In fact, GSTs can reduce peroxides with the help of GSH and produce
scavengers of cytotoxic and genotoxic compounds. Increased GST activity was
reported in leaves and roots of Cd-exposed P. sativum plants [84] and in roots of
O. sativa and P. australis plants [88, 109]. Gapinska et al. [65] observed an increased
GST activity in L. esculentum roots under salinity stress. Drought-tolerant sorghum
cv. M35-1 and drought-sensitive cv. SPV-839 were studied for their salinity tolerance
to find that cv. M35-1 exhibited efficient H2O2 scavenging mechanisms with
significantly higher activities of GST and CAT [110].

3.3.2
Nonenzymatic Antioxidants

Ascorbic acid is the most abundant, powerful, and water-soluble antioxidant that
prevents or minimizes the damage caused by ROS in plants [111, 112]. ASH is
considered as a most powerful ROS scavenger because of its ability to donate
electrons in a number of enzymatic and nonenzymatic reactions. It can provide
protection to membranes by directly scavenging the O2.� and OH. and by regen-
erating a-tocopherol from tocopheroxyl radical [4]. Mutants with decreased ascorbic
acid levels [113] or altered glutathione content [114] are hypersensitive to stress.
While GSH is oxidized by ROS forming GSSG, ascorbate is oxidized to MDA and
DHA. Through the ascorbate–glutathione cycle, GSSG, MDA, and DHA can be
reduced reforming GSH and ascorbate [10]. Plants increase the activity of GSH
biosynthetic enzymes and GSH levels in response to chilling, heat shock, pathogen
attack, and drought stress [108, 115, 116]. Demirevska-Kepova et al. [117] reported
that oxidized ascorbate content was increased during Cd exposure in H. vulgare
plants. Yang et al. [82] observed a significant increase in ASH content in P. asperata
seedlings under high light condition and drought condition. Agarwal [92] reported
that ASH and DHA content, as well as the GSH/GSSG content, was significantly
increased by the UV-B stress in C. auriculata seedlings. Conversely, a decrease in
ASH content in the roots and nodules of G. max under Cd stress was also
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observed [87]. Cd also decreased the ASH content in Cucumis sativus chloroplast and
in the leaves ofA. thaliana and P. sativum [118–120], whereas it remained unaffected
in Populus�Canescens roots [119, 120].

GSH is necessary to maintain the normal reduced state of cells so as to counteract
the inhibitory effects of ROS-induced oxidative stress [121]. It is a potential scavenger
of 1O2,H2O2 [122, 123], andmost dangerousROS such asOH. [124]. The role ofGSH
in the antioxidant defense systemprovides a strong basis for its use as a stressmarker.
However, the concentration of cellular GSH has a major effect on its antioxidant
function and it varies considerably under abiotic stresses. Furthermore, strong
evidence has indicated that an elevated GSH concentration is correlated with the
ability of plants to withstandmetal-induced oxidative stress. Increased concentration
of GSH has been observed with the increasing Cd concentration in P. sativum [125],
Sedum alfredii [126], and V. mungo [127]. Srivastava et al. [81] reported an appreciable
decline in GR activity and GSH pool under Cu stress and a significantly higher
increase under salt stress. A high ratio of reduced to oxidized ascorbate and GSH is
essential for ROS scavenging in cells. Reduced states of the antioxidants are
maintained by GR, MDAR, and DHAR using NADPH as reducing power [128,
129]. In addition, the overall balance among different antioxidants must be tightly
controlled. The importance of this balance is evident when cells with enhanced
glutathione biosynthesis in chloroplasts show oxidative stress damage, possibly due
to changes in the overall redox state of chloroplasts [114].

Tocopherols are considered as a major antioxidant in biomembranes, where they
play both antioxidant and nonantioxidant functions and potential scavengers of ROS
and lipid radicals [130]. Tocopherols are considered general antioxidants for protec-
tion of membrane stability, including quenching or scavenging ROS such as 1O2.
Tocopherols have been shown to prevent the chain propagation step in lipid
autooxidation, which makes it an effective free radical trap. In addition, it has been
estimated that onemolecule ofa-tocopherol can scavenge up to 120 1O2molecules by
resonance energy transfer [131]. Recently, it has been found that oxidative stress
activates the expression of genes responsible for the synthesis of tocopherols in
higher plants [132]. Increased levels of a-tocopherol and ASH have been found in
tomato following trizole treatment that may help in protecting membranes from
oxidative damage, and thus chilling tolerance in tomato plants [133]. Increase in
tocopherol duringwater stress in plants has also been reported bymanyworkers [132,
133]. Srivastava et al. [81] reported a general induction in a-tocopherol content in
A. doliolum under NaCl and Cu2þ stress.

3.4
Transgenic Approach in ROS Toxicity in Plants

To combat ROS toxicity and overcome its damaging effects on plant cells, specific
roles for antioxidant enzymes have been explored via transgenic approaches.
Unlike other organisms, plants possess multiple genes encoding antioxidant
enzymes. Different isoforms are specifically targeted to chloroplasts, mitochondria,
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peroxisomes, as well as to the cytosol and apoplast [128]. There have been numerous
studies on development of abiotic stress-tolerant transgenic plants overexpressing
various antioxidant enzymes (Table 3.1). Transgenic rice plants overexpressing
OsMT1a demonstrated an increased CAT activity and thus an enhanced drought
tolerance [134]. Protoplasts with Mn-SOD overexpression showed less oxidative
damage, higher H2O2 content, and a significant increase in SOD and GR activities
under photooxidative stress [135]. Overexpression of a Mn-SOD in transgenic
Arabidopsis plants also showed increased salt tolerance [136]. Cu/Zn-SOD over-
expressing transgenic tobacco plants showed multiple stress tolerance [137], and
transgenic O. sativa Pusa Basmati-1 were more tolerant to MV-mediated oxidative
stress, salinity stress, and drought stress [138]. Overexpression of Mn-SOD in
transformed L. esculentum plants also showed enhanced tolerance against salt
stress [139]. In a study, the maize Cu/Zn-SOD and CAT genes were targeted to the
chloroplasts of Brassica campestris L. ssp. pekinensis cv. Tropical Pride, and it was
reported that exposure of SOD þ CAT B. campestris plants to 400 ppb SO2 showed
enhanced tolerance than wild type [140]. Furthermore, it was also reported that
enhancement of SOD or CAT activity individually had only a minor effect on
400 ngml�1 SO2 tolerance in B. campestris transformed with E. coli SOD and CAT
genes. It was suggested that the cotransformed strains that overexpressed both SOD
and CAT showed high resistance to SO2 [141]. CAT overexpressed O. sativa L. cv.
Yuukara or Matsumae showed low-temperature stress tolerance due to effective
detoxification of H2O2 by CAT [142]. Nicotiana tabacum plants transformed with a
CAT3 gene from B. juncea possessed enhanced tolerance to Cd toxicity and showed
better seedling growth and longer roots [143].

Overexpression of APX inN. tabacum chloroplasts enhanced plant tolerance to salt
and water deficit [137]. Yang et al. [134] correlated the enhanced tolerance ofOsMT1a
overexpessing transgenic rice plants to drought stress with an increase in APX
activity. Transgenic A. thaliana plants with APX1 gene from H. vulgare L. exhibited
enhanced salt tolerance due to higher APX, SOD, CAT, and GR and lower H2O2 and
MDA content [144]. Transformed N. tabacum plants, which possess Ipomoea batata
swpa4 gene, displayed improved tolerance to various stresses such as MV, H2O2,
NaCl, and mannitol and better resisitance to P. parasitica nicotianae. swpa4 function
as a positive defense signal in the H2O2-regulated stress response, and transgenic
plants showed 50-fold higher POD specific activity [145]. Transgenic wheat plant
overexpressing E. coli GR gene showed higher GSH content and GSH/GSH þ
GSSG ratio than control, but no increase in SOD and GR activities [135]. Over-
expression of GR in transgenic Gossypium hirsutum L. cv. Coker 312 enhanced
chilling stress tolerance and photoprotection [146].MDAR1 expressing transgenicN.
tabacum lines exhibited greater tolerance to ozone, salt, and PEG stress owing to
higher MDAR activity and higher level of reduced AsA [147]. Transgenic tobacco
plants overexpressing DHAR demonstrated better drought and salt tolerance with
higher DHAR activity and reduced AsA content [147]. DHAR expressing A. thaliana
L. (ecotypeWassilewskija) transgenic lines showed better salt tolerance due to a slight
increase in DHAR activity and total ascorbate content [97]. Overexpression of GST in
transgenic O. sativa cv. Zhonghua No.11 improved tolerance to salt and paraquat
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stress due to GST, CAT, and SOD activity [148]. GST þ GPX expressing transgenic
tobacco exhibited increased thermal or salt stress tolerance due to glutathione and
ascorbate content [110]. Transgenic tobacco plants that overexpressed GPX demon-
strated better tolerance to MV under moderate light intensity, chilling stress under
high light intensity, or salt stress due to low MDA and high photosynthesis and
antioxidative system [149]. GPX-2 expressing Arabidopsis transgenic lines showed
enhanced tolerance to H2O2, Fe ions, MV, chilling, high salinity, or drought
stresses [150].

3.5
Conclusions

ROS, which are partially reduced or activated derivatives of oxygen (1O2, O2
.�, H2O2,

OH., andHO2
.�) invariably generated as spin-off by plants during variousmetabolic

processes in different cellular compartments such as chloroplast, mitochondria,
peroxisomes, cytosol, plasma membrane, and apoplastic space, are highly reactive
and toxic and can lead to the oxidative destruction of cells (oxidative stress). ROS can
react with cellular components (lipids, proteins, and nucleic acids) and cause lipid
peroxidation, protein oxidation, DNA damage, membrane damage, and inactivation
of enzymes, thus affecting various physiological and biochemical processes aswell as
cell viability. Plants have evolved a complex array of ROS scavenging mechanisms to
retain low ROS level, and thereby the detrimental effects of excessively high ROS
concentrations could be avoided. Enzymatic antioxidant defense systems of plants
consist of a variety of ROS scavengers, such as SOD, APX, GPX, CAT, MDHAR,
DHAR, GPOX, GR, and GST, and nonenzymatic lowmolecular metabolites, such as
ASH, GSH, a-tocopherol, proline, carotenoids, and flavonoids. However, numerous
biotic and abiotic stresses such as plant diseases, drought, salinity, extreme tem-
peratures, excess light, pollutants, xenobiotics, ultraviolet radiation, ozone, hypoxia,
nutrient deficiency, and so on upset the equilibrium between ROS generation and
scavenging, leading to overproduction and higher accumulation of ROS and even-
tually oxidative stress.High accumulation ofROSinplant cells affects various cellular
functions through damaging nucleic acids, protein oxidation, and lipid peroxidation,
which eventually results in cell death. ROS toxicity resulting from various biotic and
abiotic stress factors is considered to be one of the major causes of low crop
productivity worldwide. However, they cannot be eliminated completely because
plants use ROS as second messengers in signal transduction cascades in diverse
physiological processes. It has become evident that ROS also play an important
signaling role in plants controlling processes such as growth, development, response
to biotic and abiotic stresses, andprogrammedcell death. This suggests a dual role for
ROS as both toxic by-products of aerobic metabolism and key regulators of growth,
development, and defense pathways. It is still not clearly understood how this dual
role is controlled in plants; however, it is quite clear that the steady-state level of ROS
in cells needs to be tightly regulated. Further genomics, proteomics, and metabo-
lomics studies, combinedwith newly emerging technologies,may provide an insight
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into the networks involved in different ROS-related plant processes. A thorough and
complete understanding of the ROS gene network may lead to the identification of
genes, which can be exploited to modulate/transform ROS-related metabolisms in
plant for the development of better performing transgenic crop plants against biotic
and abiotic stress.
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4
Salinity Stress: A Major Constraint in Crop Production
Narendra Tuteja, Lamabam Peter Singh, Sarvajeet Singh Gill, Ritu Gill, and Renu Tuteja

Salinity is a major constraint in crop production worldwide. Salinity affects nearly
20% of the world�s cultivated area and about half the world�s total irrigated lands.
Saline soil is characterized by the toxic levels of chlorides and sulfates of sodium. The
problem of soil salinity is increasing due to irrigation, improper drainage, entry of
seawater in coastal areas, and salt accumulation in arid and semiarid regions. Sodium
is an essential micronutrient for some of the plants, but most crop plants are
natrophobic. Salinity is detrimental to plant growth as it causes nutritional con-
straints by decreasing uptake of phosphorus, potassium, nitrate, and calcium and
leads to ion cytotoxicity and osmotic stress. Under salinity, ions such as Naþ and Cl�

penetrate the hydration shells of proteins and interfere with the function of these
proteins. Ionic toxicity, osmotic stress, and nutritional defects under salinity lead to
metabolic imbalances and oxidative stress. Plant salt tolerance mechanisms can be
grouped into cellular homeostasis (including ion homeostasis and osmotic adjust-
ment), stress damage control (repair and detoxification), and growth regulation.
Osmotic stress induces several proteins in vegetative tissues of higher plants, which
are related to late-embryogenesis abundant (LEA) proteins and thought to play an
important role in osmotic adjustment. Numerous genes that are involved in stress
tolerance mechanisms (e.g., genes encoding osmolytes, antioxidant enzymes, com-
ponents of calcium signaling, and other regulatory signaling factors) are also
upregulated in response to salt stress. By and large, tolerance of plant to salinity
stress is a synchronized action of multiple stress responsive genes, which also
crosstalk with other components of stress signal transduction pathways.

4.1
Introduction

Being sessile organisms, plants cannot escape but often face and are compelled to
grow under various unfavorable conditions in natural environment, such as drought,
salinity, chilling, freezing, high and low temperature, flooding, or extreme light, and
so on, which are collectively known as abiotic stresses. Any of these extreme
conditions can delay growth and development, reduce productivity, and, in extreme
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cases, lead to plant death [1]. Abiotic stress conditions cause extensive losses to
agricultural production worldwide. Soil salinity is among one of the major abiotic
stresses that adversely affects crop productivity and quality. Salinity affects nearly
20% of the world�s cultivated area and about half the world�s total irrigated lands [2].
By and large, reduction in growth and yield caused by salinity is mainly due to salt-
induced water stress, nutritional imbalance, specific ion toxicity toward photosyn-
thesis, hormonal imbalance, and generation of reactive oxygen species (ROS), which
may causemembrane destabilization [3–10]. Soil salinity is characterized by the toxic
levels of chlorides and sulfates of sodium in the soil. It is mainly caused by irrigation
with groundwater of high salt content, improper drainage, entry of seawater during
cyclones in coastal areas, and salt accumulation in arid and semiarid regions due to
high evaporative demand and insufficient leaching of ions owing to inadequate
rainfall [11, 12]. Excess salts in the soil reduce permeability of soils [13]. Salt-affected
soils usually contain a variety of inorganic salts with cations such as Naþ , Ca2þ ,
Mg2þ , and Kþ and anions such as Cl�, SO4

2�, HCO3
�, CO3

2�, and NO3� [14] that
adversely affect plant growth andproductivity causing ion toxicity or osmotic effect on
plants [5, 15].

The most important effects of salinity on plants are lowering of water potential,
specific ion toxicity (sodium and chloride), and interference with the uptake of
essential nutrients. The interference with the uptake of essential nutrients, however,
may not be considered important because it has no immediate effect due to mobile
reserve nutrients present in plants [16]. Decreasedwater potential and ion toxicity are
considered important factors in reducing plant growth under salt stress. Salt-
sensitive cultivars accumulate ions more quickly than salt-tolerant cultivars leading
to leaf death and progressive death of plant [9]. Ion imbalances due to ion accumu-
lation caused by salt stress show their negative effects by reducing shoot and root
growths and increasing some amino acids including proline [17].

Sodium is an essential micronutrient for some of the plants, but most crop plants
are natrophobic. Salinity causes nutritional constraints as it decreases uptake of
phosphorus, potassium, nitrate, and calcium, while leading to ion cytotoxicity and
osmotic stress [2]. Salinity may also cause denaturation of functional and structural
proteins [18]. Under salinity, ions like Naþ and Cl� penetrate the hydration shells of
proteins and interfere with the function of these proteins. Ionic toxicity, osmotic
stress, and nutritional defects under salinity lead to metabolic imbalances and
oxidative stress. Plant salt tolerance mechanisms can be grouped into cellular
homeostasis (including ion homeostasis and osmotic adjustment), stress damage
control (repair and detoxification), and growth regulation [2]. Antioxidant enzyme
activities are usually affected by salinity and used as indicators of oxidative stress in
plants [19]. To protect against oxidative stress, plant cells produce both antioxidant
enzymes such as superoxide dismutase (SOD), peroxidase (POX), and catalase (CAT)
and nonenzymatic antioxidants such as ascorbate, glutathione, and tocopherol [19,
20]. The presence of high concentration of salt in the growth medium also often
results in accumulation of low molecular mass compounds such as proline and
glycine betaine (GB), commonly termed compatible solutes, which do not interfere
with the normal biochemical reactions [4, 13, 21].
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4.2
Effects on Plant Growth and Development

Salinity affects almost every aspect of the physiology and biochemistry of plants and
significantly reduces growth and yield. High exogenous salt concentrations affect
seed germination, lead to water deficit, and cause ion imbalance of the cellular ions
resulting in ion toxicity and osmotic stress [22]. The most important process that is
affected in plants, growing under saline conditions, is photosynthesis. Most of the
cultivated plants are sensitive to salt stress, inwhichNaCl salinity causes reduction in
carbohydrates that are needed for cell growth. Carbohydrates are supplied mainly
through the process of photosynthesis, and photosynthesis rates are usually lower in
plants exposed to salinity and especially to NaCI [5, 23]. This would further lead to
restriction in water availability and imbalance in nutrient uptake by plants [24, 25]
with inhibition in seed germination due to ionic disturbance and osmotic and toxic
effects [26, 27]. Burman et al. [28] emphasize that the reduction of photosynthesis due
to salinity is primarily by a decrease in stomatal conductance (gs), while Wilson
et al. [29] and Yang and Lu [30] suggested it is due to a decrease in CO2 diffusion to the
chloroplast. Reduced photosynthesis under salinity is attributed not only to stomata
closure leading to a reduction in intercellular CO2 concentration but also to non-
stomatal factors such as depression in PSII activity, electron transport, photophos-
phorylation activity [31], photosynthetic enzymes, chlorophyll, and carotenoids.
However, it is a well-accepted fact that photosynthetic activity decreases when plants
are grown under saline conditions leading to reduced growth and productivity [32].
Stomatal conductance (gs) can be reduced with increasing environmental salinity.
Like drought stress, salt stress involves a decrease in soil water potential. Stomata are
sensitive to changes in soil water potential and usually close during the times of
drought and salt stress [33]. A decrease in gs reduces incoming CO2 and thus can
reduce photosynthesis rates. Salinity reduces the ability of plants to utilize water and
causes not only a reduction in growth rate but also changes in plant metabolic
processes [9].

High salinity causes both hyperionic and hyperosmotic stress effects in plants and
the consequence can be fatal [7]. Osmotic effects are caused by salt-induced decrease
in the soil water potential. Salinity results in a reduction in Kþ and Ca2þcontent and
an increased level of Naþ , Cl�, and SO4

2þ , which forms its ionic effects [34].
Reduction in biomass, reduction in photosynthetic capacity, and changes in leaf
water potential and leaf turgor have been reported to have a cumulative effect
attributed to salinity stress [35]; it is also clear that several soil and other environ-
mental factors do influence plant growth under salinity conditions [36]. Salt ion
toxicity has numerous deleterious effects on plants such as denaturing cytosolic
enzymes and facilitating the formation of reactive oxygen species that can damage
membranes, proteins, and nucleic acids [2, 19]. Lipid peroxidation, induced by free
radicals, is also important in membrane deterioration [22, 37–39]. Soil salinity also
increases P, Mn, and Zn and decreases K and Fe concentrations in plants [40].
Shoots are generally more sensitive to cation disturbances than roots, and there are
great differences among plant species in their ability to prevent or tolerate excess salt
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concentrations [41]. Increasing levels of NaCl induces a progressive absorption of Na
and Cl in both shoot and root [40]. Excessive Na concentration in the plant tissue
hinders nutrient balance and osmotic regulation, and causes specific ion toxicity
[24, 25]. Accumulation of Cl in the root tissue is disruptive to membrane uptake
mechanisms, and these result in increased translocation of Cl to the shoots [42].
Cordovilla et al. [43] reported that NaCl decreased N concentration in the shoot
tissues. Salinity has a negative interference in the nitrogen acquisition and utili-
zation [44], reason being the antagonism between Cl�1 and NO3

�1 [45]. The
mechanism of plant adaptation required to survive in saline conditions is the same
in all the plants. However, adaptations are at their extreme in halophytes, but can
also be found in different degrees in glycophytes [16]. Variation in salt tolerance of
glycophytes occurs between and within species and has been quantified for many
crops [46].

4.3
Ionic Stress

Restriction of Naþ entry into the root cells and then into the transpirational stream is
crucial to prevent a buildup of toxic levels of salt in the shoot. Plants (both
glycophytes and halophytes) must exclude about 97% of the Naþ present in the
soil at the root surface itself to prevent toxic levels of Naþ accumulation in the
shoots [11]. Sodium entry into the transpirational stream depends upon the amount
of Naþ uptake by Naþ and nonspecific cation transporters and the proportion of
water entry in the apoplastic/bypass pathway into the xylem. Naþ in the soil gains
initial entry into the cells of the root epidermis and cortex. The casparian strip in the
endodermis plays a crucial role in preventing apoplastic Naþ influx into the root
stele [12]. Increased Naþ accumulation in the plant due to high concentrations of
Naþ in the soil causes ionic stress in plants [47]. The complexity of the plant
response to salt stress can be partially explained by the fact that salinity imposes salt
toxicity in addition to osmotic stress [4]. Accumulation of sodium in the cytoplasm is
prevented by restricting its uptake across the plasma membrane and by promoting
its extrusion or sequestration in halophytes [4]. High salt concentrations (>400mM)
inhibit the activities of most enzymes because of perturbation of the hydrophobic–
electrostatic balance between the forcesmaintaining protein structure [47].However,
toxic effects on cells occur at much lower salt concentrations (about 100mM) [48].
Many studies have demonstrated that toxic effects of Naþ in the cytosol is not the
only reason of Naþ toxicity but is also caused by disruption in Kþ homeostasis,
possibly owing to the ability of Naþ competing for Kþ binding sites [47]. Substantial
advancement has been made in understanding ion homeostasis [4, 49, 50] and ion
transporters are considered to play a significant role in salt tolerance. Bartels and
Sunkar [47] suggested three mechanisms that prevent excess Naþ accumulation in
the symplast of plant cells: (1) restriction of Naþ infiltration and entry into plants by
Naþ transporters, whose molecular identity is unknown; (2) compartmentalization
of Naþ in the vacuole; and (3) extrusion of Naþ : cytosolic Naþ can be transported
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back to the external medium or the apoplast via plasma membrane Naþ /Hþ

antiporter activity.

4.3.1
Ion Selectivity

Amajor feature of the solute transport by plants in saline conditions is the degree of
selectivity, particularly between potassium and sodium [51]. One of the most
important physiological mechanisms of salt tolerance is the selective absorption of
Kþ by plants from the saline media [52]. Halophytic or salt-tolerant species differ
fromsalt-sensitive ones inhaving restricteduptake or transport ofNaþ andCl� to the
leaves despite an effective compartmentalization of these ions. This is critical in
preventing the buildup of toxic ions in cytoplasm [6, 9]. Ion imbalance, particularly
that caused by Ca2þ and Kþ , is themost important andwidely studied phenomenon
affected by salt stress, which is directly influenced by the uptake of Naþ and Cl�

ions [9, 53].Maintaining better concentrations of Kþ andCa2þ and limiting theNaþ

uptake are vital for the salt stress tolerance in plants [54]. Higher Kþ/Naþ or Ca2þ /
Naþ ratios are characteristic of the tissue salt tolerance and are often used as a
screening criterion for salt tolerance [6, 55, 56].

4.3.2
Naþ Exclusion

Control of Naþ levels at the entry point is crucial to avoid ionic stress [9]. The Naþ

uptake across the plasma membrane has been attributed to low Naþ permeability
properties of systems that transport essential Kþ [4]. The mechanism involves
transport of Naþ to the leaves and subsequently excreted out of the plant body,
thereby reducing Naþ concentration in plant tissues. Naþ that is translocated in the
transpiration stream is deposited and its concentration increases with time. This
leads to much higher Naþ concentrations in older leaves than those in younger
leaves [57]. Naþ exclusion is the most important adaptive strategy regulating the
internal Naþ load of halophytes. For instance, about 98% of Naþ was reported to be
excluded in themangrove speciesAvicenniamarina growing in 500mMNaCl [58]. In
perennial plants, exclusion is particularly important and it ismore vital to regulate the
incoming Naþ load in the plant body [4, 59]

4.3.3
Naþ Sequestration

Besides, efficiently excluding Naþ , halophytes effectively compartmentalize Naþ in
their vacuole that is why they can survive in high concentration saline soil. Conversely,
glycophytes exclude Naþ but cannot compartmentalize it [57]. In plants, the central
vacuole plays a vital role in the regulation of cytoplasmic ion homeostasis. Exclusion of
excess Naþ from the cytoplasm and its accumulation in the vacuole represents one of
the adaptivemechanisms during salt stress [47]. The vacuolar sodium sequestration or
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compartmentalization of Naþ into the vacuole is mediated by vacuolar Naþ /Hþ

antiports at the tonoplast and uses the proton motive force generated by the vacuolar
Hþ translocating enzymes, Hþ -adenosine triphosphatase (ATPase) and Hþ -inor-
ganic pyrophosphatase (PPiase), to couple the downhill movement of Hþ with the
uphill movement of Naþ against the electrochemical potential [60].

4.4
Osmotic Stress

High salinity disturbs uptake and conductance of water. Most commonly, the stress is
caused by high Naþ and Cl� concentrations in the soil solution [4]. An increase in the
external salinity decreases water flow into the plant, limits water uptake to cells, and
reduces turgor potential and cell volume [61]. Altered water status most likely brings
about initial growth reduction; this reduction does not appear to depend on salt
concentration in the growing tissues, rather it is a response to osmolarity of the external
solution [9]. Plantsmaintain a high cytosolic Kþ/Naþ ratio under optimal conditions.
Salt stress-induced decrease in the Kþ/Naþ ratio is inimical to cellular biochemical
processes. In addition, Kþ provides necessary osmotic potential for water uptake by
plant cells [62]. Thus, Kþ uptake is pivotal to cell turgor and maintenance of
biochemical processes under salinity. In plants, Naþ competes with Kþ for uptake
under saline conditions. Membrane disorganization, reactive oxygen species, meta-
bolic toxicity, inhibition of photosynthesis, and attenuated nutrient acquisition are
factors that initiate more catastrophic events [63]. Salt stress that affects water supply
leads to changes in stomatal opening that can, if stress persists, set inmotion a chain of
events originating from a decline in the leaf internal CO2 concentration, consecutively
inhibiting the carbon reduction cycle, light reactions, energy charge, and proton
pumping [64]. Other pathways are affected by increased shuttling of carbon through
the photorespiratory cycle [65, 66]. Eventually, carbon and nitrogen allocation and
storage require readjustment, reactions that lead to the consumption of reducing
power become favored, and development and growth may get altered [67].

4.4.1
Osmotic Adjustment

Under osmotic stress, plants need to maintain internal water potential below that of
soil andmaintain turgor andwater uptake for growth [7]. This requires an increase in
osmotica, either by uptake of soil solutes or by synthesis of metabolic (compatible)
solutes [68]. To accommodate the ionic balance in vacuoles, cytoplasm accumulates
osmotically active compounds called osmolytes in order to lower the osmotic
potential. These compounds are referred to as compatible metabolites because they
do not apparently interfere with the normal cellular metabolism [21]; rather, they
replacewater in biochemical reactions [68]. These organic solutes protect plants from
salt stress by (i) osmotic adjustment, which helps in turgor maintenance; (ii)
detoxification of reactive oxygen species; and (iii) stabilization of the quaternary
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structure of proteins [66]. Although some compatible solutes are essential elemental
ions, such as Kþ , a majority are organic solutes [69], and accumulation of osmolytes
varies between plant species. Generally, these molecules are not highly charged, but
are polar, highly soluble, and have a larger hydration shell. Such molecules will be
preferentially solubilized in the bulk water of the cell where they could interact
directly with the macromolecules [70]. Compatible solutes consist of simple sugars
(mainly fructose and sucrose), sugar alcohols (such as mannitol, sorbitol, and
inositol) and complex sugars (such as trehalose and fructans), and quaternary amino
acid derivatives or charged metabolites such as glycine betaine and proline. There
may be more than one function for a particular solute [71, 72], and according to the
results from in vitro experiments [73], different compatible solutes seem to have
different functions [67]. Themain function of compatible solutesmay be stabilization
of proteins, protein complexes, ormembranes under environmental stress. In in vitro
experiments, compatible solutes at high concentrations have been found to reduce
the inhibitory effects of ions on enzyme activity [74], to increase thermal stability of
enzymes [75], and to prevent dissociation of the oxygen evolving complex of
photosystem II (PSII) [76].

Genes involved in osmoprotectant biosynthesis are upregulated under salt and
drought stresses [77, 78]. Enhanced tolerance to salt stresswas observed in transgenic
plants engineered to overaccumulate mannitol [71, 79], glycine betaine [80–82], and
proline [83, 84]. Transgenic rice plants expressing a peroxisomal betaine aldehyde
dehydrogenase of barley accumulated fewer Naþ and Cl� ions and more Kþ

ions [81].

4.4.1.1 Soluble Sugars
Numerous studies have shown that under salt stress conditions plant accumulate
nonstructural carbohydrates (sucrose, hexoses, and sugar alcohols), though in
varying degrees in different plant species [47]. A strong correlation between sugar
accumulation and osmotic stress tolerance has been reported [85]. Of the various
organic osmotica, sugars contribute up to 50% of the total osmotic potential in
glycophytes subject to saline conditions [86]. The accumulation of soluble carbohy-
drates in plants has beenwidely reported as a response to salinity or drought, despite a
significant decrease in net CO2 assimilation rate [87]. Carbohydrates such as sugars
(glucose, fructose, sucrose, and fructans) and starch accumulate under salt stress [88],
playing a leading role in osmoprotection, osmotic adjustment, carbon storage, and
radical scavenging. Adecrease in starch content and an increase in both reducing and
nonreducing sugars and polyphenol levels have been reported in leaves of Bruguiera
parviflora [88]. In leaves of tomato, the contents of soluble sugars and total saccharides
are increased significantly, but the starch content is not affected [89]. Ashraf and
Tufail [90] found that although total soluble sugar content increased significantly in
all five sunflower lines with increasing salt concentrations, the salt-tolerant lines had
generally greater soluble sugars than the salt-sensitive ones. On the contrary, in
safflower the pattern of accumulation of soluble sugars differed, even within salt-
tolerant accessions, while one salt-tolerant line accumulated a high content of soluble
sugars, another line was salt tolerant despite solute accumulation similar to that in
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salt-sensitive accessions [91]. Ashraf [92] compared salt-tolerant wild populations
with cultivated populations of Melilotus indica and Eruca sativa and found that M.
indica had significantly higher soluble sugars in their leaves than the latter salt-
sensitive populations at varying levels of salt concentrations. It has been reported that
trehalose, a disaccharide that accumulates inmany organisms, acts as both osmolyte
and osmoprotectant under various abiotic stresses [93], protects membranes and
proteins in cells exposed to stresses such as salinity and drought that cause water
deficit [94], and reduces aggregation of denatured proteins [95]. Recently, Yamada
et al. [96] have reported that trehalose has a suppressive effect on apoptotic cell death. It
has also been reported that many higher plants possess trehalose activity, which is
perhaps responsible for rapid degradation of any trehalose synthesized [47].Arabidopsis
thalianahas at least onegene that encodes trehalose-6-phosphatephosphatase required
for trehalose synthesis, but the physiological role of this enzyme is not yet clear [97].

4.4.1.2 Polyols
Polyols, the polyhydric alcohols, which exist in both acyclic and cyclic forms, are
involved in osmoregulation and are believed to play a role in plant salt tolerance [98].
Themost common polyols found in plants consist of acyclic forms,mannitol, glycerol,
sorbitol, and cyclic (cyclitols) forms ononitol and pinitol. Generally, they are thought to
be accumulated in the cytoplasm of some halophytes to overcome the osmotic
disturbances caused by high concentrations of inorganic ions compartmentalized in
vacuoles [99]. Besides their role in osmoregulation, polyols also function as oxygen
radical scavengers. For example, mannitol was found in vitro to act as a scavenger of
reactive oxygen species [100], thereby protecting proteins from oxidative damage in
drought-stressed plants [101]. Smirnoff [18] found that mannitol, sorbitol, glycerol,
ononitol, and pinitol were all active scavengers. Polyols make up a considerable
percentage of all assimilatedCO2 as scavengers of stress-induced oxygen radicals [102].

Transgenic tobacco plants synthesizemannitol-1-phosphate from fructose-6-phos-
phate. Although Escherichia coli mtlD gene-transformed tobacco plants and wild type
have similar growth in the absence of salt stress, transgenic plants have growth
advantage over the wild type in the presence of 250molm�3 of salt [103]. Binzel
et al. [104] found that tobacco cells adapted to 428mM of NaCl could maintain
cytosolic Naþ and Cl� level less than 100mM. Though mannitol only partially
decreases the amount of inorganic ion accumulation in the cytosol, its protective
effect as a compatible solute may be sufficient to give marginal growth advantage to
transformed plants [70]. Su et al. [105] obtained three rice transgenic lines with
bacterialmtlD and demonstrated that biosynthesis and accumulation of mannitol in
plants are correlated with salt stress tolerance of plants. These solutes are widely
believed to function as a protector or stabilizer of enzymes or membrane structures
that are sensitive to dehydration- or ion-induced damage [70].

Pinitol and otherO-methyl inositolsmay play an important role both in intracellular
osmotic adjustment between the vacuole and the cytoplasm and in scavenging free
radicals [23]. Pinitol and ononitol are found stored in a variety of species, which are
consistently exposed to saline conditions or accumulate in tolerant species when
exposed to salt stress [17]. Pinitol increases considerably in plants in response to water
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deficit [106]. It has been reported that pinitol was accumulated in Honkenya
peploides [107] and Sesbania aculeate [108] exposed to salt stress; however, the
inositol content in the S. aculeate leaves remained unchanged under salt
stress [108]. A significant accumulation of pinitol and ononitol in alfalfa was found
by Fougere et al. [109], suggesting that pinitol might contribute to tolerance to salt
stress. Facultative halophyte such asMesembryanthemum crystallinum accumulates
these compounds only when subjected to water and salinity stresses. The proposed
synthetic pathway consists of methylation of myo-inositol to the intermediate
ononitol followed by epimerization to pinitol [110]. An inositol methyl transferase
(Imt) cDNAwas isolated from transcripts induced inMesembryanthemum plants by
NaCl [111]. Transgenic tobacco for inositol methyl transferase has been
obtained [112]. Similar to plants transformed with mannitol-1-phosphate dehy-
drogenase, growth of wild-type and Imt-transformed plants is not distinguishable
in the absence of stress, but the transgenic plants have growth advantage over wild
type in the presence of salt stress [70].

4.4.1.3 Proline
Many plants (not all) synthesize and accumulate proline, a major osmoprotectant
osmolyte, in response to various stresses including salinity stress [113]. Generally,
proline accumulation occurs in cytosol where it contributes significantly to the
cytoplasmic osmotic adjustment [114]. In higher plants, the amino acid proline is
synthesized by glutamic acid by the actions of two enzymes, pyrroline-5-carboxylate
synthetase (P5CS) and pyrroline-5-carboxylate reductase (P5CR). Overexpression of
P5CS gene in transgenic tobacco resulted in increased production of proline and
salinity/drought tolerance [115]. The exogenous application of proline also provided
the osmoprotection and facilitated the growth of salinity-stressed plants. Proline can
also protect cell membranes from salinity-induced oxidative stress by upregulating
activities of various antioxidants [116]. It is reported that the salt stress enhances
proline utilization in the apical region of barley roots [117]. The function of proline is
thought to be an osmotic regulator underwater stress, and its transportation into cells
ismediated by a proline transporter.However, recently,Ueda et al. [118] have reported
that altered expression of barley proline transporter (HvProT) causes different growth
responses in Arabidopsis, as it leads to a reduction in biomass production and
decreased proline accumulation in leaves. Impaired growth ofHvProT-transformed
plants was restored by exogenously adding proline, which implies that growth
reduction was caused by a deficiency of endogenous proline. Petrusa and Wini-
cov [119] and Fougere et al. [109] reported that salt-tolerant alfalfa plants rapidly
increased proline content twofold in the roots, whereas the increase was rather slow
in salt-sensitive plants. Ahmad et al. [120] observed that salt-tolerant ecotypes of
Agrostis stolonifera accumulated more proline in response to salinity than the salt-
sensitive ecotypes. Moderately salt-tolerant plants of Brassica juncea showed a higher
degree of osmotic adjustment in the leaves and ahigher critical point concentration of
NaCl, at which the endogenous level of free proline rose sharply, than themoderately
salt-sensitive genotypes [121]. Higher proline accumulation was found in salt-
tolerant B. juncea plants with better growth than the control [122].
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Transgenic approaches provided direct evidence for the role of proline during
osmotic stress. Different strategies were employed to manipulate proline biosyn-
thesis including overexpression of P5CS in tobacco, rice, and Arabidopsis plants,
overexpression ofOAT, expression of a feedback inhibition-insensitive formofP5CS,
and antisense suppression of proline oxidation by ProDH [83, 123]. All approaches
resulted in elevated proline pools and improved osmotic stress tolerance. However,
contrary to these observations, a study on antisense ProDH transgenic Arabidopsis
plants observed that these plants accumulated proline but showed no change in
osmotic stress tolerance [124].

4.4.1.4 Glycine Betaine
Glycine betaine is thought to protect the plant by maintaining the water balance
between the plant cell and the environment and by stabilizing macromolecules [1].
This organic compound is mainly localized in chloroplasts and plays a vital role in
chloroplast adjustment and protection of thylakoidmembranes, therebymaintaining
photosynthetic efficiency and plasma membrane integrity [69]. Plants synthesize
glycine betaine via a two-step oxidation of choline: choline ! betaine aldehyde !
glycine betaine [125]. Thefirst reaction is catalyzed by a ferredoxin-dependent choline
monooxygenase (CMO) and the second step by an NADþ -dependent betaine
aldehyde dehydrogenase (BADH) [1]. Although other pathways such as direct N-
methylation of glycine is also known, the pathway from choline to glycine betaine has
been identified in all GB accumulating plant species [126]. Glycine betaine accu-
mulation is associated with upregulated CMO and BADH gene expression concom-
itantly leading to elevated enzymatic activity [47].

GB accumulates in response to stress in many crops, including spinach, barley,
tomato, potato, rice, carrot, and sorghum [127]. Murata et al. [128] reported that GB
protects the photosystem II complex by stabilizing the association of the extrinsic
PSII complex proteins under salt stress. The concentration ofGB in plant species that
utilize it as a compatible osmoticum is inconsistent; for example, in sorghum it is as
much as 10-fold compared tomaize. GB-deficient genotypes of both species have also
been identified [68]. Accumulation of glycine betaine under saline conditions is also
reported to be high in some salt-tolerant plants of mulberry in comparison to
sensitive ones [129]. Saneoka et al. [130] reported that glycine betaine-containing
lines of maize exhibited less shoot growth inhibition under saline conditions than
deficient lines. Glycine betaine accumulation marginally improves osmotic stress
tolerance in transgenic plants [131]. The levels of glycine betaine thus far obtained by
engineering are low, and the increments in stress tolerance are small [132]. Themajor
factors that limit the accumulation of glycine betaine are the available choline as the
substrate for the reaction and its transport from the chloroplast (where it is
synthesized) to the cytosol [1, 133, 134]. Foliar application of GB resulted in a
significant improvement in salt tolerance of rice plants [135] and tomato plants
subjected to either salt stress or high temperatures resulted in about 40% increase in
fruit yield compared to untreated plants [136]. However, there are also few studies
suggesting a lack of such positive effects or even apparent negative effects of
exogenous GB on plants growing under stress conditions [68].
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4.5
Salt Stress-Induced Proteins

Osmotic stress induces several proteins in vegetative tissues of higher plants, which
are related to late-embryogenesis abundant (LEA) proteins. The correlation between
LEA protein accumulation in vegetative tissues and stress tolerance in various plant
species indicates its protective role under dehydration stress [137]. Proteins that
accumulate in plants grown under saline conditions may provide a storage form of
nitrogen that is reutilized when stress is over [138] and may play a role in osmotic
adjustment. Proteins may be synthesized de novo in response to salt stress or may be
present constitutively at low concentration and increase when plants are exposed to
salt stress [139]. Hasegawa et al. [4] reported that a number of proteins induced by
salinity are cytoplasmic that can cause alterations in cytoplasmic viscosity of the cells.
A higher content of soluble proteins has been observed in salt-tolerant cultivars of
barley, sunflower, fingermillet, and rice [23]. Soluble protein increases at low salinity
and decreases at high salinity in mulberry cultivars [129]. Despite the reports on
decrease in soluble-protein content in response to salinity, Ashraf and Fatima [91]
found that salt-tolerant and salt-sensitive accessions of safflower did not differ
significantly in leaf soluble proteins. Singh et al. [138] detected a 26 kDa protein
called osmotin during characterization of salt-induced proteins in tobacco. An
osmotin-like protein was found increased in salt-stressedM. crystallinum compared
to nonstressed plants [140]. In barley, two 26 kDa polypeptides, not immunologically
related to osmotin, identified as germinwere increased in response to salt stress [141].
Lopez et al. [142] found a 22 kDa protein in response to salt stress in radish and in
finger millet (Eleusine coracana), and Uma et al. [143] found 54 kDa and 23–24 kDa
proteins responsible for salt or drought tolerance.

Engineered rice plants overexpressing a barley LEA gene,HVA1, under the control
of the rice actin 1 promoter, showed better stress tolerance under 200mMNaCl than
the wild type [144]. Arabidopsis LEA-like stress proteins are encoded by COR genes
(RD29A, COR47, COR15, KIN1, and KIN2) that are induced by cold, dehydration
(due to water deficit or high salt), or ABA. Promoter analysis of the COR genes
showed that many of them contain dehydration-responsive elements (DRE) or C-
repeat (CRT) and ABA-responsive elements or ABREs. Transcription factors that
regulate the LEA-like genes include CBFs (C-repeat binding proteins, also known as
dehydration-responsive element binding proteins, DREBs) and bZIP proteins [12].
The expression ofCOR genes is regulated by both ABA-dependent and -independent
pathways [145]. Constitutive overexpression of CBF3 or stress-induced expression of
CBF3 driven by the RD29A promoter resulted in enhanced expression of COR genes
under salt stress in transgenic Arabidopsis and also conferred higher osmotic stress
tolerance [146]. CBF3 overexpression in Arabidopsis also resulted in elevated accu-
mulation of proline and total soluble sugars, including sucrose, raffinose, glucose, and
fructose. The increase inproline levels is considereddue to the increased expressionof
the key proline biosynthetic enzyme D1-pyrroline-5-carboxylate synthase [147].
Hence, LEA-like proteins appear to protect plants under salt stress. Osmotic or salt
stress-induced calcium signals may activate the LEA-like genes through DREB2
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transcription factors, while salt stress-induced ABA accumulation appears to induce
the genes through ABA-responsive element binding factors [77, 148].

4.6
Oxidative Stress

4.6.1
Reactive Oxygen Species

Asecondary effect of salt stress is the increase in theproductionofROS,which consist
of singlet oxygen (1O2), superoxide radicals (O2

.�), hydroxyl radicals (OH.), and
hydrogenperoxide (H2O2) [18, 149]. The oxidative stress arisingunder environmental
stresses including salinity and may exceed the scavenging capacity of the natural
defense system of the plant. ROS are predominantly generated in the chloroplast
either by direct transfer of excitation energy from chlorophyll to produce singlet
oxygen or by univalent oxygen reduction at photosystem I, in the Mehler reac-
tion [150], and to some extent in mitochondria. Chloroplasts are the first targets in
plant cells since this is themajor site of ROSproduction. The increased concentration
of ROS inhibits the ability to repair damage to photosystem II and inhibits the
synthesis of the D1 protein. Stress-enhanced photorespiration and NADPH activity
also contributes to an increased H2O2 accumulation, which may inactivate enzymes
by oxidizing their thiol groups. The toxicity ofH2O2 is not due to its reactivity as such,
but requires the presence of a metal reductant to form the highly reactive hydroxyl
radical, which potentially reacts with all biological molecules. Transition metals such
as cuprous and ferrous ions may be released from enzymes and electron carriers
during stress and promote the Fenton reaction to produce highly reactive hydroxyl
radicals, which extensively oxidize proteins, lipids, and nucleic acids [151]. Hence,
ROS detoxification forms a crucial defense against salt stress.

4.6.2
Oxidative Stress Management

4.6.2.1 Antioxidant Enzymes
Plants have developed strategies to keep the concentrations of ROS under tight
control through detoxification/scavenging by antioxidant enzymes. ROS detoxifica-
tionmechanisms can be broadly divided into nonenzymatic and enzymatic mechan-
isms. Major nonenzymatic antioxidants include ascorbate (vitamin C) and glutathi-
one (GSH) in plants, although tocopherol (vitamin E), flavonoids, alkaloids, and
carotenoids can also act as antioxidants. Enzymatic mechanisms include SOD,
ascorbate peroxidase (APX), monodehydroascorbate reductase (MDHAR), dehy-
droascorbate reductase (DHAR), POX, CAT, guaiacol peroxidase (GOPX), glutathi-
one reductase (GR), and glutathione-S- transferase (GST) [19, 149]. The alleviation of
oxidative damage and increased resistance to environmental stresses is often
correlated with an efficient antioxidative system [18, 152, 153]. Increase in the activity
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of SOD, APX, GR, DHAR, CAT, and POX in response to salinity stress, as well as
higher antioxidant activity in tolerant species/varieties, has also been reported by
variousworkers [4]. SairamandSrivastava [154] reportedcomparativelyhigherCu/Zn-
SOD, Fe-SOD, APX, and GR activity in chloroplastic fraction and Mn-SOD in
mitochondrial fraction in tolerant wheat genotypes in response to salt stress.
Hernandez et al. [37] reported NaCl-induced enhancedmRNAexpression and activity
of Mn-SOD, APX, GR, and MDHAR in tolerant pea cv. Granada, while in salinity-
sensitive cv. Chillis, no significant changes in activity and mRNA levels of the above
enzymes were observed. Significantly higher constitutive concentrations of catalase
and a-tocopherol were found in salt-tolerant cotton plants than in salt sensitive
lines [155]. Salt stress caused a considerable increase in the activities of peroxidase
and glutathione reductase in the salt-tolerant cultivars, whereas the activities of these
enzymes remained unchanged or decreased in the salt-sensitive cultivars. The salt-
tolerant cultivars also had a lower oxidized/reduced ascorbate ratio and a higher
reduced/oxidized glutathione ratio than the salt-sensitive lines under saline condi-
tions. Lipid peroxidation in the salt-sensitive lines increased more than in the salt-
tolerant lines under salt stress, suggesting that high levels of antioxidants and an active
ascorbate-glutathione cycle are associated with salt tolerance in cotton. Shalata and
Tal [156] assessed the possible involvement of the antioxidant system in the salt
tolerance of cultivated tomato and its wild salt-tolerant relative Lycopersicon pennellii
and reported that in the wild type the constitutive level of lipid peroxidation and
activities of catalase and glutathione reductase were lower, whereas the activities of
SOD, ascorbate peroxidase, and dehydroascorbate reductase were inherently higher
than those in the cultivated tomato species. Mittova et al. [157] correlated the better
protection of wild salt-tolerant tomato (L. pennellii) root plastids from salt-induced
oxidative stresswith increased activities of SOD,APX, and POD (guaiacol peroxidase).

Overproduction of SOD, APX, and catalase has been shown to improve oxidative
stress tolerance in transgenic plants [158, 159]. Roxas et al. [160] reported over-
expression of a tobacco glutathione-S-transferase (GST) and glutathione peroxidase
(GPX) in transgenic tobacco seedlings under a variety of stresses. Salt stress
treatment inhibited the growth of the wild type and caused increased lipid perox-
idation, while GST-transformed seedlings did not lead to increased lipid peroxida-
tion. GST/GPX overexpression provides increased glutathione-dependent peroxi-
dase scavenging and alterations in glutathione and ascorbate metabolism, leading to
reduced oxidative damage. Studies on transgenic rice overexpressing yeast Mn-SOD
showed increased levels of ascorbate peroxidase and chloroplastic SOD in the
transformed rice compared to the wild type. The transformed rice also showed
more salinity tolerance than the wild type [161].

4.7
Calcium Signaling and SOS Pathways

Extreme salinity results in increased cytosolic Ca2þ that is transported from the
apoplast and the intracellular compartments. Cytosolic Ca2þ oscillations occur
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within 5–10 s of salt stress, persist up to 1–10min, and, hence, are thought to be one
of the earliest events in salt signaling [162]. Thus, it is essential to analyze how such
Ca2þ signatures are generated by a salt stress signal and what are the components
downstream that decode salt stress-specific Ca2þ signatures [12]. Cytosolic Ca2þ

signatures can be the net result of influx and efflux of Ca2þ . Calcium efflux occurs
through Ca2þ ATPases and Hþ/Ca2þ antiporters, while influx is controlled by
Ca2þ -permeable ion channels [163]. The transient increase in cytosolic Ca2þ due to
salt stress initiates the stress signal transduction leading to salt adaptation. ThisCa2þ

release is primarily of extracellular source (apoplastic space) and also takes place from
the activation of phospholipase C (PLC), leading to hydrolysis of phosphotidylino-
sitol-4,5 bisphosphate (PIP2) to inositol (1,4,5)-triphosphate (IP3) and subsequent
release of Ca2þ from intracellular Ca2þ stores [164, 165]. TheCa2þ binding proteins
sense and relay the information downstream to initiate a phosphorylation cascade
leading to the regulation of gene expression [166].

In Arabidopsis, osmotic stress (NaCl or sorbitol) induces the synthesis of IP3 to
significantly higher levels within 1min of stress initiation, and it continues to
increase for more than 30min. Treatment with U-73122, an inhibitor of PLC,
blocked IP3 accumulation. The temporal pattern of IP3 accumulation is similar to
that observed for stress-induced calciummobilization, implicating IP3 in salt stress-
induced Ca2þ signaling [167, 168]. In cell cultures of Arabidopsis, a few seconds of
osmotic stress (caused by dehydration,mannitol, orNaCl) led to a rapid and transient
increase in IP3 and expression of dehydration-inducible genes (RD29A/LTI78/
COR78 andRD17/COR47). This response was abolished when the cells were treated
with inhibitors of PLC, such as neomycin andU73122, indicating the involvement of
PLC and IP3 in hyperosmotic stress signaling [168]. Osmotic stress caused by NaCl/
mannitol/sorbitol significantly increases cellular PIP2 synthesis [167, 169]. Consis-
tent with this, it has been shown that a PLC gene is also upregulated by osmotic
stress [170]. Salt stress-induced PIP2 synthesis and cleavage into IP3 may help in
delayed Ca2þ signaling. Genetic evidence for the implication of IP3 signaling in
abiotic stresses including salinity stress came from the analysis of the FRY1 locus of
Arabidopsis. FRY1 encodes an inositol polyphosphate 1-phosphatase, which func-
tions in the catabolism of IP3. Upon ABA treatment, fry1mutant plants accumulated
more IP3 than the wild-type plants. In wild type, IP3 accumulation was transiently
induced by ABA, while in fry1 IP3 accumulation was persistent, which implies that
IP3 catabolism is mediated by FRY1. The fry1 mutant is hypersensitive to ABA and
salinity stress [171]. The Arabidopsis SAL1 gene, a homologue of FRY1 conferred
increased salt tolerance to yeast cells [172]. These results showed that IP3 transient
induced by salt and ABA is necessary for stress tolerance. Besides IP3-gated Ca2þ

channels, stretch-/mechanosensitive Ca2þ channelsmay also be involved in primary
Ca2þ oscillations, as these Ca2þ channels can be activated immediately by a change
in cell volume/turgor in salt-stressed cells. Hence, salt stress-induced IP3 oscillations
are an integral part of Ca2þ signaling in salt stress.

Wu et al. [173] commenced a mutant screen for Arabidopsis plants, which were
oversensitive to salt stress. As a result of this screen, three genes SOS1, SOS2, and
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SOS3 (Salt Overly Sensitive) were identified. SOS3 gene (also known as AtCBL4)
encodes a calcineurin B-like protein (CBL, Ca2þ sensor), which is a Ca2þ binding
protein and senses the change in cytosolic Ca2þ concentration and transduces the
signal downstream. The SOS pathway results in the exclusion of excessNaþ ions out
of the cell via the plasma membrane Naþ /Hþ antiporter and helps in reinstating
cellular ion homeostasis. The discovery of SOS genes paved theway for elucidation of
a novel pathway linking the Ca2þ signaling in response to a salt stress [77, 174]. SOS
genes (SOS1, SOS2, and SOS3) were genetically confirmed to function in a common
pathway of salt tolerance [83]. In the SOS pathway, the salinity stress signal is
perceived by an unknown hypothetical plasma membrane sensor resulting in
increased cytoplasmic Ca2þ perturbations, which is sensed by SOS3 followed by
transduction of the signal to the downstream components. The myristoylation motif
ofSOS3 results in the recruitment of SOS3–SOS2 complex to the plasmamembrane,
where SOS2 phosphorylates and activates SOS1 [175]. The SOS1 is a Naþ /Hþ

antiporter and sos1mutant was hypersensitive to salt and showed impaired osmotic/
ionic balance. The SOS pathway also seems to have other branches, which help
remove excess Naþ ions out of the cell and thereby maintain the cellular ion
homeostasis. In Arabidopsis, Naþ entry into root cells during salt stress appears to
be mediated by AtHKTI, a low affinity Naþ transporter, which blocks the entry of
Naþ [77, 164].SOS2 also interacts and activatesNHX (vacuolarNaþ /Hþ exchanger)
resulting in sequestration of excess Naþ ions and pushing it into vacuoles and
thereby further contributes to Naþ ion homeostasis. Some other Ca2þ binding
proteins such as calnexin and calmodulin (CaM) also sense the increased level of
Ca2þ and can interact and activate the NHX. Overexpression of AtNHX1 antiporter
substantially enhanced salt tolerance of Arabidopsis [176]. CAX1 (Hþ/Ca2þ anti-
porter) has been identified as an additional target for SOS2 activity reinstating
cytosolic Ca2þ homeostasis. This reflects that the components of SOS pathway may
crosstalk and interact with other branching components to maintain cellular ion
homeostasis, which helps in salinity tolerance.

So far, themain avenue in breeding crops for salt tolerance has been to reduceNaþ

uptake and transport from roots to shoots. It has been demonstrated that retention of
cytosolic Kþ could also be considered as another key factor in conferring salt
tolerance in plants. Recently, Zepeda-Jazo et al. [177] have shown that the expression
of NORC was significantly lower in salt-tolerant genotypes. As NORC is capable of
mediating, Kþ efflux coupled to Naþ influx, suggesting that the restriction of its
activity could be beneficial for plants under salt stress.

4.8
ABA-Mediated Signaling

ABA, a phytohormone that regulates plant growth and development, plays a crucial
role in plants� response to abiotic stresses including salinity stress [77, 164, 178].
Salt stress induces ABA accumulation, although the amount depends upon the
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tissue type. Salt stress-induced ABA accumulation is due to both ionic and osmotic
stresses in roots, while that in the leaf is mainly due to osmotic stress [179].
Sequentially, turgor loss caused by osmotic stress leads to ABA synthesis and
accumulation, which in turn regulates part of the cellular response to osmotic
stress under salinity. ABA regulates cell water balance through stomatal regulation
and genes involved in osmolyte biosynthesis, while it imparts dehydration toler-
ance through LEA-like genes [4, 77, 145]. The induction of osmotic stress-
responsive genes imposed by salinity is transmitted through either ABA-depen-
dent or ABA-independent pathways, though some depend only partially on
ABA [180]. However, the components involved in these pathways often crosstalk
through Ca2þ in stress signaling pathways. ABA signaling for stomatal closure
and gene expression is transduced through Ca2þ [181]. The importance of ABA-
mediated stomatal regulation in salt tolerance was revealed by the analysis of
OSM1 locus of Arabidopsis. Root growth of the Arabidopsis T-DNA insertion
mutant, osm1 (osmotic stress-sensitive mutant), was hypersensitive to NaCl or
mannitol stress. Molecular cloning revealed that OSM1 encodes a protein similar
to SNARE-type mammalian syntaxins [182]. SNARE proteins are required for
fusion vesicle trafficking and to control membrane Ca2þ and Cl� channel activity
and guard cell volumes [181]. Consistent with this, ABA-mediated guard cell
function is impaired in the osm1mutant. OSM1 is strongly expressed in roots and
leaf guard cells. The osm1mutant showed enhanced wilting and decreased survival
when salt or drought stress was imposed on soil-grown plants. Thus, OSM1 plays a
critical role in root growth and in ABA regulation of stomatal responses under
osmotic stresses [182].

The transcript accumulation of RD29A gene is reported to be regulated in both
ABA-dependent and ABA-independent manner [183]. The proline accumulation in
plants can be mediated by both ABA-dependent and ABA-independent signaling
pathways (see Ref. [77]). The salinity stress-induced upregulation of transcript of pea
DNAhelicase 45 (PDH45) followedABA-dependent pathway [184], while calcineurin
B-like (CBL) protein and CBL-interacting protein kinase (CIPK) from pea followed
the ABA-independent pathway [185]. The role of Ca2þ in ABA-dependent induction
of P5CS gene during salinity stress has been reported [162]. Overall, the ABA-
dependent pathways are involved essentially in osmotic stress gene expression.
Transcriptional regulatory network of cis-acting elements and transcription factors
involved in ABA and salinity stress-responsive gene expression has been
described [165]. The ABA-dependent salinity stress signaling activates basic leucine
zipper transcription factors called AREB, which bind to ABRE element to induce the
stress-responsive gene RD29A. Transcription factors such as DREB2A and DREB2B
transactivate the DRE cis-element of osmotic stress genes and thereby are involved in
maintaining the osmotic equilibrium of the cell. Some genes such as RD22 lack the
typical CRT/DRE elements in their promoter suggesting their regulation by some
other mechanism. The MYC/MYB transcription factors, RD22BP1 and AtMYB2,
could bind MYCRS and MYBRS elements, respectively, and help in the activation of
RD22 gene [164, 165]. Overall, these transcription factors may also crosstalk with
each other for their maximal response to stress tolerance.
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4.9
Conclusions

In spite of the substantial efforts put in to unravel plant salt tolerance mechanisms,
our understanding of the underlyingmolecular basis of salt tolerance is not clear yet.
Though, recent advances in genetic analysis of Arabidopsis mutants defective in salt
tolerance, and molecular cloning of these loci, have given us some insight into salt
stress signaling and plant salt tolerance. Future research should be directed at (1) the
identification of molecules connecting pathways and the key components of each
pathway and (2) the characterization of individual genes and assessment of their
contribution to salt stress tolerance, which will facilitate to engineer agronomically
important salt-tolerant crop varieties.
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5
Cold and Abiotic Stress Signaling in Plants
Wenqiong Joan Chen

Plants, unlike animals, are not mobile, and therefore unable to avoid stressful
environmental conditions. As a consequence, plants have developed a wide variety
of protective and defensive mechanisms in order to survive adverse conditions.
Abiotic stresses, such as low temperature, high salinity, drought, or osmotic stress,
are common challenges to plant survival, and negatively affect plant growth and
development. From the point of view of molecular biology and biochemistry, stress
signals are, in most cases, perceived by cellular receptors sitting on the cell
membranes. These receptors transmit their information through multiple interme-
diate components in the signal transduction pathways, in order to finally activate the
effector proteins, which are involved in executing physiological changes inside plant
cells. However, most abiotic stress signalings, such as low-temperature stress
signaling, are not linear, but are interconnected with each other. A myriad of
molecules and proteins, including ions, lipids, protein kinases, and transcription
factors, participate in the stress signal transduction networks. Such complex sig-
naling networks pose a huge challenge to scientists attempting to understand the
molecular and biochemical mechanisms plants employ to survive life-threatening
conditions. Nevertheless, with the development of a number of advanced technol-
ogies, such as DNA microarray for global mRNA profiling, LC/MS/MS mass
spectrometry for global proteomic profiling, and an abundance of new functional
genomics tools, significant progress has beenmade in illuminating themechanisms
of plant abiotic stress responses. This chapter summarizes the most recent discov-
eries about the components involved in plant abiotic stress, with an emphasis on cold
stress responses, and focuses on elucidating the functions of these components and
their contribution to cold signaling.

5.1
Introduction

Plants, as sessile organisms, are constantly exposed to a variety of unfavorable
environmental conditions, and their ability to cope with such conditions is essential
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to their survival. A large number of temperate plants handle sudden chilling (<10 �C)
and freezing (<0 �C) stress through a process known as cold acclimation, an acquired
plant defensive response. This response involves transcriptional activation and
expression of a large number of genes that function in signal transduction, tran-
scriptional regulation, and synthesis of protective enzymes and metabolites. How-
ever, many tropical and subtropical plants, including important crop species such as
rice, maize, tomato, cotton, and soybean lack basic tolerance to low or freezing
temperatures, and donot have the ability to acclimate to cold temperatures; thus, they
are subject to chilling and freezing damage. As a result, cold stress negatively affects
many ecologically and economically important plant species, and canbe an important
limiting factor in plant growth and yield.

Cold acclimation has been extensively studied for the past 10–15 years, and
significant progress has been made in understanding the underlying molecular
mechanisms by which this process is regulated during plant cold and freezing
responses [1–3]. Transcriptomic and metabolomic analyses have indicated that a
dramatic reprogramming of gene expression and cellular metabolism occurs during
cold acclimation, and it appears that a large number of signaling molecules and
transcription factors play key roles in the regulation of this process [4–8].

In this chapter, the latest studies are summarized, emphasizing cold signaling
perception, transduction, and transcriptional and posttranscriptional gene regula-
tion. Owing to the power of genetics andmost recently the development of functional
genomics, most of the fundamental discoveries in plant cold stress response have
been inArabidopsis. Consequently, this chapter is mainly focused on themodel plant
Arabidopsis thaliana, while only briefly mentioning other plant species. Many of the
signalingmolecules and pathways discussed in this chapter are also involved in plant
response to other abiotic stresses, such as salt, drought, and osmotic stresses.
However, due to the extensive details of the comprehensive signaling pathways
known for each of those stresses, mainly plant cold stress response is covered here.

5.2
Gene Expression and Regulation during Plant Cold Stress Response

Genome-wide transcriptome analyses have shown that as much as 10–20% of the
genome displays changes at transcript levels following cold stress treatment [1, 9].
These substantial changes in gene expression result in a complete reprogramming of
the cellularmetabolism, physiology, and subsequent remodeling of plant growth and
development. The genome-wide transcriptional responses to cold stress can be
divided into two stages: the early and the late stage. Genes involved in the early-
stage response mainly encode transcriptional factors, and genes involved in the
late-stage cold stress response belong to a set of core cold-inducible genes. The late-
stage cold-inducible gene set includes COR (cold regulated), KIN (cold induced), LTI
(low-temperature induced), RD (responsive to dehydration), and LEA (late embryo-
genesis abundant), whose products are directly involved in stress protection and
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maintenance of cellular homeostasis. The rapid transcriptional activation of a
number of transcription factor genes is considered to be key to the subsequent
activation of a vast number of genes involved in cellular metabolisms and stress
protection. Among these transcription factors, the C-repeat-binding factors (CBFs),
or dehydration-responsive element binding factors 1 (DREB1s), have been shown to
be essential for plants to tolerate cold stresses [10, 11], although a number of other
transcription factors are also indispensable.

5.2.1
The CBF/DREB-Dependent and Independent Pathways

The CBF/DREB1 genes were originally identified in Arabidopsis through yeast one-
hybrid screening, using the CRT (C-repeat)/DRE (dehydration response element)
elements as the bait [10, 11]. The corresponding proteins, which belong to the plant-
specific ERF/AP2 superfamily transcription factors, can activate the expression of a
battery of downstream target genes, also calledCBF/DREB regulon genes, by binding
to CRT/DRE elements in the promoter regions of the target genes [12]. InArabidopsis,
there exist three CBF/DREB1 genes, namely, CBF1–3, or DREB1b, c, and a,
respectively. These three genes are organized in tandem array at the same chromo-
somal location. More importantly, it has been shown that the message levels of all
three CBF/DREB genes are quickly (within 15min) and specifically induced by cold
stress [4, 5, 7, 10, 11]. The essential role of the CBF/DREB1 gene during plant cold
stress response was demonstrated through reverse genetic studies where the over-
expression of theCBF3/DREB1A orCBF2/DREB1C in transgenicArabidopsis plants
resulted in the activation of COR gene expression even at the moderate temperature
and significantly enhanced cold and freezing tolerance [13]. Although cold signaling
pathways other than those mediated by CBF/DREB1 do exist (discussed later), it has
been shown that CBFs/DREBs play a major role in the regulation of the cellular
transcriptome following cold stress.

The CBF/DREB1-like proteins are present in a variety of plant species, including
not only the plants from temperate regions, such as Arabidopsis, barley, wheat, and
Brassica napus [14, 15], which can cold-acclimate, but also the plants from tropical and
subtropical regions, such as rice, maize, and tomato [15–18], which do not cold-
acclimate, indicating that the CBF/DREB1 cold-responsive pathway is conserved
among the plant kingdom. However, the higher cold and freezing sensitivity of crop
plants clearly suggests that CBF/DREB1 is not sufficient and other components and/
or pathways are needed to confer improved resistance to cold stress.

Through a genetic mutant screening, the Arabidopsis Eskimo1 gene was identified
as a negative regulator in plant cold stress response [19]. The loss-of-function esk1
mutant accumulates higher levels of compatible osmolytes, such as proline, under
normal growth conditions, is constitutively tolerant to freezing, and hasmuch higher
freezing tolerance (5.5 �C improvement) than wild-type plants. Transcriptome anal-
ysis showed that only 12 of the total 312 genes with altered mRNA expression were
also present in the CBF2 gene regulon, indicating that ESK1 mostly functions
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independent of CBF/DREB1 [20]. The ESK1 gene encodes a DUF231, which belongs
to a large family of proteins with domain of unknown function [20]. It is important to
note that the expression of the ESK1 gene itself is not altered by cold stress [20],
suggesting that posttranscriptional regulatory mechanisms might be involved in
activation of the ESK1 protein. However, the molecular mechanism by which ESK1
regulates cold stress signaling pathways still remains elusive.

Other CBF/DREB-independent pathways include the HOS9-mediated pathway.
HOS9 was identified through a genetic screening that employed the promoter of
the cold-inducible RD29A gene fused to the luciferase reporter gene [21, 22].
TransgenicArabidopsis plants containing the PRD29A-LUC systemwere screened for
mutants that have enhanced luciferase expression specifically following cold stress
treatment. The hos9 null mutants have defects in freezing resistance, regardless of
whether they have been cold acclimated or not [22]. More intriguingly, the
expression of a number of cold-responsive genes such as RD29A and COR15
were much stronger than wild type [22]. From microarray data analysis of the hos9
nullmutant, it appears that theHOS9 regulon is distinct from the CBFregulon [22].
HOS9 encodes a homeodomain transcription factor, and like ESK1 gene, the
mRNA expression of the HOS9 gene is constitutively high and not responsive to
cold treatment [22], thus raising the possibility that this gene is also subject to
posttranscriptional regulation.

Another important and well-characterized CBF/DREB1-independent, cold-
responsive pathway is the ABA-mediated pathway. ABA is an important plant
hormone involved in stomatal closure, seedmaturation, and dormancy [23, 24]. The
role of ABA in plant stress response, especially to dehydration/drought and osmotic
stress, has been well recognized [3, 25]. However, its role in cold stress response
remains somewhat inconclusive. It was shown that plants have increased levels of
endogenous ABA following salt, drought, and cold stresses, although such increase
after cold stress is not as pronounced as the other two stresses [26, 27]. In a study
with mutants that were either ABA deficient (aba1-1) or ABA insensitive
(abi1-1), it was shown that ABA was required for the cold acclimation process,
andmutants that had blockedABAbiosynthesis and signaling lost the ability to cold
acclimate, thus were hypersensitive to freezing stress [28].

In addition, it was found that the mRNA expression of many cold stress-
responsive genes could also be induced by exogenous ABA treatment [29–31]. In
a transcriptome analysis with Arabidopsis plants following 3 and 24 h cold stress
treatment, both the ABRE (ABA-responsive element) and the CRT/DRE element
were significantly enriched in the cluster of late-cold-responsive genes [4], suggest-
ing that these two independent pathwaysmight act synergistically in regulating the
expression of cold-responsive genes. Transcription factors belonging to the class of
bZIP transcription factor are called ARE proteins or ABFs and bind to the
ABRE [32]. Most importantly, through a transient expression analysis using a
protoplast system, it was found that transcription factors AREB1/ABF2, AREB4/
ABF4, and ABF3 could directly activate the reporter gene expression by binding to
the ABRE element, and the transcriptional activities were much more compro-
mised in both the ABA-deficient aba2 and the ABA-insensitive (abi1) mutants,
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strongly suggesting that these transcription factors play crucial roles in the ABA
signaling and stress responses [33].

5.2.2
Regulation of ICE1-CBF/DREB Gene Expression

5.2.2.1 Transcriptional Regulation
Although extensive knowledge has been accumulated about transcriptional events
downstream of the CBF/DREB1 proteins, the regulatory and signaling events
upstream of CBF/DREB1 proteins have just begun to be uncovered. Owing to the
rapid and transient induction of mRNA expression of the CBF/DREB1 genes
following cold stress treatment, it was hypothesized that one or more constitutively
expressed gene(s) may be required. The search for such genes resulted in the
identification of ICE1 from a genetic screening for inducers of the CBF/DREB1
expression [34]. ICE1 encodes aMYC-like bHLH transcription factor. The phenotype
of the ice1 null mutant plant includes loss of the inducible expression of the CBF3/
DREB1A gene, and compromised ability in cold stress tolerance [34]. The constitutive
expression of the ICE1 gene at the mRNA level raised the question about how this
gene is activated by cold stress. A number of potential serine/threonine phosphor-
ylation sites were identified, suggesting posttranslational modification might play a
role in regulating the activity of this protein; however, the exact roles of these
phosphorylation sites have not been reported.

Although ICE1 regulates the expression of the CBF3/DREB1A gene, it does not
have any effect on the other two CBF/DREB1s, regardless of the existence of a
consensus recognition site for the bHLH transcription factors within the CBF2/
DREB1c promoter [35]. This suggests that other MYC-like bHLH transcription
factors might be involved in the regulation of this gene. In the search for other
transcriptional mechanisms that regulate CBF/DREB1 gene expression, promoters
of the CBF/DREB1 genes were rescanned and potential binding sites were revealed
for both MYC- and MYB-like transcription factors [36].

The Arabidopsis MYB15 gene, which belongs to the R2R3-MYB family of
transcription factors, was then identified through microarray data analysis of
genes whose expression was induced upon cold treatment [36]. More interestingly,
microarray data also indicated that the expression of theMYB15 genewas enhanced
in the ice1 mutant, while yeast two-hybrid analysis showed that MYB15 physically
interacted with ICE1. This suggests that MYB15 is negatively regulated by ICE1,
and likely functions in cold stress signaling through the ICE-CBF pathway.
However, rather than acting as a transcription activator like ICE1, a transient
expression assay showed that MYB15 acts as a transcription repressor and
represses the expression of CBF1–3/DREB1A–C. Further supporting this data, it
was found that the expression of the CBF1–3/DREB1A–C genes was enhanced in
the myb15 loss-of-function mutant, which in turn resulted in improved freezing
tolerance.

Another negative regulator involved in the regulation ofCBF/DREB1 expression is
ZAT12.TheArabidopsis ZAT12 gene,which encodes aC2H2zincfinger transcription
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factor, was identified throughmicroarray data analysis as one of the six transcription
factor genes whose mRNA expression is upregulated within only 1 h of cold stress
treatment [37]. Overexpression of the ZAT12 gene in transgenic Arabidopsis plants
results in small but reproducible improvement in freezing stress tolerance [37].
Consistent with suchmarginal improvement, the ZAT12 regulon ismuch smaller in
comparison to the CBF regulon that comprises about 28% of the cold-inducible
genes [37]. However, it is interesting to note that the expression of the CBF1–3/
DREB1A–C genes is significantly reduced, although not completely abolished, in
transgenicArabidopsisplantsoverexpressingZAT12.Moreover, there isaconsiderable
overlap between the ZAT12 regulon and the CBF regulon, suggesting that CBFs/
DREBs and ZAT12 might interact in coordinating the cold signaling pathways [37].

In addition to the different types of transcription factors that are involved in the
regulation of CBF/DREB1 expression, surprisingly, CBFs appear to be involved in
the feedback regulation of their own genes [38]. A case in point: it was found that the
expression of CBF3/DREB1A and CBF1/DREB1B was much stronger and more
sustained in the cbf2/dreb1b mutant, and this mutant has higher resistance to
freezing and other abiotic stresses.

5.2.2.2 Posttranscriptional Regulation
Posttranscriptional regulation of plant gene expression during cold stress response
was relatively overlooked until recently when genes involved in mRNA processing,
translocation, and stability were identified from a variety of molecular genetic
studies. The transcriptional activation of a large number of genes following cold
stress results in the accumulation of a large amount of nascent mRNAs inside the
nucleus. These pre-mRNAsneed to beproperly processed and exported to the cytosol,
where the mRNAs can be translated into functional proteins [39].

One of the genes involved in the splicing process of the cold-inducibleCOR15 gene
and possibly other genes is the Arabidopsis STA1 (for STABILIZED1) [40]. The STA1
genewas cloned via the samePRD29A-LUC imaging systemused to search formutants
with enhanced stability of the luciferase activity. It was found to encode a 102-kD
nuclear protein similar both to the human U5 small ribonucleoprotein-associated
protein and to the yeast pre-mRNA splicing factors Prp1p and Prp6p. The mRNA
expression of theSTA1 gene is itself cold inducible, and plants harboringmutation in
the STA1 gene contain substantially higher levels of unspliced COR15 mRNA than
wild-type plants. They also displayed reduced chilling tolerance, as well as hyper-
sensitivity to ABA and salt stress [40].

The nucleoporin protein,AtNUP160, and theDEAD-box RNAhelicase encoded by
the LOS4 (low expression of osmotically responsive genes 4) gene were found to play
essential roles in properly unwinding tight RNA secondary structures and transport-
ing unwoundRNAs from thenucleus to the cytoplasm [41–43].While the los4mutant
was identified through the same PRD29A-LUC imaging system, the atnup160mutant
was identified through a slightly different screening system that involved the
promoter from the CBF3/DREB1A gene fused to luciferase. Both the los4 and the
atnup160mutants were hypersensitive to chilling and freezing stresses, and poly(A)-
mRNA export from nucleus to cytoplasm was much lower under cold stress
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conditions in both these mutants, compared to wild-type plants, suggesting that the
defects in cold response of these mutants might be caused by the retention of cold-
responsive mRNAs in the nucleus. Consistent with their possible role in RNA
metabolism and transportation, both LOS4 and AtNUP160 proteins are enriched at
the nuclear rim [41, 43].

The Arabidopsis FIERY2 (FRY2)/CPL1 gene is another important factor worth
mentioning. This gene is involved in coordinated pre-mRNA processing, functional
mRNA formation, and mRNA export [25, 44]. FIERY2 (FRY2)/CPL1 encodes a
protein phosphatase that directly regulates the activity of RNA polymerase II by
dephosphorylating the RNA polymerase II C-terminal domain (CTD). It has been
shown that the phosphorylation states of the CTD domain directly correlate with the
functional involvement of RNApolymerase II (RNAP II) in transcription, as RNAP II
with a hypophosphorylated CTD (RNAP IIA) is included preferentially in the
transcription preinitiation complex formed at the promoter, whereas RNAP II with
a hyperphosphorylated CTD (RNAP IIO) is associated with elongation com-
plexes [44]. The fry2/cpl1 mutants were obtained through the PRD29A-LUC imaging
system and displayed more enhanced cold-responsive gene expression. It is worth
noting that while the fry2/cpl1 mutants showed a much more reduced freezing
tolerance, the expression of CBF/DREB1 genes was surprisingly higher in these
mutants, suggesting that the FRY2/CPL1 protein functions independent of CBF/
DREB1 [25].

5.2.2.3 Involvement of Small RNAs in the Plant Cold Stress Response
Plant small RNAs, including microRNA (miRNA) and short interfering RNA
(siRNA), are a class of highly conserved, nonprotein-coding RNAs ranging in size
between 20 and 24 nucleotides. Generally considered as transcriptional repressors,
microRNAs and siRNA exert their functions mainly through mRNA cleavage or
translational repression of complementary target mRNAs [45–51]. Interestingly, it
has been predicted that one of the major classes of target genes for plant small
RNAs is transcriptional regulator, and translational repression of these transcrip-
tion regulators consequently leads to the inhibition of mRNA expression of a large
number of downstream genes [52, 53]. In accordance with this prediction, plant
small RNAs, especially miRNAs, have been found to be involved both in a number
of developmental processes, such as leaf and flowering development, and in other
cellular processes, such as auxin signaling [45, 47, 54, 55]. Only recently have
researchers discovered that they also play significant roles in plant stress
responses [1, 56].

The identification of cold-responsive miRNAs came from the pioneer work of
sequencing a library constructed fromArabidopsis seedlings that had been exposed to
cold, dehydration, salinity stresses, and ABA [57]. The expression of miR393,
miR397b, and miR402 was upregulated by a number of stress treatments, while
miR319c was specifically upregulated by cold. It was also found that miR389a was
downregulated by cold and other stresses.

Following this study, a number of laboratories have taken additional approaches
such as computational analysis and microarray data analysis to further expand the
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number of miRNAs that respond to cold stress treatment. In one study, the authors
were able to identify 19 more miRNAs that are potentially cold inducible by
intelligently integrating the data from diverse resources, such as microarray data
from stress-treated samples, promoter data from cold-responsive protein-coding
genes, and bioinformatic predictions of miRNA-target gene pairs (database), and
combining them using computational methods such as support vector machine
(SVM) and k-nearest neighbors (k-NN). Further analyses of the promoters of these 19
miRNAs revealed that more than half of them contain the ABRE and/or CRT/DRE
elements, which are known to be cold inducible, confirming the validity of their
bioinformatic method [58].

In an independent study, 117 probes corresponding to the same number of
Arabidopsis miRNAs were spotted on an in-house fabricated cDNA-type microarray.
This microarray was then hybridized with small RNAs extracted from samples
treatedwith cold stress [59]. A total of 11 cold-induciblemiRNAswere identified from
this experiment, and all but two of them were also identified through the integrated
computational approach from the first study discussed, suggesting that a skillfully
designed computational approach could potentially be employed to accurately and
more efficiently annotate the functions of miRNAs in a systematic fashion.

Although these methods have successfully identified a number of miRNAs whose
expression is cold inducible, they have barely begun to identify miRNAs whose
expression is downregulated by cold stress. Since microRNAs generally act as
translational repressors, their targets will represent those genes with expression
that is repressed by cold stress.On the contrary, for those target genes playing positive
roles during plant cold stress response, their corresponding miRNAs have to be
downregulated. These miRNAs certainly should not be overlooked. Microarray
technology, as well as the deep sequencing strategy, might be a better way to identify
miRNAs that are downregulated during stress [60–62] than traditional approaches
such as cloning-based technology or Northern blot analysis [63], illustrated in an
example in the next paragraph.

Recent technological advancements have made important contributions to the
identification of novel miRNAs in other plant species, especially in those species
whose genome sequences were not known. Nevertheless, investigation of these
species might reveal novel adaptive strategies plants have evolved in response to
environmental stresses. It was proposed that the winter-habit temperate plant
Brachypodium distachyon might represent a better model monocot system than rice
to study plant cold acclimation and cold stress response [61]. A study using high-
throughput sequencing with the Solexa next-generation sequencer (www.illumina.
com) identified 27 species-conserved miRNAs and 129 species-specific miRNAs
from B. distachyon. Interestingly, among the conserved miRNAs, three were found
to be regulated by cold stress, while the expression of all of them was upregulated.
Meanwhile, 25 out of the 129 Brachypodium unique miRNAs displayed significant
changes following cold stress treatment. However, 76% of them (19/25) had
repressed expression following cold stress, suggesting that in Brachypodium,
mRNA repression is by far the major mode of cold regulation on miRNA
expression [61].
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5.2.2.4 Posttranslational Regulation
The mRNA expression of transcription factor genes CBF/DREB1 can be rapidly
induced in as short as 15min following cold treatment. Thus, it is apparent that other
mechanisms including posttranslational regulation must also be involved in the
regulation of cold-responsive genes. Among all posttranslational pathways, the
ubiquitin/proteasome degradation pathway constitutes an essential regulatory
mechanism in controlling the activities of central cold-responsive genes such as
ICE1 [64]. The involvement of the ubiquitin/proteasome degradation pathway in
plant cold response began to be understood when it was discovered that treatment
with the proteasomal inhibitor PI II MG132 or DMSO significantly enhanced the
promoter activity of the cold-responsive gene RD29A [64]. Later on, it was found that
the Arabidopsis HOS1 (high expression of osmotically responsive protein 1), which
belongs to a family of C3HC4 RING finger domain containing protein, negatively
regulates the ICE1 activity through ubiquitination [64]. The HOS1 gene encodes a
functional ubiquitin E3 ligase, which is involved in the last step of ubiquitination.
This last step recruits specific target proteins to the ubiquitin complex and directs the
ubiquitinated proteins to a proteasome complex for degradation [65]. It was shown
through both in vivo and in vitro studies that HOS1 mediated ubiquitination, and
subsequent degradation of ICE1 is functionally involved in the cold signaling
pathway [64]. While the hos1 null mutant displays both enhanced ICE1 protein
activity and enhanced cold-responsiveCBF/DREB1 expression, overexpression of the
HOS1 gene results in a muchmore reduced cold response and freezing tolerance. It
is also interesting to note that the localization of HOS1moves from the cytoplasm at
warm temperatures to the nucleus after a plant�s exposure to cold temperatures,
indicating that other regulatory mechanisms, such as protein translocation, are also
involved in the HOS1-ICE1 regulatory pathway [64].

Another important gene involved in the ubiquitin-mediated regulation of ICE1 is
the Arabidopsis SIZ1 gene. The SIZ1 gene encodes SUMO (for small ubiquitin-
related modifier) E3 ligase, an enzyme that catalyzes the last step of SUMO
conjugation to the protein substrates [66]. The reversible sumoylation/desumoyla-
tion of the target proteins determines their activity and final destination and, thus, is
involved in many important processes such as transcriptional regulation, protein
subcellular compartmentalization, and ubiquitin/proteasome-mediated protein deg-
radation [67]. The Arabidopsis SIZ1 gene was originally identified as one of the
essential genes during plant response to phosphate starvation [68, 69]. Later on, it was
found that this gene was also involved in the plant cold stress response since the siz1
null mutant showed reduced cold and freezing tolerance. In addition, the expression
of CBF/DREB1 genes was also reduced in the siz1 null mutant. Interestingly, the
mRNA expression of a negative regulator, theMYB15 gene, was substantially higher
in the siz1mutant than the wild-type plants, suggesting that SIZ1 positively regulates
the cold-responsive gene expression by downregulating the expression of MYB15
gene [66].

Since SIZ1 encodes a SUMO E3 ligase, it was speculated that the SUMO
conjugates in the siz1 mutant might be compromised. As predicted, the antibodies
against SUMO1 detected fewer SUMO conjugates in the siz1 mutant than those in
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the wild-type plants, confirming that SIZ1 is indeed involved in the sumoylation
process [66]. However, it has not been investigated whether sumoylation is directly
involved in the regulation of CBF/DREB1 and MYB15 protein or not. On the other
hand, it was found that ICE1 could indeed be sumoylated, and the amount of
sumoylated ICE1 is moderately increased by cold treatment. The cold-inducible
SUMO conjugation of ICE1 was blocked in the siz1mutant if the ICE1 protein was
mutated at position 393, which changes lysine (K) to arginine (R) [66].

When the expression ofCBF/DREB1 andMYB15was tested, a positive correlation
was found between the degree of ICE1 sumoylation and the level of CBF/DREB1
mRNA expression, but there was a negative correlation with MYB15 mRNA
expression. The increased sumoylation of ICE1 probably resulted in the enhanced
stability of the ICE1 proteins since it was found in vitro that polyubiquitination of
ICE1, likely mediated by HOS1 or other related proteins, was reduced if ICE1 were
sumoylated, as compared to the unsumoylated control. The functional significance of
ICE1 sumoylation was further confirmed by reverse genetic studies, where over-
expression of the mutant version of ICE1 (K393R) resulted in the reduced freezing
tolerance in the transgenic Arabidopsis plants [66].

5.3
Signaling Molecules Involved in the Early Events of Cold Stress Response

5.3.1
Phospholipids

A plant cell membrane is comprised of a lipid bilayer containing many integral and
peripheral proteins that function as ion channels andmembrane receptors. The plant
cell membrane is quite fluid and selectively permeable. More than simply being a
rigid structure holding the entire cell, the cellular membrane also conveys an
abundance of information. This is mainly attributed to one of its predominant lipid
components, the phospholipids. Upon exposure to cold stress and other adverse
environmental stresses, the production of one of the phospholipids, phosphatidy-
linositol 4,5-bisphosphate (PIP2), was found to increase rapidly through the activa-
tion of phosphatidylinositol 4-phosphate 5-kinase (PI5K) [70]. The increase in the
PIP2 level subsequently results in the increased production of diacylglycerol (DAG)
and inositol 1,4,5-trisphosphate (IP3), which is catalyzed by phosphoinositol-specifc
phospholipase C (PI-PLC) [71]. It has been shown that both the transcript level
and the protein activity of Arabidopsis AtPLC1 are coordinately induced by cold
stress [71–73]. The DAG and IP3 are two important secondary messengers that can
activate protein kinase C and the release of Ca2þ from intracellular storage [74, 75].
The transient surge in the cytoplasmic Ca2þ level then triggers a series of signal
transduction cascades, which will be discussed next.

In addition to PLC, phospholipase D (PLD) is also involved in the plant stress
responses [76]. The phosphatidic acid (PA), generated from phospholipids by PLD, is
another important secondary messenger that can activate protein kinase C [77]. In

106j 5 Cold and Abiotic Stress Signaling in Plants



Arabidopsis plants, it was found that the endogenous PA level correlated well with the
expression of one of the Arabidopsis PLD genes, AtPLDd. In the atpldd knockout
mutant, which had significantly reduced levels of PLD activity, the PA level was also
much lower than that of the wild-type plants, and the mutant plants displayed
decreased freezing tolerance [78]. On the other hand, transgenic Arabidopsis plants
overexpressing AtPLD have much higher levels of PA than wild-type plants, and also
have enhanced freezing tolerance, suggesting that PA and PLD are directly involved
in plant cold stress response [78]. Using Arabidopsis suspension cells, it was found
that the enzymatic activities of both PLC and PLD were rapidly activated following
exposure to cold temperature [79]. Interestingly, the PLC- and the PLD-dependent
pathways may have different signaling components since treatment with the PLC
inhibitor andPLD inhibitor results in the inhibition of the expression of two different
sets of genes [80].

The stimulation of PLC and PLD activities can also be achieved through activation
ofG-protein-coupled receptors (GPCRs) following perception of external stimuli [81].
This will be discussed later in this chapter.

It is also worthwhile to mention that the protein product of the Arabidopsis Fry1
gene, which is directly involved in plant lipidmetabolism, also contributes to the cold
stress response.TheFry1genewas identified throughagenetic screening formutants
with altered cold stress response [82], and encodes inositol polyphosphate 1-phos-
phatase (Ins1Pase), an enzyme responsible for the hydrolysis of IP3. The null fry1
mutant displays an enhanced cold-responsive gene expression, consistent with the
notion that IP3 is an important signaling molecule involved in cold stress response.

5.3.2
Reactive Oxygen Species as Secondary Messenger

Reactive oxygen species (ROS) is generated when free, high-energy electrons are
transferred to molecular oxygen (O2) to form unstable intermediates such as 1O2,
H2O2, O2

.– and HO.. Under optimal plant growth conditions, the level of cellular
ROS is kept very low inside the plant cells. However, during exposure to adverse
environmental stresses, the ROS level is drastically elevated to an extent that could
cause damage to plant cells due to reactions such as cell membrane lipid peroxida-
tion, protein oxidation, and enzyme inhibition [83–85]. As a result, the cellular
scavenging system, including superoxide dismutase (SOD), ascorbate peroxidase
(APX), catalase, and glutathione transferase (GST), has to be activated quickly to clear
up excess ROS and to restore whole cell redox homeostasis. Many previous reports
have shown that by manipulating the mRNA expression levels of genes encoding
ROS scavengers, different levels of tolerance to environmental stresses could be
observed (reviewed in Ref. [84] and references therein). For example, the atvtc-1
mutant, which is deficient in cellular ascorbate, is significantly more sensitive to salt
stress [86]. On the other hand, transgenic Arabidopsis overexpressing the glutathione
peroxidase 3 gene (AtGPX3) shows increased drought stress tolerance [87].

Interestingly, ROS appears to have a dual function inside the plant cells. In addition
to its stress damage to cells, ROS also plays an essential role as a secondarymessenger
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in stress signaling, and this has already been demonstrated in osmotic, drought, salt,
heat, and high light intensity stress studies [84]. One of the examples came from a
study of the Arabidopsis APX1 gene, which codes for a plant ascorbate peroxidase. It
was found that, compared to wild-type plants, the atapx1 knockout mutant accu-
mulated amuch higher level of H2O2 within the cells, most likely due to a low level of
ascorbate peroxidase activity available to scavenge the extracellular H2O2. As a
consequence, this mutant plant was found to be hypersensitive to light stress [88].
Surprisingly, the atapx1 mutant appeared to be more tolerant to osmotic, salt, and
cold stress, and a number of stress-responsive genes were induced even without
stress treatment [89]. This result suggests that higher levels of H2O2 might, on the
one hand, cause hypersensitivity to oxidative stress but, on the other hand, trigger a
ROS-mediated stress signaling pathway that could result in enhanced tolerance to
certain types of abiotic stresses.

Therehave beenquite a few studies elucidating the activities of ROS inplant abiotic
stress signaling. In animal cells, numerous studies describe ways in which oxidative
stress signals, such as H2O2, can trigger a wide array of cellular responses mediated
by mitogen-activated protein kinases (MAPKs). The plant MAPKs are known to play
critical roles in cold stress and other abiotic stress signal transduction. It was found
that one of the Arabidopsis MAPKs, the AtMPK6, which can be activated by cold or
osmotic stress, is also activated by H2O2 treatment [90], raising the possibility that
ROS, as a secondarymessenger, relays abiotic stress signals by acting ondownstream
signaling molecules such as protein kinases.

Transcription factors also mediate H2O2 signaling. In amicroarray study in which
the authors compared the difference during early responses to chilling stress
between chilling-insensitive japonica rice and the chilling-sensitive indica rice, they
found that the expression of one of the b-ZIP transcription factors, later called ROS-
bZIP1, was induced within 2 h of chilling treatment in the japonica ecotype
background, but the induced expression was much less robust and delayed in the
indica background [91]. Interestingly, the expression of ROS-bZIP1 was also H2O2

inducible. Moreover, the authors also identified a group of genes that responded to
chilling stress at a later time point (6 h) and found that the promoters of these genes
contained the as1/ocs-element, the canonical binding site for b-ZIP-type transcription
factors [92], implying that the induced expression of the late-responsive genes might
be caused by activating ROS-bZIP through an ROS-mediated pathway.

In addition to the b-ZIP-type transcription factors, the ERF/AP2-type transcrip-
tional factors have also been linked to cellular H2O2 responses. The tomato JERF3
protein, which belongs to the ERF/AP2 superfamily of transcription factors, was
identified through a yeast one-hybrid screening that bound to the GCC-box of the
ethylene response element [93]. This gene, when overexpressed in transgenic
tobacco, confers enhanced tolerance to salt, drought, and freezing stresses. Further
expression analysis indicated that the enhanced stress tolerance might be a result
of the activation of a ROS-mediated pathway since phenomena such as the
increased activity of the tobacco SOD and a reduced accumulation of cellular
H2O2 were observed, as well as the transcriptional activation of ROS-responsive
genes [94].
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The last category of transcription factors involved in the ROS-mediated signaling
pathways during plant abiotic stress responses is that of the C2H2-type zinc finger
transcription factors. Two examples of this type are the Arabidopsis ZAT7 and ZAT12
genes, which were identified through a microarray data analysis that revealed
elevated mRNA expression of both genes in the atapx1 mutant [95]. Like AtAPX1,
the mRNA expression of ZAT7 and ZAT12 can also be induced upon application of
exogenous H2O2. In the zat12 knockout mutant, the inducible expression of ZAT7
and AtAPX1 following H2O2 treatment was blocked, and the mutant was more
sensitive to oxidative stress. In contrast, transgenic plants that overexpressZAT12 are
more tolerant to oxidative stress, suggesting that ZAT12 is involved in mediating
H2O2 signaling [95, 96].Most compelling is the idea that overexpression of theZAT12
gene in transgenic Arabidopsis plants could result in improvement in freezing stress
tolerance, pointing to a central position forZAT12 in bridging theROS-mediated cold
stress signaling pathway [37].

ZAT7was shown to possess a capability similar to ZAT12. Overexpression of ZAT7
in transgenic Arabidopsis plants also resulted in a dramatic tolerance to salinity and
cold stresses [95, 97]. In contrast, ZAT7 RNAi lines showed decreased osmotic stress
tolerance [97]. With the support of these data, a comprehensive deletion and
mutational analysis of the ZAT7 C2H2-zinc finger domain concluded that this
domain was required for abiotic stress response in plants [97].

5.3.3
Calcium Binding Proteins and Signal Decoding

One of the earliest signaling events preceding the onset of transcriptional activation of
early cold-responsive genes such as CBF expression is a rapid increase in Ca2þ

concentration in cytoplasm, which happens within the first 5min after a sudden
temperature drop [2, 74, 98]. The transient spike of Ca2þ concentration in the cytosol
servesasapotentialsignalthatmustbeperceivedbycalciumbindingproteins,alsocalled
calcium sensors, or else the downstream signaling cascades will not occur [99–101].

Typically, the calcium binding proteins contain four signaturemotifs, called helix–
loop–helix EF-hands, which function to physically interact with Ca2þ ions. Binding
of Ca2þ results in conformational changes in the calcium binding proteins for
subsequent interaction with other signaling components and relay of the signals. In
general, there are three types of Ca2þ binding proteins in plants. The first type
encompasses the calmodulins and calmodulin-like proteins (CaM and CML, respec-
tively), the second type includes calcium-dependent protein kinases (CDPKs), and
the third type is comprised of the calcineurin B-like proteins (CBLs) [102, 103].

CaMs are found universally in both animal and plant kingdoms. They are versatile
Ca2þ binding proteins involved in numerous cellular processes by binding to
effector proteins in response to Ca2þ signals [104]. TheArabidopsis genome contains
9 CaMs genes and an even larger CML family that contains at least 50 CML proteins.
Themagnitude of this CML family suggests that they are probably required formany
cellular and physiological responses; however, the functions for many of these CMLs
are not known [105, 106].
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CML24 appears to be involved in a number of stress responses [107]. This genewas
first identified as a touch-inducible gene and later its mRNA expression was found to
be induced by other stresses, including cold and heat. Transgenic plants over- or
underexpressing theCML24 gene display a variety of phenotypes. However, its direct
involvement in cold stress response has not been tested. In addition to CML24, the
Arabidopsis CML9 gene was also shown to be involved in plant abiotic stress
responses and response to treatment with plant hormone ABA [108].

The second group of the Ca2þ binding proteins contains the calcium-dependent
protein kinases. CDPKs are serine/threonine protein kinases characterized by
phosphorylation activities that are altered with Ca2þ binding. Previous studies have
shown that a number of plant CDPKs are activated following cold stress treat-
ment [109–111]. A piece of direct evidence came from a study in which overexpres-
sion of the rice OsCDPK7 gene resulted in the induced expression of a number of
stress target genes, which correlated with enhanced cold, drought, and salt tolerance
in the transgenic rice plants [112, 113]. However, questions still remain: what are the
downstream phosphorylation targets for CDPKs and how are CDPK proteins
connected to other signal transductionmolecules such as CBF/DREB1 transcription
factors? A search for proteins that interact with CDPKs was initiated using a yeast
two-hybrid system and did yield some clues as to how the stress signals were relayed
from CDPK protein kinases. One study determined that Arabidopsis CDPK32
interacts with AREB4/ABF4, a bZIP transcription factor involved in the ABA
response [114]. CDPK32 phosphorylated AREB4/ABF4 in vitro on the serine residue
at position 110. Phosphorylation at this particular site was functionally important
since a mutation at Ser110 dramatically reduced ABF4 transcriptional activity in
protoplasts [114]. Using a slightly modified yeast two-hybrid approach, a zinc finger
nuclear protein, AtDi19, was identified that interacts specifically with theArabidopsis
CDPK4 and CDPK11 proteins [115]. In previous studies, the expression of AtDi19
was shown to be drought inducible, but the inducible expression was independent of
ABA [115]. Thus, it appears that some plant CDPKs can also function through an
ABA-independent stress pathway [116]. A recent study was performed that system-
atically identified potential target proteins that were differentially phosphorylated by
CDPKs when the plants were subjected to salt treatments [117]. The authors
compared the whole-cell threonine phosphorylation pattern of wild-type Arabidopsis
to that of atcpk3mutants and found 28 proteins that were possibly phosphorylated by
AtCDPK3 following the salt stress treatment [117]. Interestingly, most of these
proteins were predicted to bemembrane associated; however, the annotation of these
28 proteins did not yield much valuable information in regard to how CDPKs might
function in any known cold response pathway [117].

5.3.3.1 The Calcineurin B-Like Proteins in Decoding the Ca2þ Signals
Finally, the last group of Ca2þ binding proteins is that of the CBLs. Unlike CDPKs,
these proteins do not possess protein kinase activities [103]. Many studies have
demonstrated that CBL proteins, which are unique to plants, are involved in plant
responses to multiple abiotic stresses, including cold, salt, drought, and osmotic
stresses [118–122]. Arabidopsis CBL1 is one of the best-studied CBL class of proteins
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pertaining to plant abiotic stresses. The CBL1 gene was first identified through a
homology screen using primers designed from the conserved regions of calcineurin
B genes of animal species [121]. CBL1 contains four typical EF-hand-like sequences
and functionally binds to Ca2þ . ThemRNA and protein expression of theCBL1 gene
is induced by cold, drought, and wounding [120, 121]. The involvement of CBL1 in
plant stress responses was further confirmed by the characterization of both cbl1
mutant plants and CBL1-overexpressing transgenic plants [118, 120]. Notably, the
CBL1 protein appears to differentially regulate plant responses to different abiotic
stresses. Although CBL1 functions as a positive regulator in salt and drought stress
responses, its role in cold stress response appears to be negative since the over-
expression of CBL1 results in a reduced tolerance to freezing. By contrast, the cbl1
null mutant displays enhanced freezing tolerance, in concert with enhanced CBF/
DREB1 gene expression [118, 120].

What interacts with CBL proteins and how are stress signals relayed to the
downstream components in the signaling pathway? The search for CBL interacting
proteins with conventional methods, such as yeast two-hybrid screening, yielded
rapid results in the identification of the CBL-interacting protein kinases (CIPKs) in
Arabidopsis and other plant species [123]. The CIPKs belong to the class of serine/
threonine protein kinases, which contain an N-terminal kinase catalytic domain and
a C-terminal regulatory domain. It is the C-terminal regulatory domain that is
responsible for the interaction between CBLs and CIPKs, and such interaction
depends on Ca2þ [119, 124, 125]. Indeed, CIPKs are the primary target kinases of
CBL proteins upon exposure to high concentrations of Ca2þ ions [126]. For most
CIPKs, the downstream substrates are not clear, nor how they relay the Ca2þ signals.
The Arabidopsis SOS1 protein is among the very few CIPK targets identified so far
(discussed below).

Another intriguing observation from the study of the Arabidopsis and the rice
genomes is that it appears that the plant genome contains large CBL and CIPK
families. In Arabidopsis, there are at least 10 members of the CBL family and at least
25members in the CIPK family [127]. The rice genome contains a similar number of
CBL proteins, but the size of CIPK family is bigger than Arabidopsis (30
proteins) [127].

So how is the specificity of cellular responses determined when the concentration
of Ca2þ , a universal signal molecule, increases uponmultiple stress stimuli, such as
cold, salt, drought, andwounding? In otherwords, how are the differentCa2þ signals
decoded?Specific interactions betweenCBLs andCIPKsmight account for part of the
specificity [124, 126]. It was found that the two highly similar CBLs, CBL1 and CBL9,
interact exclusivelywith bothCIPK1 andCIPK23; that is, they donot interactwith any
other CIPKs [122, 128]. While the interaction between CBL1/CBL9 and CIPK1 is
involved in osmotic stress response [128], the CBL1/CBL9-CIPK23 complex is
involved in the regulation of plant potassium (Kþ ) channel and water loss in guard
cells and root hairs [129–132]. CBL10 interacts only with CIPK24 during salt stress,
and such interaction subsequently results in sequestration/compartmentalization of
Na(þ ) in plant vacuoles [133].However, CIPK24 also interactswithCBL4, also known
as SOS3 [134–137]. The Arabidopsis CIPK24, also known as SOS2, was identified
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through the same genetic screen where the PRD29A-LUC system was applied [138]. It
was found that the catalytic and regulatory domains of the CIPK24/SOS2 protein
interact with each other under nonstress conditions, probably by blocking the kinase
activity of CIPK24/SOS2 [139, 140]. The interaction between CIPK24/SOS2 and
CBL4/SOS3 upon an internal Ca2þ spike relieves the repression and activates
CIPK24/SOS2 kinase activity [139]. The activated CIPK24/SOS2 then phosphory-
lates the SOS1 protein, a Naþ /Hþ antiporter, which finally leads to salt toler-
ance [141, 142]. The CBL4/SOS3- CIPK24/SOS2-SOS1 represents one of the best-
studied salt stress pathways in plants [25, 101, 143].

Anotherhypothesis forspecificity isbasedondistinct targetsequences locatedat the
N-terminal domain of the CBL proteins. While some of the CBL proteins contain N-
terminal myristoylation and S-acylation signals that target them to the plasma
membrane, some CBL proteins do not, suggesting that their corresponding CBLs/
CIPKs might function in the cytoplasm [119, 144]. For example, CBL1, CBL4/SOS3,
CBL5,andCBL9areall locatedontheplasmamembrane,whereasCBL2,CBL3,CBL6,
andCBL10 are located on the vacuolemembrane. The last twoCBLs, CBL7, andCBL8
are located in the cytoplasm [144]. The discrete localization of the CBLs/CIPKs
complexes might be an important strategy plants adopt to decode Ca2þ signals in
response to specific developmental and environmental stimuli. This is exemplified in
the interaction between CBL4/SOS3, CBL10, and CIPK24/SOS2. CIPK24/SOS2 can
interactwithbothCBL10andCBL4/SOS3,but itsfinalcellular localizationisdifferent.
Upon salt stress, in the root cells, CBL4/SOS3 directs CIPK24/SOS2 to the plasma
membrane where CIPK24/SOS2 exerts its function by phosphorylating the SOS1
Naþ /Hþ antiporter [2, 141, 143]. However, in shoots, upon the same salt stress,
CBL10 directs CIPK24/SOS2 not to the plasma membrane but to the vacuolar
membrane (tonoplast), in order to control intracellular salt homeostasis [133].

5.3.4
Mitogen-Activated Protein Kinase Proteins: Essential Roles in Plant Stress Responses

TheMAPKproteins have received a substantial amount of attention in regard to plant
stress responses, and this ismainly due to the critical roles their counterparts play in a
variety of yeast and animal stress signal transduction pathways and networks
[145, 146]. The MAPK pathway is typically comprised of three linearly organized
components. The last component in the pathway, the MAPK, is activated by
phosphorylation at threonine and tyrosine residues in the conserved T-x-Y motif,
by themiddle component, theMAPK kinase (MKK). TheMAPK kinase/MKK in turn
is regulated by phosphorylation on the two serine/threonine residues by the
upstream MAPK kinase kinase (MAPKKK or MEK).

A variety of approaches were employed to investigate the possible involvement of
MAPKs in plant stress responses. Using yeast two-hybrid analysis and functional
complementation studies, as well as protoplast transient expression systems, it has
been shown that Arabidopsis contains complete sets of functional MAPK cascades
that may play roles integral to various biotic and abiotic stress signal transduc-
tions [147–150].
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To date, two complete sets of MAPK cascades have been characterized in Arabi-
dopsis. The AtMEKK1–AtMKK4/AMKK5–AtMPK3/AtMPK6 cascade has been
shown to be specifically involved in plant response to bacterial flagellin elicitor in
a protoplast system [151], while the AtMEKK1–AMKK2–AtMPK4/AtMPK6 has been
shown to be preferentially activated by abiotic stresses, such as cold or salt, in a
transient assay combined with mutant analysis [152]. Notwithstanding this result,
how AtMEKK1 interprets different stress signals and activates corresponding
downstream MAPK pathways still remains to be answered. The mRNA expression
formost of the components inMAPK cascades does not change in response to stress
treatments, except for AtMEKK1, which is strongly induced by cold [153, 154].
Protein levels for most of the components also stay constant; however, their kinase
activities were found to be rapidly turned on following different stress treatments,
strongly suggesting that posttranslational modification is mostly responsible for the
change. The kinetics for most of the kinase activation is consistent with what was
hypothesized previously: that de novo protein synthesis is not required for the
activation of key transcription factors such as CBF genes. These results also place
the MAPK cascades as a potential upstream event required for the activation of
transcription factors such as ICE1 and CBFs.

One of the more controversial MAPKs in stress responses is AtMPK4. Analysis of
the mpk4 null mutant revealed a negative role of this gene in plant response both to
pathogeninfection [155]and tohyperosmoticstress [156].However, thepositiveroleof
AtMPK4 in cold and salt stresses was also suggested by another study where it was
shown thatAtMPK4wasoneof thedirect andpreferredphosphorylation targetsby the
MAPKkinase,AtMKK2[152].AtMPK4alsostrongly interactedwithAtMKK2inayeast
two-hybridsystem.ConstitutiveactivationofAtMKK2resulted in thestrongactivation
ofAtMPK4kinaseactivity,aswellas theinducedmRNAexpressionofanumberofcold
stressmarkergenes suchasCBF2andCBF3 [152].These results implied thatAtMPK4
might play very specific roles in response to various types of stresses. Similarfindings
have been reported with the rice OsMAPK5 gene, where it was shown that disease
resistance and abiotic stress tolerance appear to be inversely modulated by the rice
OsMAPK5 [157]. Nevertheless, the role of AtMPK4 in directly mediating AtMKK2
activity in the expression of stress-responsive genes requires further examination.

Regarding the direct targets or phosphorylation substrates downstream of the
MAPK cascades, only limited studies have been reported so far. Through a yeast two-
hybrid screening, an AtMPK4 interacting protein, named MKS1, was identified,
which might mediate the expression of some WRKY-type transcription factors in
plant defense response [158]. In addition, it was shown that AtMPK4 could phos-
phorylate MKS1 in vitro, suggesting that MKS1 acts downstream of AtMPK4.
However, the specific role of MKS1 phosphorylation by AtMPK4 in defense signal
relay was not investigated. Systematic approaches such as protein microarray-based
methods have also been developed to identify target substrates ofMAPKs. Using this
approach, 48 potential substrates of AtMPK3 and 39 of AtMPK6were identified [159].
Although the aim of this study was to identify proteins involved in the inflorescence
meristem development mediated by AtMPK3 and AtMPK6, a similar approach can
nevertheless be applied to identify potential MAPK targets.
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5.3.5
Do Ca2þ -Mediated Signaling Pathways Crosstalk with the MAPK-Mediated
Pathways?

The CDPK-mediated stress signaling and MAPK-mediated signaling represent two
major signaling pathways activated in many organisms in response to stress
conditions. In animals, voluminous data clearly showed that there are crosstalks
between these two pathways [160]. However, it does not seem to be the case in plants,
especially during plant response to salt stress [117]. It was found that the atcdpk3
mutant displayed a salt-sensitive phenotype similar to the atmkk2mutant. However,
mRNA expression of a number of genes that were known to be regulated at
transcriptional levels by MKK2 remained unchanged in the atcdpk3 mutant, indi-
cating thatAtCDPK3 is not involved in the samemodeof transcriptional regulation of
the salt-responsive genes. The subsequent proteomic analysis identified 28 proteins
with altered phosphorylation patterns between wild-type and atcdpk3mutant plants.
Interestingly, most of these proteins were predicted to be membrane located, for
example, VDAC1 (voltage-dependent anion channel 1) andVDAC2 [117]. At the same
time, it was found that theAtCDPK3protein itself contains amyristoylation site and a
substantial amount of this protein was membrane located [117]. This prompted the
authors to propose the hypothesis that while the MAPK pathway is primarily
responsible in mediating transcriptional regulation of salt-responsive genes during
salt stress response, CDPKs might regulate mainly through the direct activation of
membrane-associated proteins such as ion channels [117]. However, it is not clear if
this hypothesis also works for plant responses to cold, drought, or osmotic stresses.

5.4
Other Signaling Molecules Involved in Cold Signaling Pathways

A large body of evidence strongly suggests that cold and other abiotic stress signaling
pathways are extremely complicated, and legions of signalingmolecules are involved
in transducing specific external signals to their corresponding targets, in order to
trigger the right cellular responses. Thus, beyond the essential signaling molecules
that have been discussed in the previous sections, I will alsomention a few additional
members thatmost likely play pivotal roles in plant cold and abiotic stress responses.

5.4.1
MAPK-Specific Phosphatases and Other Protein Phosphatases

As already discussed, MAPKs are involved in the signaling of many physiological
processes, including plant response to abiotic stress. However, continuous activation
ofMAPK pathways under unnecessary conditions is costly and detrimental to plants;
thus, the activities ofMAPKsmust be tightly regulated.WhileMAPKs are activated by
MKKs through phosphorylation at the threonine and tyrosine residues, they are
inactivated by the MAPK-specific phosphatases (MKPs). MKPs belong to a group of

114j 5 Cold and Abiotic Stress Signaling in Plants



dual-specificity phosphatases (DSPs; Ser/Thr and Tyr), and they dephosphorylate
MAPKs at the same amino acid residues [161]. There are 22 DSPs in the Arabidopsis
genome; however, only 5 of them were functionally characterized [161]. Of these,
MKP1 ismost likely involved in plant response to abiotic stress [162].MKP1 is able to
dephosphorylate MAPK6 both in vitro and in vivo, and an mkp1 mutant displays
enhanced resistance to salt stress, consistent with the hypothesis that MAPK6 is a
positive regulator in plant abiotic stress response and that the regulation depends on
its kinase activity. An increase in MAPK6 activity in the mkp1 mutant background
would then be expected to lead to increased abiotic stress tolerance. Microarray
analysis confirmed this idea and showed that the expression of a number of salt
stress-regulated genes was induced in the mkp1 mutant background [162].

In addition to the MKPs, other protein phosphatases are involved in the inacti-
vation of MAPKs, thus controlling the balance between active and inactive MAPKs.
The PP2C plant family of serine/threonine protein phosphatases constitutes another
group of phosphatases that can dephosphorylate threonine residues within the T-x-Y
motif of MAPKs. The Arabidopsis PP2C-type phosphatase AP2C1 can inactivate
MAPK4 and MAPK6 in vitro and in vivo, and increased levels of AP2C1 result in a
compromised response to pathogen infection in the AP2C1 overexpression trans-
genicArabidopsis plants [163]. It is not clear if AP2C1 is involved in plant responses to
abiotic stresses. However, since both MAPK4 and MAPK6 are involved in abiotic
stress signaling, and AP2C1 negatively regulates MAPK4 andMAPK6 activities, it is
likely that AP2C1 might also be involved in plant abiotic stress responses.

Another group of PP2C-type phosphatases, the plant tyrosine-specific phospha-
tases (PTPs), were also shown to be able to deactivate MAP kinase activities. One
example came from the study of the Arabidopsis PTP1 protein. Interestingly, the
mRNAexpression level ofAtPTP1 is upregulated by salt stress but downregulated by
cold stress [164]. The AtPTP1 protein was also found to interact with MAPK6 in a
yeast two-hybrid study, suggesting that MAPK6 might be the target of AtPTP1 to
regulate plant abiotic stress responses [165].

5.4.2
Two-Component Systems

The two-component sensor regulator systemwas originally found in prokaryotes, and
this predominant signal transducing system was found to be involved in response to
different environmental stimuli [166].However, a large body of experimental data has
demonstrated that eukaryotes, includingplants andanimals, alsouse two-component
systems (TCS) to transduce external signals [167–169]. The conventional TCS found
in most of the prokaryotic organisms is typically composed of two proteins, a
membrane-localized histidine kinase (HK), which senses the input signals, and an
aspartate response regulator (Asp-RR), which is normally a transcription factor that
outputs the signal. The perception of external signals by HK causes an autopho-
sphorylation of its own His residue, effecting transfer of the phosphoryl group to
theAsp residue,which then leads to the activation of theAsp-RR.However, inmost of
the eukaryotes, the two-component system has evolved to include an intermediate
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component that sits between HK and Asp-RR. This protein is an independent
histidine phosphotransfer (HPT) protein [168].

In Arabidopsis, proteins homologous to all the components of the eukaryotic two-
component system have been identified [167]. One of the most thoroughly studied
functional two-component systems in plants is the cytokinin signaling pathway,
where the plant phytohormone cytokinin signal is perceived by aHK and transduced
to an Asp-RR through an intermediate HPT [170, 171].

Multiple pieces of evidence point to the plant two-component system as being
involved in abiotic stress responses, yet a complete and functionalHK-HPT-Asp-RR is
still lacking [172–174]. For example, the Arabidopsis HK protein, AtHK1, which is
essential for cytokinin signal perception, is also involved in drought, osmotic, and salt
stress responses, both in an ABA-dependent and in an ABA-independent man-
ner [175]. This is further supported by microarray data analysis demonstrating that
themRNAexpression ofmany abiotic stress- and/or ABA-inducible genes, including
AREB1, ANAC, and DREB2A transcription factors genes, is downregulated in the
athk1 mutant [175]. Further expression analysis of the Arabidopsis HK2, HK3, and
HK4 genes in response to various abiotic stresses showed that the transcripts of all
threeAtHK2,AtHK3, andAtHK4were rapidly induced by dehydration [173]. Expres-
sion ofAtHK2 appears to be regulated by salt stress and ABA treatments, andAtHK3
mRNAis inducedbysalt andcoldstress treatments [173].What isnot clear is that if the
HPTs and Asp-RRs work together with the AtHK1-4 during stress responses.

Notmuchdata have beenpresented so far from the investigation ofAsp-RRprotein
involvement in plant abiotic stress responses. The riceOsRR6 gene is among the few
plant response regulator genes being studied, whichmay participate in abiotic stress
signaling [176]. The mRNA expression of this gene is induced upon cold, salt, and
drought stress treatments [176]. The Arabidopsis calmodulin-like protein, AtCML9,
waspreviously shown tobe involved inabiotic stress response [108].Usinga yeast two-
hybrid system, an AtCML9-interacting protein was identified [177]. The correspond-
ing gene encodes AtPRR2, a pseudo response regulator [177]. TheAtPRR2 sequence
resembles an authentic plant response regulator; however, it lacks the conserved Asp
residue that serves toaccept thephosphoryl group [177].The functional significanceof
the interaction between CML9 and PRR2 has not been investigated.

An interesting story about the plant Asp-RRs springs from a study between salt-
sensitive and salt-resistant ecotype rice [178]. The authors discovered that the
expression patterns for all putative members of the rice two-component system,
including genes encoding HKs, HTPs, and Asp-RRs, changed in response to stress
treatments. More significantly, the mRNA expression of nearly all the two-compo-
nent system genes is higher in the salt-resistant ecotype rice than in the salt-sensitive
ecotype rice, suggesting that these genesmight play a role in rice salt stress response.

5.4.3
Heterotrimeric G-Protein-Mediated Signaling in Plant Abiotic Stress Responses

The heterotrimeric G-protein complex is composed of three different subunits: G-
alpha (Ga), G-beta (Gb), and G-gamma (Gc). It is somewhat surprising that unlike
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animal systems, which include multiple members of each subunit gene family (the
alpha gene family has 20 members [180], the beta has 5 [180], and the gamma has
12 [181]), the plant genome contains only one or, at most, two members in each
subunit gene family. For example, the Arabidopsis genome contains only one
canonical Ga gene, the AtGPA1 [182], one Gb gene, the AGB1 [183], and two Gc
genes, the AGG1 and AGG2 [184, 185]. However, it appears that the plant hetero-
trimeric G-proteins are involved in a wide range of developmental processes, such as
ABA signaling and cell cycle regulation [186, 187].

Recently, their roles in plant responses to environmental signals have begun to
emerge [188, 189]. For example, it was shown that the mRNA expression of the pea
Ga and Gb genes was upregulated by heat and salt stresses, as well as by H2O2 [189].
Moreover, the overexpression of the pea Ga and Gb genes in transgenic tobacco
resulted in enhanced salt stress tolerance [189], clearly demonstrating thatG-proteins
are directly involved in plant abiotic stress responses. A Ga gene cloned from B.
napus [190] also displays interesting expression patterns. Although drought and salt
stresses induce the Ga mRNA expression, heat and cold stresses inhibit the
expression, suggesting that the functions of G-proteins are specific to various
environmental signals [190].

How are the activities of G-proteins regulated? In animal cells, the three G-protein
subunits form a complex under regular conditions, with GDP bound to the Ga
subunit. In this state, the G-protein is inactive. Once the external stimuli are sensed
by a group of proteins called G-protein-coupled receptors, the GPCRs in turn activate
Ga subunits by exchanging their bound GDPs for GTPs. The activated Ga subunit
then dissociates itself from the Ga–GbGc complex and subsequently activates its
downstream effectors [191, 192].

In mammalian systems, GPCRs play extremely important roles in a multitude of
signal transduction pathways. There are about 1000 GPCR genes in human
genome [193]. However, there is only a single GPCR gene, called GCR1, to be found
in Arabidopsis [194], regardless of the existence of 394 divergent GPCR candidate
genes [195]. A typical GPCR protein contains seven transmembrane domains, which
function in ligand binding, followed by a cytoplasmic domain that is involved in the
Gaprotein subunit interaction. The binding of ligands to theGPCRproteins initiates
their activation, which in turn activates the Ga subunits, and consequently triggers a
cascade of cellular responses [81, 193].

Some exciting results were produced in Assmann�s laboratory, where they dis-
covered that two Arabidopsis GPCR proteins, GTG1 and GTG2, are ABA receptors,
which bind ABA specifically in vitro [196]. In addition, these proteins also interact
with the only Arabidopsis G-protein, AtGPA1, suggesting that the ABA signaling
might be initiatedwith themembrane-locatedGPCRproteins, GTG1 andGTG2, and
then relayed to AtGPA1 [196].

So how do G-proteins communicate specific abiotic stress signals? It was found
that the alpha subunit of G-proteins could physically interact with phospholipase C
(PLC) in both an in vitro assay and an in vivo assay [189], suggesting that G-proteins
relay external signals by stimulating the activities of PLCs. As already discussed in
previous sections, the activation of PLCs results in the production of two important
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secondary messengers, DAG and IPs, both of which are involved in the release of
intracellular Ca2þ storage into the cytosol. The sudden increase in cytoplasmic Ca2þ

triggers a series of signaling cascades, which then leads tofinal physiological changes
inside the cells [81].

PLD also interacts with G-proteins [197, 198]. An Arabidopsis PLD, AtPLDa1,
preferentially interacts with the inactive GDP-bound Ga subunit, whereas the GTP-
bound Ga subunit inhibits the PLDa1 activity [198]. The physical interaction
between GDP-Ga and PLDa1 was found to be functionally involved in the ABA-
mediated stomatal opening of guard cells [199]. However, direct evidence of any
functional interactions between G-proteins and PLCs/PLDs in plant abiotic stress
responses is still lacking.

5.4.4
Receptor-Like Protein Kinases

Receptor-like protein kinases (RLKs) constitute one of the largest protein families in
plants. There are predicted to be about 600 RLK encoding genes in the Arabidopsis
genome andmore than 1100 genes in the rice genome (see Ref. [200] and references
therein). Owing to the presence of a large number of RLKs in plant genomes, it is
believed that they are the major components of signaling perception and transduc-
tion. As being the predominant class of membrane receptors, RLKs feature an
extracellular domain, a single transmembrane domain, and a cytosolic Ser/Thr
protein kinase domain.

The plant RLKs possess highly diverse functions in growth and development, and
biotic stress responses, as well as in nodulation and rhizobial symbiosis [201]. Their
involvement in abiotic stress responses has also been widely documented in
literature. In one example, the Arabidopsis RPK1 gene was rapidly induced upon
ABA, dehydration, salt, and cold stress treatments [202]. In another example, over-
expression of RPK1 in transgenic Arabidopsis conferred increased ABA sensitivity,
drought tolerance, and increased tolerance to oxidative stress, while the knockout
rpk1 mutant displayed opposite phenotypes [203]. Apparently, the RPK1 effect on
drought tolerance depends on its kinase activity since a mutation on the conserved
lysine residue within the kinase domain abolished this effect [203].

Recently, a detailed gene expression profiling study was conducted by spotting 604
Arabidopsis RLK genes on a Syngenta customGeneChip� microarray, to understand,
on a global scale, the transcriptional regulation of the entire complement of
Arabidopsis RLK genes simultaneously in response to a wide range of environmental
and developmental stimuli [204]. The mRNA expression of a significant portion of
RLKswas found to be regulated during abiotic stress treatments.What is intriguing is
that a majority of the RLKs responded to more than one signal treatment [204]. Salt
stress and cold stress hadmore shared responses, disclosing 6 (10%) RLK genes with
increased expression levels and 27 (19%) with decreased levels. Cold and osmotic
stress revealed 3 shared respondents (5%)with increased expression and16 (8%)with
decreased expression.When all the stress treatments were grouped together – biotic,
abiotic, and hormonal – it was found that 48 RLKswere induced, while 83 genes were
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repressed, by both biotic and abiotic stress andhormone treatments [204], suggesting
that most of the Arabidopsis RLKs likely perform multiple functions inside the cells.

5.5
Conclusions and Prospects

Abiotic stresses, such as cold, high salinity, drought, osmotic, and heat stresses pose
tremendous challenges to plants in their daily lives, negatively affecting their growth,
development, and reproductivity. Plants have evolved a battery of mechanisms to
adapt themselves to such adverse environments. Through genetics, molecular,
biochemical, physiological, and functional genomics approaches, a large number
of genes and molecules were discovered that carry out diverse sets of functions
during plant responses to abiotic stresses. These molecules, including transcription
factors, protein kinases, ubiquitination/proteolysis-related proteins, osmolytes, and
other cellular protectants, and even small RNAs, function at various stages of stress
signal transduction and responses (Figure 5.1). A thorough understanding of
molecular and biochemical mechanisms of plant cold and other abiotic stress
responses will be a prerequisite for efficiently designing strategies for improving
plant abiotic stress tolerance. However, the number of molecules that have been
identified is believed to be far below than what plant scientists expected.

The forward genetics approach, that is, mutant screening for phenotypes, has
proved extremely useful in identifying gene components during stress signal
transduction. The PRD29A-LUC system discussed in this chapter demonstrates the
power of genetic screening in uncovering genes and proteins that play various roles
during plant abiotic stress responses. Unfortunately, this approach might have
limitations in studying plants, due to problems such as gene functional redundancy,
a consequence of the existence of multiple gene families with a large number of
members. Reverse genetic approaches, that is, transgenic plants overexpressing a
particular gene, or RNAi to silence a particular gene, have been widely used to
complement the forward genetic approach to study gene functions. However,
previous reverse genetic studies have been limited to individual genes of interest,
and systematic analysis of functions of genes that belong to large gene families, such
as the CBL family and the RLK family, is still lacking. A number of international
consortiums have been organized to focus on tackling some of these large gene
families in Arabidopsis, and data released from these consortiums to the public
database in the future will be extremely beneficial to the plant research community.

Protein kinases are indispensible to plant abiotic responses. Although significant
progress has been made toward understanding the mechanisms protein kinases
employ during stress signal transduction,manyquestions remain.Acentral question
is what is the connection between protein phosphorylation and transcriptional
activation of stress-responsive genes? Clearly, a major priority is the search and
identification of proteins and substrates that are specifically phosphorylated by
protein kinases following stress treatment. This information is greatly needed in
producing a more complete picture of cold and other abiotic signal transduction

5.5 Conclusions and Prospects j119



Figure 5.1 Diagram of plant cold stress
signaling pathways. Plants might sense cold
stress signal through membrane-located
receptors, such as GPCRs, RLKs, and histidine
kinases (HKs) of the two-component systems.
GPCRs regulate PLC and PLD activities through
direct protein–protein interaction. Cold stress
directly stimulates PI5K activity. PI5K catalyzes

phospholipids into PIP2, which in turn is
metabolized to two secondary messengers,
DAG and IP3 by PLCs. Cold stress also
stimulates PLD activities to produce another
secondary messenger, phosphatidic acid.
Intracellular Ca2þ surge occurs rapidly
following cold stress. This Ca2þ surge is
achieved one way by pumping Ca2þ from
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networks. Approaches such as the yeast two-hybrid screening have been employed to
identify kinase substrates. One of the drawbacks, however, is that often the screening
results gained in the identification of proteins have nothing to do with protein
phosphorylation. Methods aimed toward specifically identifying phosphoproteins
are sorely needed.

Recent technological advancements in the proteomics field, such as the develop-
ment of a number of methods for phosphopeptide enrichment (including immo-
bilized metal–ion affinity chromatography (IMAC) and TiO2 chemo-affinity chro-
matography) coupled with mass spectrometry, made possible the analysis of entire
phosphoproteomes. One of the first studies inArabidopsis byN€uhse et al. (2004) [205]
provides an excellent example of applying the IMACmethod andmass spectrometry
in the identification of phosphoproteins from Arabidopsis plasma membrane fol-
lowing fungal elicitor treatment in a cell suspension system. Since many of the
receptor-like protein kinases were expected from the elicitor-triggered signaling
response, the identification of a large number of phosphorylated RLKs validated this
as a powerful approach in phosphoproteomic research [205]. Although future work is
still needed to investigate more complex samples from whole cell extracts, and to
make quantitative comparisons of the amount of phosphoproteins under different
conditions, the results of this work demonstrate that this approach could be a
promising alternative to many conventional methods in yielding new insights into
the regulatory mechanisms of phosphorylation in stress signaling transduction.

So far, majority of the research on plant abiotic stress responses focuses on
Arabidopsis, a model plant but economically unimportant. Plants such as soybean,

periplasma space into cytosol. In addition, DAG
and IP3 stimulate Ca2þ release from
intracellular storage. Cytosolic Ca2þ serves as
another secondary messenger to activate
calcium binding proteins, including CaMs and
CMLs, calcium-dependent protein kinases
(CDPKs), andCBLs. CBLs and their CIPKs act on
membrane ion channels to keep the cellular ion
homeostasis. CDPKs, on the one hand, may
directly act on membrane ion channels. On the
other hand, they may interact with transcription
factors to activate stress gene expression, in an
ABA-dependent manner. Cold stress also
increases the levels of ROS, which subsequently
activate stress gene expression at
transcriptional levels. Mitogen-activated
protein kinase pathways are activated by cold
stress too. MAPK pathways might be directly
involved in transcriptional activation of cold
stress gene expression.

Inside nucleus, the constitutively expressed
ICE1 protein is activated by cold stress through
phosphorylation and sumoylation. SIZ1 is

responsible for sumoylating ICE1. Proteins that
phosphorylate ICE1 remain to be identified.
ICE1 is a positive regulator of CBF gene
expression, while MYB15 and ZAT12 are
negative regulators. However, ZAT12 positively
regulates the expression of some CORE cold
stress-responsive genes. HOS1 translocates
from cytosol to nucleus upon cold stress and
then inactivates ICE1 through ubiquitination-
mediated proteolysis. HOS9 and ESK1 function
through ICE1/CBF-independent pathways and
positively regulate plant responses to cold
stress by activating genes that are different
from CBF regulons. HOS9 also counteracts on
some of the genes within the CBF regulons.
The ICE1/CBF pathway, HOS9-, and ESK1-
mediated pathways are independent of
abscisic acid (ABA). The ABA-dependent
pathway is also responsible for activating cold
stress gene expression, and this pathway
functions through ABRE binding factors
(ABF transcription factors or ABF TFs).

3
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corn, rice, and tomato received less attention due to technological difficulties and less
functional genomics resources compared to Arabidopsis. Although plant scientists
hope to extend the Arabidopsis work to these economically important plants, appar-
ently there are differences between Arabidopsis and other plant species. For example,
theArabidopsis AtCBF3 genewas found to be the homologue of the tomato LeCBF1-3.
However, while overexpression of the LeCBF1 gene in transgenic Arabidopsis results
in the enhanced freezing tolerance, overexpression of either the tomato LeCBF1 gene
or the Arabidopsis AtCBF3 gene in transgenic tomato did not result in the expected
enhanced stress tolerance [18].

International efforts for functional genomics studies on genes from economically
important plant species are urgently needed since these plant species are directly
related to human lives. Hundreds andmillions of dollars are lost each year as a result
of yield loss due to adverse abiotic stress challenges.Meanwhile, theworld population
is increasing rapidly, and it is possible that we might be facing food shortages in the
near future. Thus, a complete understanding of the molecular and genetic basis of
abiotic stress responses in economically important plant species is crucial to the
development of genetically modified plants as a major solution to successfully
overcome such alarming situation.
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6
Mechanism of SulfurDioxide Toxicity and Tolerance in Crop Plants
Lamabam Peter Singh, Sarvajeet Singh Gill, Ritu Gill, and Narendra Tuteja

Air is an important and vital resource both for the sustenance and for the develop-
ment of every living organism. The composition of itsminor constituents often varies
as a result of the emission or contaminants from various activities. A huge amount of
toxicmaterials and gas includingSO2 is released into the atmosphere originated from
different kinds of industries and other human activities that eventually pollute the
atmosphere. Amere change in the gaseous composition of the atmosphere hasmany
different impacts on terrestrial plants. Sulfur dioxide pollution is known to have a
substantial effect on agricultural production and is still of great significance in many
developing countries. Conversely, due to strict regulatory control on SO2 emissions,
the level of atmospheric SO2 in developed countries has radically declined causing
S-deficiency symptoms in crop plants, resulting in a drastic reduction in crop
productivity and quality. Increased uptake of SO2 can impair plant metabolism
leading to reduced growth and productivity due to accumulation of sulfite and sulfate
within the plant. Phytotoxicity of SO2 is determined by the environmental conditions,
the duration of exposure, the atmospheric SO2 concentration, the sulfur status of the
soil, the genetic constitution of the plant, and the developmental phase of plants.
Plants form a sink for atmospheric SO2, which is taken up by the foliage. Since the
internal (mesophyll) resistance to SO2 is low due to its high solubility and rapid
dissociation in the cell sap, foliar SO2 uptake is determined by its diffusion through
the stomata. Foliar injury may be caused by the negative effects of acidification of
tissue/cells after the dissociation of the absorbed SO2 and the reaction of the formed
sulfite with cellular components. There is also awide inter- and intraspecific variation
in susceptibility between species; however, the physiological basis for the variation in
air pollution response is still largely unresolved. Paradoxically, atmospheric SO2may
also be used as plant nutrient where SO2 absorbed by the leave can enter the S
assimilatory pathway directly or after oxidation to SO4

2� and be reduced to sulfide,
incorporated into cysteine and subsequently, organic S compounds, and utilized as S
nutrient. Plantsmay also benefit fromSO2 exposure given that it can contribute to the
plants� S nutrition, and result in enhanced crop productivity, especially in plants
growing in sulfur-deficient soils.
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6.1
Introduction

Sulfur dioxide (SO2) a colorless, nonflammable gas is one of the most prevalent
phytotoxic gaseous pollutants released as a result of combustion of fossil fuels in
developing countries including India [1–3] and causes disorders in plants with
specific symptoms [4, 5].However, SO2 at low concentration can stimulate physiology
and growth of plants, especially in plants growing in sulfur-deficient soil [6], where
the sulfate might be metabolized to fulfill the demand for sulfur as a nutrient [7].
Sulfur is necessary for proper growth and development of living organisms; however,
it is attributed rather catalytic and regulatory than structural functions because it is
much less abundant than other macroelements. The plant biomass consumed as
food and feed serves as themain source of organic sulfur for animals and humans [8].
Plants, bacteria, and fungi, unlike animals, are able to assimilate inorganic sulfur and
incorporate it into organic compounds. Plants utilize sulfate for the synthesis of
diverse primary and secondary metabolites [9]. However, increased uptake of SO2,

causes toxicity and reduces growth and productivity of plants due to accumulation of
sulfite or sulfate ions in excess [6, 10, 11].

6.2
Emission Sources

6.2.1
Natural Sources

Natural sources of sulfur dioxide include volcanoes and volcanic vents, microbial
activities (decaying organic matter), solar action on seawater, and oxidation of
dimethyl sulfide emitted from the ocean [12]. According to Hazardous Substances
Data Bank (HSDB) [13], although volcanoes are a sporadic source of sulfur dioxide,
they are potentially a significant natural source. Decaying organic matter
indirectly results in a natural source of SO2. Decaying organic matter on land, in
marshes, and in oceans results in the release of hydrogen sulfide, which is quickly
oxidized to SO2.

6.2.2
Anthropogenic Sources

On a global scale, anthropogenic emissions represent a significant contribution to
the SO2 emitted to the atmosphere [14], and these emissions are approximately
equal to natural emissions [15]. Friend [16] estimates that, on a global basis,
75–85% of SO2 emissions are the result of fossil fuel combustion, while the
remainder of the emissions is the result of refining and smelting. It is estimated
that approximately 93% of the global SO2 emissions occur in the northern
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hemisphere and the remaining 7% in the southern hemisphere [14]. The greatest
anthropogenic sources of SO2 result from the combustion of fossil fuels and
from the smelting sulfide ores [12]. Another significant source is petroleum
refining [13]. Other less significant sources include chemical and allied products
manufacturing, metal processing, other industrial processes, and vehicle
emissions [17].

Together, natural and anthropogenic sources emit an estimated 194 million ton
of SO2 per annum, of which 83% is due to fossil fuel combustion [18]. Although
considerable progress has been made in the development and implementation of
SO2 control technologies in North America, Europe, and Japan, ambient SO2

concentrations is still a significant problem in many parts of the world particularly
the developing countries including India [19–21]. Nearly two-thirds of the total
mined coal is burnt in thermal power stations to generate electricity in India and
other developing countries. Coal combustion liberates high concentrations of
oxides of sulfur and nitrogen into the environment. The ambient concentration of
SO2 varies with the distance from the source and direction of wind. The
surrounding environment of approximately 10–20 km diameter may experience
much higher concentrations of SO2. Khan and Khan [22, 23] recorded 169–298 mg
SO2 m�3 at a site 2 km away from a coal-fired power plant in the usual wind
direction. According to CPCB, New Delhi, permissible level of SO2 for agricul-
tural areas is 50 mgm�3 for annual and 80 mgm�3 for 24 h means (see Table 6.1).
Once emitted, SO2 is transferred from the atmosphere to surfaces by diffusion
(both dry and wet deposition) at variable rates that are strongly influenced by
meteorological conditions. It is also important to note that SO2 in the atmosphere
is also transformed to SO4

2� at variable rates, and these SO4
2� particles are

deposited on surfaces by Brownian motion (dry deposition) and by precipitation
(wet deposition). Any observed foliar injury or changes in plant growth and
productivity due to SO2 exposures are the result of dry/wet deposition
and subsequent uptake of sulfate and sulfite ions in the leaf tissue and their
uptake by plants [24].

Table 6.1 National ambient quality standard for sulfur dioxide (SO2).

SO2 (mg m�3)

Time-weighed average Annual 24 h

Industrial, residential, rural
and other areas

50 80

Ecologically sensitive areas
(notified by Govt. of India)

20 80

Methods of measurement Improved West and Gaeke Ultraviolet fluorescence

Source: Central Pollution Control Board, 2009, India.
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6.3
Effects on Plants

6.3.1
Visible Foliar Injury

As leaves are more sensitive to SO2 exposure than stems, buds, and reproductive
parts, SO2 injury to plants is first seen on the foliage. The degree to which foliage
responds to SO2 is generally determined by both biotic (genetic makeup, develop-
mental stage of growth, plant nutrient status, and pests and diseases) and abiotic
factors (soil moisture and nutrient status, air and soil temperature, relative humidity,
radiation, precipitation, andmetrological conditions, as well as the presence of other
air pollutants), as well as by the concentration, duration, and frequency of SO2

exposure. Basically, when biotic and abiotic factors are favorable for plant growth and
development, there is a high probability that plants exposed to SO2 will be adversely
affected. When one or more biotic and/or abiotic factors limit a plant�s growth and
development, there is a lowered probability that the plant will be adversely affected.
Besides, SO2 concentration, as well as duration and frequency of SO2 exposure that
are determined by meteorological conditions, play a significant role in determining
the potential for an adverse response of vegetation to SO2 [25].

Sulfur dioxidewhen present at higher concentrations causes foliar injury in plants.
It diffuses in plants through open stomata and reacts withmoisture to produce sulfite
ions [24]. If the formation of sulfite ions is slow, they are oxidized to sulfate ions and
utilized by plants. However, excess accumulation of sulfite and sulfate ions is toxic to
plants [26]. The sulfite ions are about 30 times more toxic than sulfate ions [27].
Generally, two types of markers or symptoms designated as acute and chronic are
produced by plants due to the accumulation of sulfite ions in the leaf tissue. An acute
SO2 exposure is considered as a short duration SO2 exposure (fromminutes to hours)
that is of sufficient concentration to result in the expression of necrotic injury to the
foliage within a few hours or days. These acute SO2 injury symptoms commonly
consist of bifacial,marginal, and/or interveinal necrosis and chlorosis on leaves at the
full stage of development on broad-leaved plants. The necrotic areas can range from
white to reddish brown to black in color depending on the plant species, and the
margins of the necrotic areas are mostly irregular and occasionally dark pigmented.
In monocotyledonous plants, acute injury symptoms start at the tip of the leaves and
spread downward as necrotic and chlorotic streaks with occasional reddish pigmen-
tation. In coniferous plants, acute symptoms appear on second-year or older needles
and consist of a tan-to-reddish brown necrosis that starts at the needle tips, spreads
downward toward the base, and is commonly preceded by chlorosis [25]. In case of
severe injury, abscission layer develops at the base of petiole and the leaves fall
down [28]. Although the above acute foliar SO2 injury symptoms are standard/
accepted symptoms of acute SO2 exposure, very similar injury symptoms can also be
caused by other air pollutants and biotic and abiotic stress factors [29]. When leaf
surfaces are wet at the time of exposure, SO2 can be absorbed by thewater droplets on
the leaf surface and thewater becomes acidic as the SO2 is converted into sulfuric acid
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(H2SO2) and can cause acute foliar injury. Acute foliar injury from this �acidic wet
deposition� occurs as necrotic areas with regular margins that reflect the outline of
the acidified water droplets on the leaf surface. These short-term, acute foliar injury
symptoms may or may not lead to long-term reductions in plant growth and
productivity [30]. Low concentration SO2 exposures that occur during the entire
growth cycle or life of a plant with periodic intermittent and random peak levels is
considered as chronic SO2 exposure [31]. Such exposures may or may not result in
chronic foliar injury symptoms such as marginal and/or interveinal chlorosis in
broad-leaved plants, chlorosis in second-year and older conifer needles, premature
fall coloration, and premature leaf/needle abscission [29]. In the same way as in the
case of acute foliar injury symptoms, symptoms similar to chronic injury can be
caused by other air pollutants and biotic and abiotic stress factors. Chronic SO2

exposures can lead to reduction in the rate of plant growth andproductivity (biomass),
for example, grasses [32] and pines [33]. It is important to note that the reduction in
plant growth and productivity from chronic exposure may occur without any
development of visible chronic foliar injury symptoms. Physiological, biochemical,
cellular, and tissue-level markers can be used to identify the presence of chronic SO2

stress when visible symptoms are present or absent [34]. It is also important to
mention that in the vicinity of point source, acute SO2 exposures can occur on top of
chronic SO2 exposures. Furthermore, depending on theSO2 concentration, duration,
and frequency, acute and chronic SO2 injury symptoms can cooccur on the same or
different foliage of the same plant [25]. The expression of acute and/or chronic SO2

symptoms is highly variable and can vary at the genus, species, variety or cultivar,
provenance, and population levels [35, 36].

Shaw et al. [37] reported the effects of 34 and 58 mg SO2 m
�3 on needle necrosis in

Scots pine (Pinus sylvestris L.) during the fumigation period of the Liphook Forest
Fumigation Project. Regression analysis showed that the appearance of foliar injury
was related to the mean SO2 concentration during a critical growth period although
injury did not become visible until 5weeks later. SO2 at 58 mgm

�3 caused foliar injury
to a greater number of trees in 2 of the 3 survey years and foliar injury appeared on the
same trees in consecutive years suggesting that the sensitivity was genetic. Further-
more, to see if the injury symptoms observed in the field could be duplicated, a
subsidiary fumigation chamber experiment was performed. The result revealed that
exposure to 655, 1310, and 2619mgm�3 of SO2 for 4 h on Scots pine seedlings
produced no effect in any treatment suggesting that this may have been due to a low
replicate number resulting in a few plants at the most sensitive stage of growth
and/or due to low humidity during fumigation. Intermittent exposure of tomato
(cv. Pusa Ruby) to SO2 at 286 mgm

�3 (3 h every third day for 75 days) induced slight
chlorosis in leaves; however, considerable chlorosis with browning developed on the
foliage at 571 mgm�3 of SO2. Symptomsweremore pronounced and appeared earlier
on SO2-exposed plants infected with Meloidogyne incognita race 1 especially in post-
and concomitant inoculation exposure [1]. Clapperton and Reid [38] screened
genotypes of timothy (Phleum pratense) for SO2 sensitivity in experiments conducted
in closed fumigation chambers. Plants exposed to 393–524 mgm�3 of SO2 for 3weeks
developed chlorotic areas, browning, and necrosis of the leaves. Foliar and flower
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injury occurred in Calendula officianalis [39] and Zinnia [40], and the intensity of
symptoms increased with SO2 concentration and duration of exposure. Rakwal
et al. [41] observed distinctive reddish brown necrotic spots and interveinal browning
appeared on the leaf surface of rice seedling cv.Nipponbare after exposure to SO2over
control, partly reminiscent of the hypersensitive reaction lesions. Intermittent
exposure to SO2 at 200 and 300 mgm�3 caused chlorosis of the leaves of pumpkin
with or without inoculation of M. javanica. Only a mild chlorosis appeared in the
infected plants at 100 mgm�3 of SO2 [42]. Sulfur dioxide (0.1 ppm) induced foliar
chlorosis on two cultivars of cowpea, namely, V-38-1 and V-218, which appeared
earlier in the presence of root-knot nematode (M. incognita) [43].

6.3.2
Sulfur Uptake and Plant Sulfur Content

Sulfur is prominently taken up by the roots in the form of sulfate ions. Sulfate is then
transported to the shoot through xylem, where it gets reduced in the chloroplast prior
to its assimilation into organic sulfur compounds. Sulfate is activated by ATP to APS
(adenosine 50 phosphosulfate), catalyzed by TP sulfurylase, and subsequently
reduced by APS reductase to sulfite and then by sulfite reductase to sulfide. Sulfide
is incorporated into cysteine by O-acetyl-L- serine (thiol) lyase. Cysteine is used as
sulfur donor for the synthesis of methionine and both amino acids are incorporated
into proteins. Cysteine is also the precursor for several other sulfur compounds
including glutathione [44, 45]. The sulfate uptake by the roots and its transport to the
shoots ismediated by specific sulfate transporters [46]. The regulation and expression
of sulfate transporters is controlled by the plant�s sulfur nutritional status [47]. Sulfate
itself or a metabolic product of sulfate assimilation, such as cysteine or glutathione,
may be involved in the regulatory control of uptake and transport of sulfate. Despite
being highly toxic, the effect of SO2 on plants is ambiguous, as a part of it is
metabolized and utilized by the plants [7, 48–50]. The absorbed SO2 in themesophyll
cells of the shootmay enter the sulfur reduction pathway either as sulfite or as sulfate.
Excess SO2 is transferred into the vacuole as sulfate, where it is slowly metabo-
lized [51, 52]. Even at relatively low atmospheric concentrations, SO2 exposure results
in an enhancement in the sulfur content of the foliage because of accumulation of
sulfate in the vacuole [7, 53]. It is also evident that in addition to sulfate taken upby the
roots, plants are able tometabolize sulfur gases, H2S and SO2, by the shoot [7, 47, 54].
The gaseous sulfur enters the shoot via open stomata since the cuticle is impermeable
to the gas [55]. The rate of uptake depends on the stomatal and mesophyll conduc-
tance and the atmospheric concentration. Themesophyll conductance toward SO2 is
very high since SO2 is highly soluble in the aqueous phase of the mesophyll cells (in
either apoplast or cytoplasm). Furthermore, it is rapidly hydrated/dissociated yield-
ing bisulfite and sulfite ions (SO2 þ H2O ! Hþ þ HSO3� ! 2 Hþ þ SO3

2�),
which are either reduced in the chloroplast or are enzymatically or nonenzymatically
oxidized to sulfate [7, 53]. The stomatal conductance is generally the limiting factor
for the foliar uptake of SO2, which is reflected by a nearly linear relationship between
the uptake and the atmospheric SO2 concentration [53, 56, 57].
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E. rudis Endl. plants exposed to 132 and 274 mgm�3 of SO2 for 8 h per day in open-
top chambers for 17weeks showedno effect on S content at the lower concentrations,
but SO2 at 274 mgm�3 significantly increased the sulfur content of leaves [58].
Appraisal of the effects of the power plant emissions on the nutrient status of six
species of tropical trees (two species of evergreen trees Mangifera indica and
Eucalyptus hybrid and four species of deciduous treesPsidium guajava,Cassia siamea,
Delonix regia, and Bougainvillea spectabilis) from a low rainfall area along a pollution
gradient (seasonal average of 49–233 mgm�3 of SO2) around two coal-fired power
plants in India revealed that a higher total foliar sulfur content in all six species at the
most exposed location compared to the reference location. Deciduous species
showed a greater increase in the foliar sulfur content after the emergence of new
leaves possibly due to translocation of sulfur fromwoody plant parts [59]. Assessment
of the sensitivity of Prosopis ciceraria, Azadirachta indica, and Phoenix dactilifera in
the vicinity of an oil refinery based on sulfate accumulation showed that plants
responded differently to SO2 exposure. Plants grown in the close vicinity have
maximum sulfate accumulation and injury than the distant ones [60]. Chinese
cabbage is highly susceptible to sulfur dioxide showing a linear relation between
the rate of uptake of SO2 and the atmospheric concentrations (0.03–1.4ml l�1).
Biomass of cabbage was reduced upon prolonged exposure to �0.1ml l�1 of SO2

and resulted in an increase in SO4
2�, water-soluble nonprotein thiols, and total S

content of the shoot at concentrations �0.1 ml l�1; however, the ratio of organic S to
total S and organicN contentwas not affected. The impact of SO2 onChinese cabbage
seemed to be ambiguous; SO2 taken up by the shoot also served as a source of S for
growth and was even beneficial when the SO4

2� supply to the root was cut off. A 5
day exposure of plants to 0.06–0.18 ml SO2 l�1 resulted in an alleviation of the
development of S deficiency symptoms upon SO4

2� deprivation. An atmospheric
SO2 level as low as 0.06 ml l�1 appeared to be sufficient to cover the plants� S
requirement for growth. The N/S ratio of shoot and root was much lower in SO4

2�

sufficient plants than in SO4
2�-deprived plants. Exposure of SO4

2�-deprived plants to
SO2 resulted in a decrease in the N/S ratio of the shoot, but did not affect that of the
root. The N/S ratio of the shoot decreased with increasing SO2 levels as a conse-
quence of the increase in total S and SO4

2� content. In contrary, theN/S ratio of shoot
and root of SO4

2�-sufficient plants was not significantly affected upon exposure to
0.06–0.18ml l�1 of SO2. SO4

2� deprivation resulted in a shift in shoot-to-root biomass
partitioning during growth in favor of root production, which was not rapidly
alleviated when SO2 was used as S source for growth [61]. According to Dwivedi
et al. [62], there is a positive correlation between ambient sulfur dioxide and sulfate
(accumulation) in the leaves.

SO2 readily reacts with water and forms sulfite ions that impact deleteriously on
plant health. Modulation of the level of sulfite oxidase (SO) that catalyzes the
transformation of sulfites to the nontoxic sulfate showed thatArabidopsis and tomato
plants can be rendered resistant or susceptible to SO2/sulfite. Plants in which
sulfite oxidase expression was abrogated by RNA interference (RNAi) accumulated
relatively less sulfate after SO2 application and showed enhanced induction of
senescence- and wounding-associated transcripts, leaf necrosis, and chlorophyll
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bleaching. In contrast, SO overexpression lines accumulated relatively more sulfate
and showed little or no necrosis after SO2 application. The transcript of sulfite
reductase, a chloroplast-localized enzyme that reduces sulfites to sulfides, was shown
to be rapidly induced by SO2 in a sulfite oxidase-dependent manner. Transcripts of
other sulfite-requiring enzymatic activities such as mercaptopyruvate sulfur trans-
ferases andUDP-sulfoquinovose synthase 1 were induced later and to a lesser extent,
whereas SO was constitutively expressed and was not significantly induced by SO2.
The results imply that plants canutilize sulfite oxidase in a sulfite oxidative pathway to
cope with sulfite overflow [63].

6.3.3
Photosynthesis

There have been numerous efforts to measure the effect of SO2 on metabolic
processes in plants that can affect photosynthesis and other related processes such
as stomatal conductance, photochemical efficiency, carbon dioxide assimilation,
chlorophyll content, dark respiration, and carbohydrate metabolism. In a study
designed to examine the changes in leaf gas exchange resulting from SO2 exposure,
Gerini et al. [64] exposedmaize (Zea mays L.) in fumigation chambers to 113, 186, or
291 mgm�3 of SO2 for 4 weeks resulting in a 20% decrease in photosynthetic activity
in plants exposed to 113 and 186 mgm�3 of SO2. They observed photosynthetic
activity decreases by 10% at 291 mgm�3 of SO2 compared to control plants. Stomatal
conductance, transpiration rate, and intercellular/ambient CO2were enhanced at the
lowest SO2 treatment, but decreased to near control levels at 291 mgm�3 of SO2

treatment. In contrast, water use efficiency and CO2 assimilation rate declined at the
lowest concentration of SO2 and then increased at the higher SO2 levels but not back
to control levels. Sulfur dioxide levels used were representative of ambient SO2 levels
observed in the environment. The authors attributed the decrease in photosynthetic
activity to reducedmesophyll assimilation capacity. Stomatal effects were ruled out as
stomatal conductance and intercellular CO2 were enhanced at these levels of SO2.
Utilizing an open-air fumigation system, Darrall [65] examined the effects of SO2 at
ambient, low (100 mg), medium (113 mg), and high levels (126 mg) on photosynthesis,
dark respiration, transpiration, stomatal conductance, and internal CO2 concentra-
tion and correlated the changes with grain yield in winter barley,Hordeum vulgare cv.
Igri. Experiments were conducted for 3 years and the SO2 concentrations varied
within each year. The average concentrations for the highest SO2 treatment for each
year were 100, 113, and 126 mgm�3. It was observed that SO2 significantly increases
net photosynthesis on some occasions, significant decreases were also frequently
observed, andmost of the photosynthetic changes were transient andwere attributed
to simultaneous changes in stomatal conductance and transpiration. Dark respira-
tion was significantly enhanced at 84 and 113mgm�3 of SO2. The author concluded
that increase in dark respiration could have been resulted from the enhanced
detoxification and repairing processes.

Panigrahi et al. [66] determined the effect of SO2 on chlorophyll content, by
exposing 20, 40, 60, 80, and 100 days old rice (Oryza sativa L.) and 15, 30, 45, and 50
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days old mung bean (Phaseolus aureus R.) cv. Dhauli to 655–5240mgm�3 of SO2 for
6–48 h. Chlorophyll content in rice and mung bean decreased by 20 and 40% at 655
and 1310mgm�3 of SO2, respectively. The decrease was directly related to the
exposure period. Exposure to 5240 mgm�3 of SO2 level resulted in almost complete
destruction of chlorophyll. It was summarized that a decrease in chlorophyll leads to a
decrease in growth parameters including biomass, productivity, and yield. The gas
exchange response of 2-year-old seedlings of oak (Quercus pubescens Wild.) and
Turkey oak (Q. cerris L.) on exposure to 73, 160, and 244 mgm�3 of SO2 for 23weeks in
fumigation chambers was evaluated by Lorenzini et al. [67]. After 11 weeks of
exposure, a significant decrease in photosynthetic activity, stomatal conductance,
transpiration rate, and water use efficiency was noticed. In addition, the vapor
pressure deficit increased with increasing SO2 concentration, but the internal/
ambient CO2 ratio was not affected. For Q. cerris there was a significant linear
decrease in photosynthetic activity, vapor pressure deficit, and water use efficiency,
but stomatal conductance and transpiration rates remained unaltered. The internal/
ambient CO2 ratio increased by 15% at 244 mgm�3 of SO2. Ranieri et al. [68]
investigated long-term exposure of barley cv. Panda and Express to 210 mgm�3 of
SO2, in a greenhouse, to establish whether negative impacts of SO2 could be linked to
specific changes in the photosynthetic apparatus. Exposure for 75 days did not result
in any visible injury to either cultivar, while photosynthetic activity decreased by 29
and 49% in cultivars Panda and Express, respectively. Stomatal conductance reduced
by 56% (Panda) and 58% (Express), and the whole electron transport chain activity
was reduced by 27 (Panda) and 29% (Express). There was 7 and 11% and 18 and 24%
reduction in electron transport activities of photosystem I and II in cv. Panda and
Express, respectively. Chlorophyll a decreased by 44 (cv. Panda) and 10% (cv. Express),
while the corresponding decrease in carotenoids was 46 and 10%. Pigment–protein
complexes from thylakoid membranes did not show any qualitative or quantitative
differences between control and SO2-exposed plants. The effect of SO2 treatments
(1.3 and 0.6 ppm) on photosynthesis ofAugea capensis Thumb, a succulent exhibiting
C3 mode of photosynthesis, was investigated on the basis of CO2 assimilation and
chlorophyll a florescence measurements. The study revealed that the inhibitory
effects on photosynthesis were induced only when SO2 fumigation occurred in the
dark. An inhibition of 38 and 62% in carboxylation efficiencies and CO2 saturated
rates, respectively, in photosynthesis was observed. However, these effects occurred
only at the highest concentration and were fully reversible, indicating no permanent
metabolic damage. Only minor effects on photosystem II were observed, indicating
that photochemical reactionswere not the primary site of inhibition. Cellular capacity
for SO2 detoxification differs during day and night [69].

6.3.4
Stomatal Conductance and Transpiration

Any alteration in the gaseous composition of the atmosphere affects terrestrial plants.
In most cases, stomata are affected worst by the environmental pollution. Evolution
has provided highly complexmechanisms by which stomata respond to a wide range
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of environmental factors to balance the conflicting priorities of carbon gain for
photosynthesis and water conservation. These mechanisms involve direct responses
of the guard cells to the aspects of the aerial environment and hormonal commu-
nication within the plant enabling conductance to be adjusted according to soil
moisture status. Various aspects of these delicately balanced mechanisms can be
disturbed by air pollutants. Stomata are the main avenues for the diffusion of gases
andwater vapor in plants. Any factor that influences stomatal conductance is likely to
affect plant–water relations as well as diffusion of carbon dioxide and oxygen. Sulfur
dioxide exerts a marked influence on the stomatal conductance [70]. Sulfur dioxide-
induced stomatal opening has great physiological and ecological implications. It
seems certain that maximum damage to plants by SO2 occurs when the stomata are
open. Prolonged opening of stomata results in excessive loss of water through
transpiration. Consequently, the water requirement of plants in the polluted areas
will be relatively greater. Any condition that promotes stomatal opening will enhance
sulfur dioxide diffusion and damage, whereas any factor that can nullify SO2-induced
stomatal opening may provide protection against the gas injury. High humidity and
fog increase the sensitivity of plants to the gas and promote the formation of acidic
mist. Under such conditions, stomata remain open for longer periods, permitting
greater diffusion of sulfur dioxide and other air pollutants into the leaf [4]. Khan and
Khan [1] reported that exposure to SO2 decreased the number and size of stomata but
increased the number and length of trichomes on both leaf surfaces. Stomatal
aperture was significantly wider in plants exposed to 286 or 571 mgm�3 of SO2.
Stomatal aperture was directly related to foliar injury and reductions in growth, yield,
and leaf pigments. Number and size of stomata in the leaves of eggplants grown at
sites 1 and 2 km away from the SO2 source (thermal power plant) were decreased, but
their apertures were wider. Number and length of trichomes were greater at the
polluted sites, being more on upper leaf surface [71].

Han [72] investigated the relationship between stomatal infiltration and SO2 injury
and the protective effect of abscisic acid (ABA). The study revealed that the effect on
infiltration of the same species under different SO2 concentration was little less than
one grade, while Kþ efflux increased with the increase in SO2 amount absorbed by
the leaves. Higher ABA solution concentration and the Kþ efflux were lower when
the leaves were sprayed with ABA solution. When leaves sprayed with ABA solution
were smoked with 2.5mol l�1 for 4 h, the infiltration of leaves with 30mol l�1

ABA solution dropped by 1.5–3.0 and Kþ concentration on leaves decreased by
36.5%–54.8%. It indicates that the ABA solution on leaves has a remarkable effect of
protection of SO2 injury. Dhir et al. [73] investigated the stomatal responses of
Cichorium intybus leaves to sulfur dioxide treatment at different stages of plant
development in 50 day-oldC. intybus L. plants exposed to 1 ppm sulfur dioxide gas 2 h
per day for 7 consecutive days that resulted in a greater length and width of stomatal
apertures on lower and upper epidermis. Stomata were longer on the adaxial
epidermis, but shorter on the abaxial epidermis, except at the preflowering stage;
moreover, stomatal widths varied widely. Compared to the controls, the abaxial
epidermis on treated leaves showed consistently lower stomatal densities and
stomatal indices. This was also true for the adaxial epidermis during the postflower-
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ing stage. The stomatal conductance was reduced in the SO2-exposed plants, but
intercellular CO2 concentrations increased at the preflowering stage and, subse-
quently, declined. According to Rao and Dubey [74] stomatal conductance decreased
by 26–28% in Zizyphus mauritiana Lam., Syzygium cuminii L., A. indica A. Juss, and
M. indica L. at the sites contaminated with of 90mgm�3 of SO2 in comparison to the
control site. Wali et al. [75] found that stomatal conductance and intercellular CO2

concentration in C. officinalis L. decreased with 0.5 ppm SO2 treatment, the reverse
being the case with higher concentration, that is, 1.0 and 2.0 ppm.

6.3.5
Leaf Pigments

The adverse effects of sulfur dioxide on photosynthesis are partly due to its action on
photosynthetic pigments. Sulfur dioxide can react with chlorophyll molecules in
three distinct ways: bleaching (i.e., loss of color), phaeophytinization (i.e., degrada-
tion of chlorophyll molecules to photosynthetically inactive pigment phaeophytin),
and the process responsible for a blueshift in the pigment spectrum as observed in
lichens [76]. Prasad and Rao [77] studied the relative sensitivity of soybean (Glycine
max (L.) Merr.) and wheat (Triticum aestivum L.) to SO2 and found that the amount of
total chlorophyll in SO2-treated wheat plants increased at low SO2 doses, but this was
not the case with soybean plants. However, at 120 and 160 ppmh�1 of SO2, total
chlorophyll content reduced by 19% in soybean and 17% in wheat. The loss of
chlorophyll a was relatively greater than that of chlorophyll b in both the species
following exposure. Chlorophyll a and b in treated soybean plants were reduced,
respectively, by 21 and 12% at the cumulative dose of 120 ppmh�1 of SO2 and in
wheat by 19 and 14% at 160 ppmh�1 of SO2. The maximum reductions in the
amounts of carotenoids, that is, 12 and 7% were recorded in soybean and wheat
plants at the cumulative doses of 120 and 160 ppmh�1 of SO2, respectively. Dhir
et al. [73] reported that photosynthesis rate was reduced in the SO2-exposed plants,
but intercellular CO2 concentrations increased at the preflowering stage and declined
subsequently. Chlorophyll a, carotenoid, and total chlorophyll contents increased at
the preflowering stage and then decreased. The level of chlorophyll b was reduced
throughout plant development compared to the untreated controls. Prakash et al. [78]
investigated the effect of three different concentrations of sulfur dioxide (320, 667,
and 1334mgm�3) exposure on the chlorophyll contents in Raphanus sativus L. and
Brassica rapa L. and found that both the chlorophyll a and b content decreased with
increasing concentration, maximum decrease being at the highest concentration,
that is, 1334 mgm�3 of SO2. However, chlorophyll a showed more reduction than
chlorophyll b. Wang et al. [79] reported the effects of artificial acid rain and SO2 on
characteristics of delayed light emission (DLE) by using a home-made weak lumi-
nescence detection system with the lamina of zijinghua (Bauhinia variegata) and
soybean (G. max) as testing models. The results showed that the changes in DLE
intensity of green plants reflect the changes in chloroplast intactness and function. It
has been concluded that DLE may provide an alternative means for evaluating
environmental acid stress on plants. Seedlings of maize cv. CO-1 when exposed to
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SO2 at LD50 underwent a significant decline in total chlorophyll, chlorophyll a and b
contents, and carotenoids [80].Wali et al. [75] evaluated the anatomical and functional
responses of C. officinalis to 0.5, 1.0, and 2.0 ppm SO2 and found that the high SO2

doses caused significant decline in the photosynthetic pigments at each stage of plant
development, although 0.5 ppm concentration had a stimulatory effect on leaf
pigmentation.

6.3.6
Growth and Yield

The physiological and/or biochemical disorders induced by SO2 are finally mani-
fested as the structural andquantitative alterations in plants. Since plants show varied
response to SO2 under varied exposure conditions, the effects under ambient and
simulated conditions are different and being presented separately.

6.3.6.1 Ambient Condition
Since the first observation of a plant disease incited by an air pollutant under ambient
conditions [81], many such studies have come up, but a general concern among
scientists toward suppressive effects of pollutants on plant growth emerged in the
1940s. The smog injury on plant foliage in Los Angeles provided an impetus to
research on phytotoxic effects of pollutants [82]. The forest decline, in fact, drew the
attention of environmentalists and researchers on the response of forest trees to
sulfur dioxide. Haywood [83, 84] reported severe damage to different pine and oak
species from smoke (primarily SO2) of a copper smelter in California. Sulfur dioxide
from a copper smelter in British Columbia also caused severe damage to ponderosa
pine (P. ponderosa Douglas), lodgeople pine (P. contorta Douglas), Douglas fir
(Pseudotsuga menziesii Carriere), western larch (Larix occidentalis Nutt), and so on
up to 52 mile southward [85]. Ponderosa pine and Douglas fir grown over 5200 acres
in Montana, USA, has shown a gradual decline. Needle necrosis and premature
senescence are the most peculiar symptoms of sulfur dioxide damage [86]. Sulfur
dioxide from copper smelters [87], nickel smelters [88], iron sintering plants [89], and
coal-fired thermal power plants [90, 91] has significantly contributed to the decline of
forest trees in the United States and Europe.

SO2 in the coal smokemay cause chlorosis and browning of leaves, suppress plant
vigor, inhibit fruit setting, and decrease the yield as observed in trees such as
Dalbergia and Psidium [92, 93], weeds such as Commelina benghalensis, Croton
bonplandianum, and Euphorbia hirta [94–96], grasses such as Cynodon dactylon, C.
dactylis glomerata, and Lolium perenne [97, 98], cereals such as wheat and barley [99,
100], and vegetables such as tomato, okra, eggplant, and cucurbits [22, 23, 96, 101,
102]. Garcia et al. [103] studied the response of two populations of holm oak (Q.
rotundifolia Lam.) to SO2. One-month-old potted plants were grown for 130 days in an
atmosphere enriched with SO2 (0.23 ppm, 14 h per day) in a growth chamber. Both
northern and southern plants underwent a significant decrease in growth rate. The
southern population was more sensitive to the treatment, as reflected in the bigger
decrease in both growth and photosynthesis rates. The author concluded that the
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differences in resistance appear to be related to the biogeographic origin of the
populations underlining the importance of biogeographic aspects in studies of
resistance to air pollutants. Abdul-Wahab and Yaghi [60] made an assessment of
the impacts of long-term SO2 emissions from an oil refinery on three different plant
species, namely, P. cineraria, A. indica, and P. dactilifera using sulfate contents of the
plants as bioindicators for monitoring SO2 concentration. The results showed that
the three plant species responded differently to SO2 in terms of sulfate contents. All
three species were found to be sensitive to SO2 exposure and the concentration of
sulfate was found to be much higher in plants closer to the refinery.

6.3.6.2 Simulated Condition
There are numerous experiments/studies that have been conducted in simulated
conditions for the evaluation of the effect of SO2 on plant growth and yield. Coleman
et al. [104] presented results on the variability of biomass production for wild radish
(R. sativus x raphanistrum) and cultivated radish (R. sativus) cv. Cherry Belle exposed to
262, 629, or 1048 mgm�3 of SO2 in fumigation chamberswith 10 h light period for 24,
30, or 35 days. Variability in biomass production increased with increase in SO2

exposure period on radish. It has been concluded that genetic differences between
the individual plants (differential sensitivity to SO2) might be the reason for the
increased variability as the SO2 concentration increased. Weigel et al. [105] inves-
tigated growth and yield responses of different crop species to long-term fumigation
with SO2 in open-top chambers. Potted plants of commercial cultivars of rape
(B. napus L., cv. callypso), summer barley (H. vulgare L., cv. Arena and Hockey),
and bush beans (P. vulgaris, cv. Rintintin and Rosisty) were continuously exposed in
open-top chambers to SO2 for the whole growing season. Treatments consisting of
charcoal-filtered air (CF) and CF supplemented with four levels of SO2 resulted in
mean exposure concentrations of approximately 8, 50, 90, 140, and 190 mgm�3.With
the exception of the 1000 seeds weight, which was slightly reduced, dry matter
production and yield parameters of rape remained unaffected by all SO2 concentra-
tions or were even stimulated. Compared to CF, vegetative growth of both bean
cultivars was reduced by 10–26% at all SO2 levels, with significant effects only for cv.
Rintintin, however. While all SO2 additions reduced significantly the yield
(dry weight of pods) of the bean cv. Rosisty by 17–32%. The cv. Rintintin showed
a significant reduction up to 42% only at the two highest pollutant concentrations.
Dry matter production of the barley cultivars was mainly impaired at SO2 concen-
trations>100mgm�3 with a reduction of 30–52%. While nearly all yield parameters
of cv. Hockey reacted similar to the dry matter production, the yield of cv. Arena was
reduced already at the low SO2 levels. At a treatment concentration of 90 mgm�3 of
SO2, a significant yield loss of 30% was recorded. A reduction of the 1000 grains
weight mainly contributed to these yield losses observed for both barley cultivars. It
has been concluded that SO2 concentrations within the range of 50–90 mgm�3 are
potentially phytotoxic to some crop species.

Murray andWilson [106] conducted an open-top chamber experiment to examine
the effect of sulfur dioxide exposure on sulfur accumulation and alteration of growth
and yield of barley (H. vulgare L.) cv. Schooner. Exposure to 110 mgm�3 of SO2 for 4 h
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per day for 79 days increased the shoot length and weight by 10%. This increase in
growth was attributed to the fertilizer effect of SO2. SO2 at 317mgm�3 or higher
significantly decreased the height, weight, number of tillers, and yield in barley.
These increases were proportional to the concentration of the SO2 exposure. In
addition, the shoot sulfur content increased linearly from 0.14% (control plants) to
0.77% at 1354mgm�3 of SO2. Effects of long-term SO2 (132 and 274 mgm�3 for 8 h
per day for 17 weeks) exposure on growth and development of Eucalyptus rudis Endl.
plants in open-top chamberswas studied byClarke andMurray [58]. Plants exposed to
132 mgm�3 of SO2 for 17 weeks increased the height, leaf area, and dry weight of
leaves because of an increase in size of leaves, but total number of leaves remained
unaltered. Sulfur dioxide levels of 274 mgm�3 did not affect plant height, leaf area,
and dry weight of leaves, but increased the rate of leaf abscission. Kropff [107]
performed field experiments with an open-air fumigation system to interpret and
explain the observed yield loss in broad bean (Vicia faba L.) by quantifying the
contribution of different physiological processes. Fumigation with 74 mgm�3 of SO2

throughout the growing season resulted in 9 and 10% decrease in drymatter and pod
yield, respectively. These losses were accompanied by visible injury (brown/red
spots), which progressed from the oldest leaves upward and also resulted in some leaf
abscission. When exposed to 165 mg of SO2, dry matter and yield were reduced by 17
and 23%, respectively. The drymatter production was primarily decreased due to loss
of green leaf area in SO2 exposed plants. In an open-top chamber study, barrel medic
(Medicago truncatula Gaerm.) cv. Paraggio was exposed to 107–1349 mgm�3 of SO2

for 4 h per day, 7 days per week for 72 days [108]. Less than 10% reduction in the plant
growth was recorded at concentrations upto 314 mg SO2; however, at 668mgm

�3 of
SO2, there was 40–50% reduction in growth accompanied by 85% increase in the S
concentration. There was significant reduction in flowering with the increase in SO2

concentration, and at 1349 mgm�3 of SO2, there was little or no plant growth. Potato
(Solanum tuberosum L.) was exposed to 288 or 786mgm�3 of SO2, for 105 days in
closed top field chambers for 4 h per day under well-watered or water-stressed
conditions to study the interactive effects of soil water stress and SO2 [109]. Visible
symptoms appeared after 9weeks of exposure to 288 mgm�3 of SO2 and after 6weeks
of exposure to 786mgm�3 of SO2. At harvest, the leaf S content of well-watered plants
had increased bymore than 100 and 125% in the 288 and 786 mgm�3 SO2 treatments,
respectively. When water stressed, the lower SO2 treatment had little effect on S
content, whereas the 786 mgm�3 SO2 treatments resulted in a 100% increase in leaf
sulfur. Leaf chlorophyll of 35 day-old leaves from well-watered plants decreased
significantly, by approximately 30%at 288 mgm�3 of SO2 andby 40%at 786 mgm�3 of
SO2. In contrast, water stress resulted in a maximum chlorophyll loss of 11% at
786 mgm�3 SO2. Exposure of well-watered potato plants to 786 mgm�3 of SO2

resulted in a significant decrease in dry weight of leaves (25%) and tuber (35%)
compared to control. In contrast, dry weight reductions in water-stressed plants did
not occur on exposure to SO2. This might be due to increased stomatal resistance in
response to mild water stress that limits SO2 uptake.

Colls et al. [110] used an open-air fumigation system to expose winter barley
(H. vulgare L.) cv. Igri to a single dose (defined as concentration� time) of SO2 to
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determine if concentration peaks or long-term averages had the greatest effects on
the plants. The treatments were based upon achieving an equivalent dose of 534 mg
m�3 of SO2 for 6 days. The treatments included continuous exposure to 89mgm�3 of
SO2 for 6 days, 178 mgm�3 of SO2 for 3 days, followed by ambient air for 3 days, or
534 mgm�3 of SO2 for 1 day followed by 5 days of exposure to ambient air. This 6-day
cycle was repeated 24 times during the growing season. There were no effects on
shoot dry weight accumulation or on grain yield in any treatment. This was attributed
to plants� ability to metabolize excess sulfate during the SO2-free days. Julkunen-
Tiitto et al. [111] studied the effects of SO2 exposure on growth and on phenol and
sugar production in six clones of willow (Salix mysrsinifolia Salisb). A disruption in
secondarymetabolism could alter plant response to herbivores andmicroorganisms.
Cloneswere exposed to 300 mgm�3 of SO2 for 7 hper day, 5 days perweek, for 3weeks
in fumigation chambers. Salicin and chlorogenic acid content decreased by 15 to
>70% depending on clone, while there was no significant effect on salicortin, 20-O-
acetylsalicortin, (þ )-catechin, and two unknown phenolics. Since SO2 exposure did
not affect salicortin and 20-O-acetylsalicortin (key molecules in the defense chem-
istry), it was concluded that willow resistance to herbivory andmicroorganism attack
was not reduced. Glucose, fructose, and sucrose contents were not significantly
affected. Willow exposed to 300 mgm�3 of SO2 produced 14–48% greater biomass
(leaf, stem, and root dry weights) compared to control plants. Exposure to SO2 at 0.1
and 0.2 ppm inM. javanica individually caused significant reduction in plant growth
of pea; moreover, this reduction was much greater in joint treatment [112].

Greenhouse studies were conducted by Ashenden et al. [113] to examine the effect
of SO2 on growth of 41 British herbaceous species to determine whether the species
differed in their sensitivity to SO2. Plants were exposed to a constant background
concentration of 262mgm�3 of SO2 with peaks applied during daylight. During the
first 4 weeks, peak SO2 concentration used was 524 mgm�3 for 2 h, twice a week. For
the next 3 weeks, 786mgm�3 was applied for 3 h, thrice a week. Finally, for the last 3
weeks, peaks of 786 mgm�3 were applied for 3 h, five times a week to maximize any
growth differences between the tested species. There was 43% reduction in total dry
matter content of different plants. The mean response of all 41 species was a 25%
decrease in total dry mass. Of the seven statistically significant responses of total leaf
area, therewas anaveragedecrease of 40%.Themean response for all 41 specieswas a
decrease of 10% in total leaf area. Leaf area ratio increased by 45% in 20 plants, and an
average increase of 23% was recorded for all 41 species. In 13 species, an average
decreases of 36% in the root:shoot ratio occurred due to SO2 exposure, whereas for all
species the decrease was 14%. This study reveals that while there were differences in
growth response of the species tested and the same responses may not be observed
underfield conditionsbecauseSO2concentrations in thefieldarenot expected tobeas
high as those used in this study. Plants growing in natural communities may also
respond differently from plants grown in individual containers. Moreover, the
nutrient supply in this study was nonlimiting, while in the field nutrients may be
limiting andmayalter responses toSO2.Agrawal andVerma [10] determinedwhether
varying the levels of nitrogen (N), potassium (K), and phosphorous (P) in the growth
mediumcouldaffect the responseofwheat (T.aestivumL.) cv.Malviya 206andMalviya
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234 to SO2. Thirty-day-old plants were exposed to 390 þ 20 mgm�3 of SO2 for 4 h per
day, 5 days a week, for 8 weeks in open-top chambers. Visible injury symptoms
appeared earlier and were the greatest in both cultivars grown with no additional
nutrients. Unfertilized plants exposed to SO2 had the greatest dry weight, height, and
yield reductions, while plants grown with recommended or two times the recom-
mended levels ofNPKwere able to alleviate SO2 effects to the greatest extent. Leaf area
and total chlorophyll contentdecreasedsignificantlywhenplantswereexposed toSO2.
Ascorbic acidwas significantly reduced in treatedplants as itwasutilized inremovalof
free radicals generatedbySO2 in foliar tissue. Sulfurdioxide treatment also resulted in
an increase in sugars and a decrease in starch. Sulfate-sulfur increased in treated
plants and the greatest increase was in plants grownwith no additional nutrients. An
increase in the root:shoot ratio was also observed in SO2-treated plants suggesting a
modification in the carbon allocation patternwhen plants were exposed to SO2. It was
concluded that both nutrient deficiency and SO2 reduced the considered parameters,
but addition ofNPK indifferent combinations ameliorated the adverse effects of SO2.
Dhir et al. [73] observed thatwhen50day-oldC. intybusL.plantswereexposed to1 ppm
sulfur dioxide gas, 2 h per day for 7 consecutive days, the number, dimensions, area,
and biomass of leaves were less in the treated plants. Growth dynamics of wheat, T.
aestivumL., cv. Aurelio,MecManital, andChiaram,was investigated in relation toSO2

exposures by Lorenzini et al. [99]. All the cultivars responded differently to long-term
exposure to SO2. The cv. Mec showed significant reductions in several of the growth
and yield parameters, while the other cultivars were only marginally affected.
Fumigation with SO2 reduced the yield of cv. Mec by 33%. Two-week-old wheat cv.
Banks seedlings exposed to 0.004, 0.042, 0.121, 0.256, or 0.517 l l�1 of SO2 for 4 h per
day for 79 days resulted in a significant reduction in plant height, shoot weight,
development stage, number of tillers, ear weight per plant, average ear weight, and
total numberof ears at andabove0.042 l l�1 [48]. SO2 at LD50 couldnot affect growthof
maize (Z. mays) cv. Co-1 though the shoot length decreased [80]. Tiwari et al. [114]
studied the seasonal variations and effects of ambient air pollutants on the root, shoot
length, number of leaves per plant, leaf area, and root and shoot biomass of lettuce,
Beta vulgaris L. cv. Allgreen, at a suburban site situated in dry tropical area of India,
experiencing elevated levels of ambient air pollutants. Air monitoring data showed
thatmean concentrations of SO2 andNO2were higher duringwinter. Plants grown in
nonfiltered chambers showed stunted growth, reductions in biomass and yield, and
modification in biomass allocation pattern compared to those grown in charcoal-
filtered air. Biomass allocation pattern revealed that during summer photosynthate
allocation to roots reduced with consequent increment in leaf weight ratio, which
helped in sustaining nutritional quality of the lettuce even aftermore yield reductions
in NFCs compared to FCs.

6.3.7
Pollen and Fertilization

Pollution also influences reproductive processes in terms of smaller pollen sizes,
reduced germination rates, and shorter pollen tubes. Reduced seed size, seed
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germination capacity, and a lower share offlowering trees in polluted areas have been
reported [115, 116]. Effects of wet and dry exposure, both in vivo (on the anthers) and
in vitro (culture dishes) on germination of pollen from oilseed rape (B. napus L.) cv.
Tapidor and Libravo was investigated by Bosac et al. [117]. For in vivo treatments,
inflorescences were exposed in special chambers (excluding the rest of the plant) to
524 mgm�3 of SO2 for 6 h. In vitro exposures (wet or dry) lasted for 3 h. Exposure to
524 mgm�3 of SO2 had no effect on germination or pollen tube length, in vivo or in
vitro (dry); however, there was a significant reduction in germination when pollens
were exposed to SO2 while in unbuffered medium droplets. Pollen tube length was
also greatly reduced under these conditions, but too few pollen grains germinated
and grew to calculate reliable mean values. It was concluded that the reduction in
germination in the unbuffered medium was due to acidification of the medium (pH
dropped form 6.5 to 5.5) during SO2 exposure. Sulfur dioxide is highly soluble in
water; therefore, it would get dissolved and acidify the medium during exposures.
Agrawal et al. [118] utilized a nightshade (S. nigrum) complex, which exhibits three
natural cytotypes (diploid S. americanum, tetraploid S. villosum, and hexaploid S.
nigrum) to determine the effects of SO2 on pollen chromosomes. Flowering plants
were exposed to 524 mgm�3 of SO2 for 2 h pre day for 3, 7, or 11 days. When pollen
mother cells (PMCs) were examined, it was found that meiotic chromosomal
abnormalities were highest in diploid plants (19.67–26.0%) and least in hexaploid
plants (4.45–7.0%). In addition, abnormalities increased with length of exposure for
all plants. Pollen sterility followed the same pattern as chromosomal abnormalities,
19.5–21.6% in diploid, 13–15% in tetraploid, and 10–13% in hexaploid, with sterility
increasing with length of exposure. The authors concluded that the observed
abnormalities might have resulted either from free radical splitting of phosphodie-
ster linkages of DNA or from bisulfite combining with cytosine or uracil that may
result in alteration of DNA or RNA functions.

6.3.8
Proteins and Antioxidant Enzymes

Several studies have been conducted to assess the effects of SO2 on plant proteins and
antioxidant enzymes and to explain the role of antioxidant enzymes in SO2 tolerance
and its possible mechanism(s). The role of superoxide dismutase (SOD) in defense
against SO2 toxicity was investigated using leaves of poplar and spinach by Tanaka
et al. [119]. Young poplar leaves with five times the SOD of the old leaves were more
resistant to the toxicity of SO2. The SOD activity in poplar leaves was increased by
fumigation with 0.1 ppm SO2, and this was more evident in young leaves than in the
old ones. The poplar leaves having high SOD activity due to 0.1 ppm SO2 fumigation
were more resistant to 2.0 ppm SO2 than the control leaves. The finding suggested
that SO2 toxicity is in part due to the superoxide radical and that SOD participates in
the defense mechanism against SO2 toxicity. Elemental sulfur and many sulfur-
containing compounds such as cysteine-rich antifungal proteins, glucosinolate (GSL)
andphytoalexins,playimportantroleinplantdiseaseresistance.PierreandQueiroz[120]
investigated the enzymatic and metabolic changes in bean (P. vulgaris L.) leaves on
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continuous exposure to subnecrotic levels of SO2. The study revealed a rapid increase in
enzyme capacity at 0.1 ppm or 3mgm�3 of SO2. Peroxidases are the key enzymes of the
metabolicpathways.Thecompositionoforganicacids, aminoacids, andpolyamineswas
altered with change in enzymes. The effect of low levels of SO2 (3, 5, and 10ppm) on
peroxidasewasevaluatedon the foliageofB.nigraL.,P. radiatusL. (SO2 sensitive), andZ.
maysL. (SO2 resistant) [121]. SO2 enhanced theperoxidase activity inall species, but least
increase was observed in Z. mays. Six weeks fumigation with 3, 5, and 10ppm SO2

increased peroxidase activity by 32, 40, and 45% in B. nigra; by 25, 30, and 43% in
P. radiatus; andby 4, 8, and 13% inZ.mays, respectively. Peroxidase activitywas found to
increase as a function of concentration and duration of SO2 exposure. SO2 fumigation
increased the intensity and thickness of individual isoenzyme bands without
affecting the overall isoenzyme pattern except in P. radiatus, where a 6-week
exposure altered the isoenzyme pattern. The sulfite turnover rate was faster in
Z. mays compared to B. nigra and P. radiatus. It was postulated that the high
peroxidase activity and high sulfite turnover rate possessed by Z. mays provides a
relatively high resistance against SO2 toxicity.

The amount of glutathione (GSH), an important element in both plant and insect
antioxidant systems, is known to increase after exposure to stresses. The effect of SO2

on GSH concentration in soybean was investigated [122]. GSH levels were found to
vary with SO2 concentration in the same manner as did the insect response.
Chauhan [123] performed a study on the early diagnosis of SO2 stress and the
mechanism of SO2 damage in crop plants by measuring volatile emissions from
treated tissues. Emissions from tomato (Lycopersicon esculentum Mill.), mung bean
(Vigna radiata L.), and maize (Z. mays L.) were measured after exposure to 262 mg
m�3 of SO2 for 2 h per day or 524 mgm�3 of SO2 for 1 h per day. Tomato and maize
were exposed for 60 days and mung bean was exposed for 45 days. Ethylene, ethane,
acetaldehyde, and ethanol contents were measured at 15 day intervals. Ethylene
emissions substantially increased in all the three species, until visible injury
symptoms (chlorosis followed by necrosis) appeared, after which ethylene concen-
tration declined. Ethane emissions were detected just prior to the appearance of
visible injury symptoms and increasedwith increase in injury levels. It was suggested
that ethane production was a result of lipid peroxidation caused by sulfate oxidation.
To verify this, an additional experiment with mung bean was performed to establish
the relationship between antioxidants and SO2 damage. Addition of antioxidants
substantially reduced ethylene and ethane production supporting the idea that lipid
peroxidation was caused by free radicals resulting from sulfite oxidation. Acetalde-
hyde and ethanol emissions increased as exposure duration increased up to 45 days,
but emissions declined after the appearance of visible injury symptoms. As acetal-
dehyde and ethanol are not normal by-products of aerobic metabolism, it was
concluded that their production was a result of SO2-induced alteration of respiratory
metabolism. The rates of emissions of ethane, acetaldehyde, and ethanol were related
to the degree of SO2 resistance displayed by the species in the study; the greater the
resistance, the greater the rate of emissions.

Antioxidant production and its role in protecting four tropical tree species,
Z. mauritiana; S. cumini, A. indica, and M. indica from air pollution was studied
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by Rao and Dubey [74]. Four exposure sites were selected downwind from an
industrial source with an average SO2 concentration of 48–90 mgm�3, while the
site 10 km away in upwind direction served as control. Samples were collected once a
month for 12 months. SO2 was the primary pollutant in the area affecting plant
response alone and in combinationwith other pollutants. Sulfate accumulation in the
leaves corresponded to the ambient SO2 level. When exposed to 90 mgm�3 SO2, the
sulfate content of leaves increased by 72, 69, 65, and 92% forZ.mauritiana,S. cumini,
A. indica, and M. indica, respectively, in comparison to the control site. Increase in
sulfate content of four species ranged from 26–48% at the site with an ambient level
of SO2 (48mgm

�3). Stomatal conductance decreased by 26–28% in the four species at
the site with the highest SO2 level in comparison to the control site. Oxidation of
proteins, superoxide dismutase activities, and peroxidase activities increased in all
four species. The magnitude of the response varied with species and was related to
the ambient SO2 concentration. It was concluded that increased peroxidase and
superoxide dismutase activities could increase SO2 tolerance under field conditions.
Z. mays was grown for 2 weeks in a fumigation chamber and exposed to 45, 70, and
110 ml l�1 of SO2. No visible symptoms on plants exposed to charcoal-filtered air
were recorded, but differences occurred between the control and the fumigated
plants. The amount of cysteine and free amino acids in leaf increased, while that of
soluble proteins decreased. Qualitative and quantitative differences found in the
soluble protein patterns suggested that low concentrations of SO2 affect the protein
metabolism [124]. Gupta et al. [125] studied the effects of SO2 exposure on ABA
production in soybean (G.max L.) cv. Elf at the end of the exposure period and after a
recovery period of 18 h. Exposure of 30 day-old soybean seedlings to 131, 524, or
1048mgm�3 of SO2 for 1, 2, or 4 h resulted in no visible injury at a 131 mgm

�3 of SO2.
Although, amild chlorosis occurred on top leaves after the 18 h recovery period in the
524 mgm�3 SO2-treated plants. Leaf curl and necrotic areas were visible in plants
exposed to 1048 mgm�3 of SO2 within 4 h of treatment. The authors found both the
exposure concentration and duration significantly increased ABA content of leaves.
At SO2 concentration of 131 mgm�3, ABA content increased by 28% after 1 h, 87%
after 2 h, and 141% after 4 h exposure. The 18 h recovery period resulted in a
reduction in ABA levels in all treatments, but ABA levels were still higher than
the controls.

Long-term effects of 39, 73, and 100 mgm�3 of SO2 (seasonal means) on nitrate
reductase, nitrite reductase, glutamine synthetase, glutamate dehydrogenase, and
glutathione reductase activity and total glutathione content of winter barley (H.
vulgare L.) cv. Igri were studied in an open-air fumigation system by Borland and
Lea [126]. Nitrate reductase activity in tissues harvested in February,March, andApril
was significantly decreased by 100 mgm�3 of SO2. Nitrite reductase activity was
relatively constant except for significant increases in April (at 100 mgm�3 of SO2) and
May (at 39mgm�3 of SO2). There was no effect of any SO2 concentration on
glutamine synthetase or glutathione reductase. Exposure to SO2 significantly
increased glutamate dehydrogenase activity in samples obtained in December,
January, and June. Total glutathione varied with the season, but there was no increase
in accumulation on SO2 exposure. The role of antioxidants and enzymes inmetabolic
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processes of two pea cultivars, Progress (insensitive) and Nugget (sensitive), which
are known to differ in their sensitivity to SO2, was investigated by Madamanchi and
Alscher [127]. Plants were exposed in continuously stirred tank reactors to 2095 mg
m�3 of SO2 for 210min. Total glutathione (ratio of exposed/control) content
increased from 1.11 (at 0min) to 2.04 (at 210min exposure) in the cv. Progress and
from 1.42 (at 0min) to 1.69 (at 210min exposure) in the cv. Nugget. Reduced GSH
increased in the cv. Progress from 1.11 to 1.93 and in Nugget from 1.37 to 1.59 for 0
and 210min exposure, respectively. No significant effects were found on ascorbic
acid or oxidized glutathione content. Superoxide dismutase activity increased by 90%
in Progress, but was unaffected in Nugget. Mean glutathione reductase activity
increased by 35 and 21% in cv. Progress and Nugget, respectively. The authors
suggested that the significantly increased glutathione content, glutathione reductase,
and superoxide dismutase activities in cv. Progress might be a part of its metabolic
resistance to SO2 exposure. Impact of SO2 on SOD and the ascorbate–glutathione
cycle was investigated in a tolerant (cv. Punjab-1) and a sensitive cultivar (cv. JS 7244)
of soybean (G.max (L.) Merr.) [128]. Despite SO2 stimulation, SOD activities in cv. JS
7244 increased significantly. This differential response was attributed to the ability of
cv. Punjab-1 to enhance glutathione reductase (GR) activity and to maintain high
GSH/GSSGandASA/DHA ratios. Postfumigation analysis indicated that cv. Punjab-
1 was able to maintain SO2-enhanced antioxidants, while they declined in cv. JS 7244
the moment fumigation was terminated. Exposure of SO2-acclimated plants
(cv. Punjab-1) with their enhanced antioxidants to 250mgm�3 of SO2 for 6 h exhibited
no enhanced cellular injury (MDA content) compared to control plants with their
normal antioxidant levels. The results indicated the existence of a relationship
between the plants� ability to maintain the reduced GSH and ascorbate (ASA) levels
and the SO2 tolerance, to tolerate SO2-induced oxygen-free radical toxicity with
elevated antioxidants.

Changes in thylakoid proteins and antioxidants in two wheat cultivars, namely,
Mec and Chiarano with different sensitivity to SO2, were studied [129]. It was found
that thylakoid protein composition depends on a differential ability of the cultivars to
maintain elevated levels of ascorbic acid rather than on increasing detoxifying
enzyme activities. Bernardi et al. [130] studied levels of soluble leaf proteins and
the response of the SOD complex of bean plants (P. vulgaris L.) cv. Groffy after
exposure to SO2 at 79, 157, or 236 mgm�3 for 2, 4, or 7 days. No visible injury
symptoms were observed in any of the treated plants. Newly synthesized polypep-
tides were detected in all treatments and there were quantitative differences between
the control and the treated plants for six other protein subunits. The observed
changes in protein synthesis were linked to a SO2 resistance. In addition, SO2

exposure induced the activation of an additional SOD isoform, which when tested
exhibited the characteristics of an iron superoxide dismutase (FeSOD). The authors
summarized that the increased activity of the FeSOD was the initiation of activation
of the antioxidant system in response to radical formation due to SO2 oxidation.
Jeyakumar et al. [80] reported that stomatal frequency and stomatal index of maize
seedling cv. Co-1were not affectedwhen exposed to LD50 of SO2.However, the size of
the stomata was significantly reduced and there was also reduction in the amount of
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starch and sugar in the stressed plants compared to control. Amylase activity and
proline contents were increased in response to SO2 stress. SO2 is highly damaging to
rice, O. sativa japonica-type cv. Nipponbare, and triggers multiple events linked
to defense/stress response [41]. Sodium dodecyl sulfate polyacrylamide gel electro-
phoresis and immune blotting analysis revealed induction of ascorbate peroxidase(s)
(APX) and changes in cysteine proteinase inhibitors (phytocystatus) like proteins.
Two-dimensional electrophoresis (2DE) followed by amino acid sequencing also
revealed several changes in the 2DE protein profiles of SO2 fumigated leaves. Most
prominent changes in leaves were the induced accumulation of a pathogenesis-
related (PR) class 5 (OsPR5) proteins, three PR 10 class proteins (OsPLr10s), ATP-
dependent CLP protease, and an unknown protein. Mass spectrometry analysis
revealed production of phytoalexins, sakuranetin, and momilactone A in SO2-
stressed leaves. Hao et al. [131] studied the responses of superoxide anion radical
O2 and antioxidant enzymes of wheat to SO2 exposure by introducing gas at different
concentrations into the culture boxes. When the concentration of SO2 was 10 and
40 ml l�1, the O2 content and peroxidase (POD) and catalase (CAT) activities of wheat
leaves were increased, while the activity of SOD was reduced. At 50 ml l�1 of SO2, the
activities of PODandCATwere reduced.On the uppermost leaves, necrosis appeared
and more fungi multiplication was recorded on green leaves. Presoaking of wheat
seeds with 1mmol l�1salicylic acid (SA) for 6 h or with 10mmol l�1 of H2O2 for 12 h
alleviated the oxidative stress caused by SO2, as the O2 content decreased and the
activities of antioxidant enzymes increased. Under SO2 fumigation, ethylene sig-
nificantly inhibited the activities of test enzymes and promoted the O2 production
rate. With simultaneous application of SA and ethylene, SA almost completely
eliminates the influences of ethylene on O2 production and enzyme activities.

The facultative halophyte Mesembryanthemum crystallinum shifts its mode of
carbon assimilation from C3 pathway to crassulan acid metabolism (CAM) in
response to factors generating reactive oxygen species (ROS) in cells [132]. Exogenous
application of SO2 toM. crystallinum plants was employed to assure the role of ROS
production in CAM induction. The finding suggests that oxidative stress caused by
SO2 fumigation was not sufficient enough to induce functional CAM. Further
evaluation of the influence of SO2 fumigation/sulfite incubation on the activity and
level of SOD isoenzymes, especially FeSOD, which is one of the first indicators
correlated with the X3/CAM transformation, revealed that the activity of FeSOD and
SOD CuZn isoforms increased under SO2/sulfite stress. The pattern of FeSOD and
CuZnSOD is probably due to the action of sulfite per second. Tseng et al. [133]
explored the possibility of overcoming the highly phytotoxic effect of SO2 and salt
stress, by introducing the maize Cu/Zn SOD and/or CATgenes into chloroplasts of
Chinese cabbage (B. campestris L. ssp. Pekinensis cv. Tropical Pride) (referred to as
SOD, CATand SOD þ CATplants). SOD þ CATplants showed enhanced tolerance
to 400 ppb SO2 and visible damage was one-sixth of that in wild-type (CK) plants.
Moreover, when SOD þ CATplants were exposed to a high salt treatment of 200mM
NaCl for 4 weeks, the photosynthetic activity of the plants decreased by only 6%,
where as that of CKplants by 72%. SODplants had higher total APX andGR activities
than CK plants. SOD plants showed protection against SO2 and salt stress that were
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moderately improved compared to CK plants. However, in CAT plants there was
inhibition of APX activity limiting tolerance to stress. Moreover, SOD þ CATplants
accumulated more Kþ , Ca2þ , and Mg2þ and less Naþ in their leaves compared to
those of CK plants. The results suggest that the expression of SOD and CAT
simultaneously is suitable for the introduction of increased multiple stress
protection. In an attempt to improve the tolerance of plants to the toxicity of reactive
oxygen species produced in the presence of SO2, Tseng et al. [134] engineered
transgenic Chinese cabbage (B. campestris L. ssp. Pekinensis cv. Tropical Pride) by
infection with individual strains of Agrobacterium (LBA44o4), each carrying a
distinct disarmed T-DNA containing Escherichia coli SOD and/or CAT gene(s).
Transgenic lines were examined by polymerase chain reaction, Northern blot
hybridization, and enzyme activity determination. The study revealed that the
frequency of cotransformation with two T-DNAs was greater than 40%. Enhance-
ment of either SODorCATactivity individually had only aminor effect on 40 mgml�1

of SO2 tolerance. Mostly, cotransformed strains that overexpressed both SOD
and CAT had high resistance to SO2. Further analyses showed that not only the
activities of SOD and CAT but also the activities of total antioxidant enzymes, such as
ascorbate peroxidase and glutathione reductase (GR), were higher in transgenic
plants treated with SO2 than in treated wild-type plants, indicating that the ability to
eliminate ROS in transgenic Chinese cabbage was increased significantly. It has
been concluded that the cotransformation systems could serve as a good method for
plant improvement.

6.3.9
Genotoxicity

Vascular plants are endowed with a useful genetic system for screening and
monitoring environmental pollutants. Mutagenic activity of toxic chemicals has
been analyzed with different plant systems such as Allium cepa, V. faba, Arabidopsis
thaliana, andH. vulgare, where chromosomal aberration assays,mutation assays, and
cytogenetic tests were performed [135–140]. Plant bioassays, which are considerably
sensitive and simple in contrast with animal bioassays, have been authenticated in
the international collaborative studies under the United Nations Environment
Program (UNEP), World Health Organization (WHO), and US Environmental
Protection Agency (US-EPA) and confirmed to be efficient tests for genotoxicity
monitoring of environmental pollutants [141, 142]. Sulfur dioxide, as a ubiquitous
gaseous air pollutant, influences both human health and the global ecological
systems of animals and plants [143]. Numerous studies have shown that SO2 or
its hydrated forms (bisulfite and sulfite) caused visible foliar injury/damage such as
chlorosis and necrosis [143], inhibited seedling growth and cell division [144],
impaired photosynthetic process [145], and also influenced the activities of enzymes
for scavenging reactive oxygen species in plant cells [143]. However, there is rather
inadequate information in relation to genotoxic effect of SO2 in plants [136, 146, 147].

Yi and Meng [147] investigated the genotoxic effect of SO2 using A. stavium and
V. faba cytogenetic tests (a highly sensitive and simple plant bioassay), by treating a

154j 6 Mechanism of Sulfur Dioxide Toxicity and Tolerance in Crop Plants



mixture of sodium bisulfite and sodium sulfite (1 : 3), at various concentrations from
1� 10�4 to 2� 10�3M. The study revealed that genotoxicity expressed in terms of
anaphase aberration (AA) frequencies in the Vicia-AA test and in terms of micro-
nuclei (MCN) frequencies in both the tests. On average, a 1.7–3.9-fold increase in AA
frequencies and a 3.5–4.5-fold increase in MCN frequencies in Vicia root tips was
observed compared to the negative control. Similarly, Allium root tips also showed a
significant increase in MCN frequencies in the treated samples and pycnotic cells
(PNCs) appeared in the treated groups as well. The frequencies of MCN, AA, and
PNC increased independent of doses and the cell cycle delayed at the same time in
bisulfite-treated samples. The authors concluded that the Vicia and Allium cyto-
genetic bioassays are efficient, simple, and reproducible in genotoxicity studies of
bisulfite. Verge et al. [148] conducted two experiments (1981 and 1997) and estimated
the genotoxic effects of the atmosphere of the industrial estate South of Toulouse,
using tobacco plants (heterozygous for two independent loci involved in the chlo-
rophyll parenchyma differentiation), on the basis of cellular rate of reversion, which
was counted and calculated from the somatic spots of green cellular colonies on
yellow green background. The authors observed a general decrease in genotoxic
effects and construed it as due to a general decrease in air pollution evaluated by the
development of the concentrations of three toxic gases before and after the imple-
mentation of cleanup devices. It has been suggested that this bioindicator is efficient,
easy to use, and capable of integrating, in situ, genotoxic variations throughout the
duration of plant growth and development. Longauera et al. [149] studied the effects
of air pollution on the genetic structure of Norway spruce, European silver fir, and
European beech at four polluted sites in Slovakia, Romania, andCzech Republic, and
the genotypes of sampled treeswere determined at 21 isozyme gene loci of spruce, 18
loci of fir, and 15 loci of beech. The results revealed that in comparison to Norway
spruce, fewer genetic differences were in beech and almost no differentiation
between pollution-tolerant and -sensitive trees in fir. In adult stands of Norway
spruce, sensitive trees exhibited higher genetic multiplicity and diversity.
The authors suggested that the decline of pollution-sensitive trees may result thus
in a gradual genetic depletion of pollution-exposed populations of Norway spruce
through the loss of less frequent alleles with potential adaptive significance to
altered stress regimes in the future. Comparison of the subsets of sensitive and
tolerant Norway spruce individuals, as determined by the presence or absence of
discolorations (�spruce yellowing�), revealed different heterozygosity at 3 out of 11
polymorphic loci.

6.3.10
Sulfur Deficiency

Sulfur is an essential macronutrient for normal plant growth and development.
During the last decades, sulfur availability in soils has become the major limiting
factor for plant production in many developed countries due to significant reduction
in anthropogenic sulfur dioxide emission forced by introduction of stringent
environmental legislations. Ironically, it is a result of the positive phenomenon,
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namely, a strong reduction in atmospheric pollution in industrialized areas of
developed countries [9]. The main cause is the fall in the amount of coal used in
electricity generation. Introduction of new technologies such as flue gas desulfur-
ization and �gas reburn� has also contributed to the fall. Beside coal combustion, the
biggest source of sulfur dioxide emissions is the combustion of petroleum.However,
this has also fallen considerably due to large reductions in fuel oil use in favor of gas in
electricity generation and a general option of gas as the fuel of choice for industries.
The already small amount of sulfur dioxide emitted frommotor spirit and diesel fuel
has also fallen and is believed to fall further due to the introduction of ultralow sulfur
petrol and diesel. In a majority of the European countries, including Poland,
emission has fallen by more than 60% in the years 1990–2004 [150], whereas in
Asia these trends are still reverse compared to Europe and the United States.
Decreased atmospheric sulfur deposition on agricultural land due to the reduction
in sulfur dioxide emission to the atmosphere and the utilization of sulfur-free
(however, rich in nitrogen and phosphorus) fertilizers have led to insufficient sulfur
supply to a variety of crops, especially those with high sulfur requirements such as
oilseed rape [9].

Inadequate sulfate nutrition leads to reduced plant growth, vigor, and resistance to
abiotic and biotic stresses [151–153]. Sulfur deficit influences not only the crop yield
but also the food quality. For instance, certain sulfur-rich proteins inwheat determine
the baking quality of flour [154, 155] and malting quality of barley [156]. A decreased
sulfur content in wheat may increase the level of carcinogenic acrylamide in
processed food [157]. Furthermore, a sufficient metabolic supply of sulfur amino
acids fromdiet and tissue protein breakdown is necessary for the normal functioning
of animal organs, including the mammalian immune system [158, 159]. Sulfur
deficiency that decreases the level of sulfur-containing defense compounds, such as
elemental sulfur, H2S, glutathione, phytochelatins, various secondary metabolites,
and sulfur-rich proteins, is clearly associated with a decreased resistance of plants,
while sulfur fertilization increases their resistance against biotic and abiotic stresses,
and this phenomenon is known as sulfur-induced resistance (SIR) [153, 160].
Conversely, sulfur metabolism is also influenced by both the abiotic stresses (which
increases the ROS formation) and the oxidative stress. The biochemistry of sulfur
assimilation is well characterized; however, many questions remain unsolved con-
cerning regulation of sulfur metabolism in response to both the availability of sulfur
in the environment and the increased demand of plants for sulfurmetabolites under
certain environmental conditions [9].

Numerous studies have demonstrated and it is now a well-documented fact that
plants growing in sulfur-deficient soils can benefit by taking up sulfur from the
atmosphere during chronic exposures [27, 161–163]. The ability of plants to accu-
mulate atmospheric sulfur is species specific; for example, cotton is more efficient
than tall fescue in accumulating atmospheric sulfur [164]. Moreover, nitrogen
supply in the soil also has an influence on the degree of the positive growth response
to SO2. This positive growth response will vary accordingly with the nitrogen supply
in the soil; that is, being low under low nitrogen and high under sufficient
nitrogen [165]. Undoubtedly from a mechanistic point of view, exposure to SO2 can
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be used for sulfur nutrition and to counteract SO4
2� uptake through the roots and

transport to the shoots. This way, the negative effects of SO2 absorption by the shoot
and the resulting acidification and excess sulfur accumulation in the foliage may be
reduced [166].

6.4
Conclusions

Among all the gaseous air pollutants, SO2was thefirst to bedesignated as a phytotoxic
air pollutant, with that themost important one, and its effects on plants have been the
most extensive and longest studied subject in this field. However, since the past few
decades it has attracted less attention because of its declined concentrations in the
atmosphere in much of the developed countries due to the stringent environmental
legislations introduced. Nonetheless, it presents a potential threat in other devel-
oping and underdeveloped countries that are still facing its adverse effects on
vegetations and agricultural crops resulting in low crop production.

Numerous studies have been undertaken to evaluate crop responses to SO2. Since
SO2 is an accumulative pollutant in plant tissue, high concentrations of SO2 can cause
acute injury in the form of foliar necrosis, even after relatively short duration
exposure. However, in the field such effects are far less important than chronic
injury, which results from long-term exposure to much lower concentrations and is
essentially cumulative in nature, resulting in reduced growth and yield and increased
senescence, often with no clear visible symptoms or else with some degree of
chlorosis. Hitherto, much knowledge has been gained on the mechanism of foliar
injury and responses of plants to SO2 exposures. Present efforts to overcome SO2

stress comprise detoxification processes in plants and evolution of resistance. A few
studies have also addressed the beneficial effects of SO2 on plant growing in sulfur-
deficient soils. That being said, other pollutants that are present in the atmosphere
can also influence the effect of SO2 on plants. Thus, the effects of a specified dose of
SO2 can be modified by prevailing environmental conditions. Conversely, SO2 can
also modify the response of plants to other environmental stresses, both biotic and
biotic, often intensifying their adverse impacts.

Dose–response relationships have been investigated for various crop plants. The
information used in deriving such relationships have been on controlled fumiga-
tions, under quasi-field or defined environmental conditions, from filtration experi-
ments and from field studies such as transects along SO2 gradients. Inmany of these
studies, SO2 has been considered the sole factor governing plant growth and
productivity. For this reason, field and filtration studies provided data on responses
under realistic conditions, but these data are confounded by the presence of other
pollutants and variable environmental conditions. Nevertheless, reasonably accurate
values for no-response thresholds for adverse effects have been derived for broad
categories of plants. Though, in the past few decades this perception has changed to a
more holistic approach, which includes the joint effects of multiple air pollutants,
plant growth-regulating climatic factors, pathogens, and insect pests. To advance our
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knowledge and understanding of this subject, research in the future needs to execute
this holistic approach and it requires interdisciplinary cooperation among scientists
from multiple areas of specialization.
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7
Excess Soil Phosphorus: Accelerated P Transfer, Water Quality
Deterioration, and Sustainable Remediation Strategies
Nilesh C. Sharma and Shivendra V. Sahi

Phosphorus is a limiting nutrient for plant growth. Yet its high accumulation in
agricultural soils causes grave environmental concerns affecting human health.
The problem is more acute in temperate climate where large farms with intensive
animal-based agriculture generate and dump huge amounts of organic litter or
manure – a potential source of phosphorus (P). Need for removal of excess P is
increasingly felt in recent times giving rise to various remediation strategies:
chemical, physical, and biological. Application of chemical amendments, such as
lime, ferric chloride, or alum to animal manures or soils enriched with P is one of
the methods used commonly in recent times. P immobilization in soil by these
amendments may not be stable on a long-term basis. Another strategy to address
the excess manure P involves the treatment of animal feed with additives such as
phytase and vitamin D that can increase the digestibility of P in diet. Although
phytase can decrease total P in litter, it can increase thewater-soluble phosphorus in
the litter and hence the potential for P losses to surface waters following land
application. Likewise, application of biosolids as P fertilizer is also not considered
the best management practice from P loss standpoint. Alternatively, phytoreme-
diation, plant-assisted removal of water-soluble P, could be an attractive strategy.
Mining of soil P, which includes harvesting P taken up from the soil by a crop grown
without external P application, is being examined as one of the crop management
strategies for P-impacted soils. It has also been suggested that for the success of P
mining, the remedial strategy should include plants that can accumulate P
manifold higher (>1% DW) than the P content of common plants. Employing
plant species with capabilities like overexpression of root phosphatase and assim-
ilation of organic P from soil P pool could enhance the efficacy of P phytoremedia-
tion. Studies suggest that integrating best management practices for all the
operations involved in P use, from animal feeding strategies to manure manage-
ment, to soil and crop management, and to soil P test methods or P loss tools can
effectively reduce the environmental risks of diffuse P pollution.
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7.1
Phosphorus Conundrum

Phosphorus (P) content of soil presents a paradoxical scenario in different regions of
the world. While many tropical regions with low-input systems of agriculture are
faced with low availability of soluble P, some temperate regions with intensive
animal-based agriculture have to deal with excessive P in the soil that is threatening
the ecosystem.

7.1.1
P Deficiency

The principal form of P in nature is phosphate in inorganic form or bound in ester
bonds into organic compounds. Inorganic P (Pi) forms in tropical, relatively
unweathered, environments are associated with Ca or Mg. A typical solubility for
natural calcium phosphates at neutral pH is near 3 mg l�1. In more weathered soils,
which have lost most of their cations, P is increasingly associated with iron (Fe) and
aluminum (Al) oxides that further lower P solubility. Soil solution P concentrations
vary from9–36 mg l�1 over a range of tropical soils [1]. This places themwell below the
P requirement of productive crops (200 mg l�1), thus creating augmentationneeds for
P fertilizers. Oxisols cover large areas in the tropics and subtropics, accounting for
50% of the world�s P requirements for crop production. The low-input soils of these
geographical regions are characterized by high P adsorption capacity and thus a large
proportion of total P is converted to P forms that are not available to plants [2]. More
than 1 billion ha of soil in the tropics and subtropics exhibit significant P fixation
resulting from an increase in the amount of sesquioxides that occurs during the
weathering process in Oxisols andUltisols. It is estimated that 95% of the acidic soils
located in tropical Africa, America, Asia, Australia, and the Pacific islands are
deficient in P [3].

7.1.2
P Abundance

In many parts of the United States and Europe, where enormous quantities of
nutrient-rich manures (chicken, swine litter, and other animal wastes) are spread
over the soils, P inmanures often exceeds crop requirements [4, 5]. Over last decades,
there has been a dramatic shift in the structure of animal production across the
United States. Large livestock operations have replaced small and medium-sized
operations and have become more concentrated spatially across the United States.
This trend has resulted in a huge supply of animal manure for disposal on a limited
amount of land area (Table 7.1). Intensive, long-term application rates of manure to
soils in these regionshave contributed to frequent reports that the quantity ofmanure
nutrients relative to the assimilative capacity of the land has grown out of balance
[6, 7]. For example, in Chesapeake Bay region – an area with concentrated poultry
production – over 70% of the soils that have been used for long-term poultry waste
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application are now considered to have optimal (noP input needed tomaximize yield)
or excessive P contents [8]. Sims et al. [9] reported that in SussexCo., DE (USA), which
alone produces 230million broilers and 52 000 head of swine per year, approximately
92% of soils in the county were rated as optimum or excessive in P. The link between
high-density animal production and high soil test P (STP) has been clearly estab-
lished by researchers [6, 9]. Figure 7.1 shows the farm-level excess manure P for the
United States [10]. The darker areas represent areas where local crop P requirements
are exceeded by local manure P production, and there is concern that these manure P
excesses can cause rising STP following land application over a period of years.

Fertilizer P use increased dramatically in the decades following World War II in
most developed countries, and over the past few decades, animal production has
also become more geographically concentrated. Withers et al. [12] reported that the

Table 7.1 US annual production of manure, nitrogen, and phosphorus from livestock and poultry.

Species Dry manure
million ton

N % of dry
manure

P concentration N thousand
ton/annum

P

Swine 15.5 4.7 2.97 730 460
Poultry 15.4 5.13 1.62 790 250
Beef cattle 96.6 3.96 1.07 3828 1029
Dairy cattle 29.1 3.75 0.79 1091 230
Sheep 1.8 3.89 0.56 70 10

Source: Adapted from Ref. [11].

Figure 7.1 Excess manure phosphorus in different counties of US states. Reproduced from
Ref. [10], with kind permission from ASA, CSSA, SSSA.
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productive grassland and arable areas in the United Kingdom had on average
accumulated about 1000 kg P ha�1 over the past 65 years. The cumulative mean
surplus of German agricultural soils was estimated at 1100 kg ha�1 for the period
1952–1990, and for the Netherlands this estimation varied between 1000 and
5000 kg ha�1 [13].

7.1.3
Pathways of P Loss

Bulk of runoff P (85–95%) frompastures fertilizedwith poultry or swine litter is in the
soluble form, which is the most readily available form for algal uptake [14]. Surface
runoff P is the generous output not only from intensive animal-based agriculture but
also from low-input systems of agriculture that augments agricultural fields with
P-based fertilizers to boost productivity. Other than overlandflow, a potential pathway
for Pmovement is P leaching from soils oversaturated with P. Some 10% of P export
from land occurs by leaching and groundwater transport, while 90% is transported by
overland flow as sediment or dissolved P. Phosphorus losses by overland transport
range from 0.1 to10 kg ha�1 yr�1 ormore on highly erosive sites. On average, surface
runoff waters carry 10 mg l�1 of dissolved and 1000 mg l�1 of sediment P [15, 16].
Several researchers reported that it is not the quantity of P in a soil that determines
how much P will be released, but the degree of soil saturation with P that
determines the intensity of the solution P concentration a soil can maintain and
hence the concentration of P that can be lost in runoff and leaching [17]. Calculating
the degree of phosphorus saturation (DPS) of a soil provides a measure to
determine whether a soil might leach P. A positive linear relationship occurs
between measured soluble P and the DPS of a soil. Studies suggest that STP on its
own is a useful indicator of the potential for P losses, but other P loss tools such as
the �P index,� which incorporate factors such as (i) transport processes that connect
a site with surface waters, (ii) management factors, such asmanure application and
tillage practices, and (iii) proximity to a water body sensitive to P inputs, will be
more accurate means of P loss risk assessment [18].

7.1.4
Soil P Dynamics

The development of sustainable land management practices for agroecosystems
requires a fundamental understanding of the chemical, biological, and physical
processes in soils that affect the availability of P to terrestrial plants, and ultimately to
animals andhumans [19]. Phosphorus cycling in soils is a complex phenomenon that
is strongly influenced by the nature of inorganic and organic solid phases present,
type and an extent of biological activity occurring, chemistry of the soil solution (e.g.,
pH, ionic strength, and redox potential), andmany environmental factors such as soil
moisture content and temperature (Figure 7.2). Soils, plants, andmicroorganisms all
play a major role. The quantity of P in the soil solution at a given time is generally on
the order of<1 kg ha�1 or<1% of the total quantity of P in the soil. This requires that
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the P in the soil solutionmust be replenishedmany times over the life of the plant to
meet P demands. As the soil interacts with runoff or becomes part of the sediment
load in a receiving body of water, the same exchange phenomenon becomes
important from an environmental standpoint. �Labile P� is often used to describe
soil or sediment P that rapidly equilibrates with an aqueous solutionwhile forms of P
that are slow to equilibrate are termed �nonlabile.� The mechanisms that control the
rate and extent of P exchange between the aqueous and the solid phases in soil or
sediment systems are not well known [19].

Maintaining the concentration of P in soil solution in an optimum range for plant
growth, often cited as>200 mg l�1, while restricting P in surface waters to>30 mg l�1

is a challenge faced both in the agriculture and in the environmental management.
This requires tomanage the soil P cycle, and the chemical and biochemical processes
such as dissolution–precipitation, sorption–desorption, mineralization–immobili-
zation, and oxidation–reduction (Figure 7.2).

Total P concentrations in soil vary in the range of 100–3000mgkg�1. Typically,
organic P constitutes 30–65% of total P. However, high organic matter soils can
contain up to 90% organic P [20]. Organic P transformations in soil are important in
determining the overall biological availability of P, which in turn influences ecosys-
tem productivity. The amounts, forms (Table 7.2), and dynamics of organic P in the
soil are determined by a combination of biological, chemical, and physical factors
(Figure 7.3). The transfer of P in drainage from agricultural soils to watercourses is a
key component of the global P cycle and thus has important implications for water

Figure 7.2 The soil P cycle. Reproduced from Ref. [19], with kind permission from with kind
permission from ASA, CSSA, SSSA.

7.1 Phosphorus Conundrum j169



quality. The enrichment of receiving waters with P can contribute to eutrophication.
Organic P is a key component of the P transfer process because it can account for a
large proportion of the total P in soil solution, runoff water, and stream water [21].
Some organic P forms aremobile in the soil, leading to penetration of soluble organic
P to depth, notably where animal manure is applied to the soil [22]. Organic P is also

Table 7.2 Percentage distribution of organic phosphorus compounds in soil.

Organic P form Concentration range (% of total organic P)

Orthophosphate monoesters
Inositol phosphate 1–100
Sugar phosphates Trace
Mononucleotides Trace
Phosphoproteins Trace
Orthophosphate diesters
Teichoic acids 0–20
Phospholipids 0–5
Nucleic acids 0–2
Phosphonates 0–12
Organic phosphate anhydrides Trace

Source: Adapted from Ref. [26].

Figure 7.3 Soil organic P dynamics – conceptual model. Reproduced from Ref. [25] with kind
permission from ASA, CSSA, SSSA.
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biologically available in surfacewaters following hydrolysis by phosphatase enzymes,
and many species of cyanobacteria grow well on a wide range of organic P
compounds, including inositol hexakisphosphate [23]. DeLaune et al. [24] showed
that while P concentrations in runoff were highly dependent on STP for unfertilized
soils (R¼ 0.93); the relationship was extremely poor after poultry litter was applied to
the same plots (R¼ 0.004), indicating that the effect of STP was overwhelmed when
poultry litter was surface applied. This study further demonstrated that annual P
loads in runoff water were closely correlated with the soluble P concentration of
poultry litter (R¼ 0.87) than to the total P content of the litter (R¼ 0.67). Despite the
importance of organic P in the P transfer process, its precise role remains poorly
understood. However, the fact is now accepted that diffuse P pollution cannot be
effectively managed without a comprehensive appreciation of the role of organic
P [21].

7.2
Consequences of P Overloading

Eutrophication is the enrichment of surface waters by plant nutrients, a form of
pollution that restricts the potential use of impacted water bodies. Eutrophication of
fresh waters is a growing environmental problem worldwide and excess P is well
documented as its most common cause in many aquatic systems [14]. It decreases
dissolved oxygen and concurrently increases biological oxygen demand of a water
body, adversely affecting aquatic wildlife and species diversity. Consequences of
eutrophication include increased biomass of phytoplankton; shifts in phytoplankton
to bloom-forming species; increase in blooms of gelatinous zooplankton (in marine
environments); increased biomass of benthic and epiphytic algae; changes in
macrophyte species composition and biomass; death in coral reefs and loss of coral
reef communities; decrease in water transparency, taste, and odor; increased inci-
dence of fish kills; reductions in harvestable fish and shellfish; decrease in esthetic
value of the water body; and so on [27].

Losses of phosphorus from agricultural soils in the United States have recently
been identified as one of the major causes of decreased surface water quality [28].
Nonpoint sources are now the dominant inputs of P to most US surface waters
(Table 7.3). The geographical concentration of the poultry and swine industry and its
vertically integrated nature have caused water quality problem in many parts of the
United States. For example, the City of Tulsa, OK, derives its municipal drinking
water supplies from the Eucha/Spavinaw Watershed at Arkansas–Oklahoma
boarder. This watershed has a high density of broiler houses. Excessive algal blooms
in the two lakes have caused very high levels of geosmin [trans-1,10-dimethyle-trans-9-
decalol] present in the drinking water in recent years [18]. Geosmin is an earthy
smellingmetabolite of several organisms including actinomycetes and cyanobacteria
such as Anabaena [29]. Geosmin starts causing taste and odor problems in water
supplies when levels exceed 25 ng l�1. Research on cyanobacterial toxins has
advanced greatly since the mid-1980s, focusing on their characterization and
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distribution [30, 31]. Toxic strains are now recognized as having a wide distribution
throughout lakes and have been divided into the fast acting neurotoxins and the
slower acting hepatotoxins. For example, 65 different types of the commonly
occurring microcystin toxin have been identified and these are not simply confined
to the genusMcrocystis. Impacts of toxin vary widely; Anatoxin A(s), for an example, is
an organophosphorus compound that acts as a cholinesterase inhibitor; it may not
thus be logical to say that P in the aquatic environment is nontoxic [31]. Some of these
are tumor promoters and a study fromChina links eutrophic drinking water sources
to an elevated incidence of liver cancer in humans [32]. One potentially carcinogenic
agent is trihalomethanes (THM) that can enter potable water supplies if – during
chlorination process – chlorine reacts with dissolved organic compounds formed by
algal cell lysis or algal excretion. Themost tragicmanifestation of the impact of toxins
was seen in 1997, when 55 persons died within 7 months of exposure to cyano-
bacterial toxins inBrazil [33]. Reports fromAustralia, alongwith theBrazil episode, of
adverse effects on human health associated with eutrophic drinking water – con-
taminatedwith cyanobacterial toxins –have led to an increased awareness of toxins as
an environmental health issue [31]. In addition to toxins, cyanobacteria, and also
algae, can produce other dissolved organic compounds, principally geosmin and
isoborneol, which cause taste and odor problems [34].

The nature, degree, and implications of exposure to algal toxins via potable
drinking water remain uncertain. However, phosphorus runoff from poultry and
swine farms has also been implicated in the emergence of a dinoflagellate, Pfiesteria
piscicida, in waterways on the eastern coast of the United States [35]. P. piscicida is a
microscopic alga that lives in estuaries –where freshwater streams or riversmix with
salt water – along the Atlantic and Gulf coasts. Researchers at North Carolina State
University first identified P. piscicida in 1988 in fish cultures. Since then, scientists
have advanced many theories about the organism�s life cycle and its possible effects
on thehealth offish andhumans. In 1998, theUSCongress appropriated funds to the
Centers forDisease Control and Prevention (CDC) to address concerns about human
health effects possibly associated with exposure to P. piscicida. Toxins from Pfiesteria

Table 7.3 Phosphorus discharge to surface waters from nonpoint and point sources in the
United States.

Source Phosphorus (103 mg per year)

Croplands 615
Rangelands 242
Forests 495
Pastures 95
Other rural lands 170
Other nonpoint sources 68
Total nonpoint sources 1658
Total point sources 330
Nonpoint as percentage of total 84%

Source: Adapted from Ref. [27].
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strains were isolated and characterized recently [35]. Eutrophication of the Chesa-
peake Bay, its tributaries, and other surface water systems in the Atlantic Coastal
Plain continues to be a serious environmental problem [36].

7.3
Remediation Strategies

7.3.1
Chemical Amendments of Animal Waste or Manure

Methods to reduce the off-site movement of P from fields receiving manure have
attractedmuch attention in recent times. Asmost of theP runoff fromfields fertilized
with poultry manure was in the dissolved form, several studies were conducted to
determine if Al, Ca, and Fe amendments to poultry litter or manure could cause
reduction in soluble P levels [37–39]. These studies demonstrated that chemical
amendments of litter decreased soluble P levels by several orders of magnitude, and
Al amendments particularly was better in controlling P losses than Ca amendments.
It was also suggested that alum additions to poultry litter decrease P solubility by
either direct precipitation of amorphous aluminum phosphate or by adsorption of P
by aluminum hydroxide formed after the hydrolysis of alum takes place. Moor
et al. [38, 39] measured P runoff from paired watershed, one of which was fertilized
with alum-treated litter; the otherwith normal litter. They found that P concentrations
in runoff were 73% lower in pastures fertilized with alum-treated poultry litter than
the normal litter. Long-term studies on the effects of various fertilizers have also
shown that soluble P levels in soils are much lower with alum-treated litter than
untreated litter. Dou et al. [40] have shown the efficacy of different coal combustion
by-products in stabilizing manure phosphorus. Three coal combustion by-products,
namely, fluidized bed combustion (FBC) fly ash, flue gas desulfurization (FGD) by-
product, and anthracite refuse fly ash (ANT), were added to dairy, swine, and broiler
litter manures in a laboratory incubation study. FBC reduced readily soluble P by 50–
60% at a rate of 400 g kg�1 for all three manures. FGD reduced soluble P further to
nearly 80% when added to swine manure and broiler litter at 150 and 250 g kg�1,
respectively. ANTwas not found effective for any of the manures tested. In all cases,
reduction in readily soluble Pwas primarily associatedwith inorganic P (Pi) with little
change in organic phosphorus (Po). In another study, efficacy of alum-amended
poultry litter in reducing P release from three Delaware Coastal Plain soils, Evesboro
loamy sand, Rumford loamy sand, and Pocomoke sandy loam, was investigated [41].
All soil types were incubated with alum-amended or unamended poultry litter. Long-
term desorption of the incubated material resulted in approximately 12–13%
reductions in cumulative P desorbed when comparing soil treated with unamended
and alum-amended litter. In addition, the P release from the soil treated with alum-
amended litterwasnot significantly different from the control (soil alone). The overall
implication from this study is that the application of alum as amanure amendment is
useful in coarse-textured soils of the Coastal Plain [41]. In one recent study, Wilson
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et al. [42] showed that the application of mineral amendments to manure reduces P
availability in manure (liquid dairy, laying hen, and broiler chicken) and soil without
affecting crop productivity. Mehlich 3 extractable P (M3P) was reduced by 59–97% in
all manure treated with mineral aluminum sulfate and ferric chloride. A container
experiment was then carried out to examine the effect of soil with pretreatedmanure
on timothy (Phelum pretense L.) growth and soil P levels [42]. Dairy manure plus
aluminum sulfate (200 g kg�1) reduced water-soluble P by 82% relative to the N–P–K
control. This study demonstrated that mineral pretreatment of manure can reduce
the soluble P content of themanure and soil without negative effects on plant growth.

The impact of alum addition on organic P transformations in poultry litter and
litter-amended soil was investigated by Warren et al. [43]. Liquid-state 31P nuclear
magnetic resonance (NMR) indicated that phytic acid was the only organic P
compound present, accounting for 50 and 45% of the total P in untreated and
alum-treated litters, respectively, before incubation. After 93 days of storage-simu-
lating incubation, phytic acid values declined to 9 and 37% in untreated and treated
litters, respectively. Thus, these results show that adding alum to litter inhibits
organic P mineralization during storage and promotes the formation of alkaline
extractable organic P that sustains lower P solubility in the soil environment. The P
speciation in poultry litter was analyzed using solid-state 31P-NMR spectroscopy, and
the mineralogy was analyzed by powder X-ray diffraction (XRD) after storing the
samples moist and dried for up to 5 year under controlled conditions [44]. Struvite
(magnesiumammoniumphosphatemineral) concentrationswere generally lower in
dried samples than in samples stored moist. The moist samples also had higher
concentrations of phosphate bound to aluminum hydroxides.

7.3.2
Chemical Amendments of Soil

Application of chemical amendments such as aluminum, calcium (Ca), and iron to
soils enriched with P has also been tried inmany studies [45–47]. The ability of water
treatment residuals (WTR) to alter P solubility and leaching in Immokalee sandy soil
amended with biosolids and triple superphosphate (TSP) was investigated in
laboratory and greenhouse studies [46]. Several by-products are generated in drink-
ing water purification process, but two major types of WTR are produced in large
quantities and have potential for P immobilization. Conventionally, sedimentation–
flocculation process produces residuals using either Al salts (Al-WTR) or Fe salts
(Fe-WTR) as the primary coagulant. The other major residual type, Ca-WTR, is
produced in water-softening facilities where lime is used for hardness removal.
In above equilibration studies [46], the ability to reduce soluble P followed the order
Al-WTR > Ca-WTR¼Fe-WTR. Differences in the P-fixing capacity of the sesqui-
oxide-dominated materials (Al-WTR and Fe-WTR) were attributed to their varying
reactive Fe- and Al-hydrous oxide contents as measured by oxalate extraction.
Leachate P was monitored from greenhouse columns where Bahia grass (Paspalum
notatum) was grown on Immokalee soil amended with biosolids or TSP at an
equivalent rate of 224 kgP ha�1 and WTR at 2.5% [46]. In the absence of WTR,
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21%of TSPand 11%of biosolids total P leached over 4months.With coappliedWTR,
losses from TSP columns were reduced to 3.5% (Fe-WTR), 2–5% (Ca-WTR), and
<1% (Al-WTR) of applied P. However, for biosolid treatments, all WTRs retarded
downward P flux such that leachate P was not significantly different from control
columns. In another growth chamber study [45], three different types of soil with
M3P levels above 800mg kg�1 were treated with 0–50 g kg�1 IRR (Fe-rich residue).
Three crops of wheat were grown in succession. Water-soluble P and M3P concen-
trations were lowered with an increase in IRR application rate for each soil and
correlated positively with tissue P for three soils. Biomass yield and tissue P
concentrationswere significantly reducedwith the additionof IRR in all soil types [45].
Novak andWatts [47] also demonstrated that alum-basedWTR can reduce extractable
P concentrations in threeP-enriched coastal plain soils. IncorporationofWTR into the
three soils caused a near-linear and significant reduction in soil M3P and WSP
concentrations (Figure 7.4). In two soils, 6%WTR [w/w] application caused a soilM3P
concentration decrease to below the soil P threshold level (150mgkg�1 soil). The
results also showed that WTR incorporation into soils with higher P concentrations
caused larger relative reductions in extractable WSP than M3P concentrations [47].

Chemical amendments do not prevent the accumulation of P in soils but merely
reduce the amount of water-soluble phosphorus, thus regulating the runoff loss [48].
Moreover, P immobilization in soil by these amendmentsmaynot be stable on a long-
term basis and instead result in higher soluble phosphates as in the case of Ca and
ferric phosphate dissolution under certain normal soil conditions [49]. Though the
use of Al salts to precipitate P in manures or soils is considered a better choice [49],
these applicationsmay also affect soil chemistry on a long-term basis. The stability of
the P complexes formedwithAl-oxides, as it relates to P lability in the environment, is
uncertain [41].

7.3.3
Animal Diet Modification with Phytase

One of the major breakthroughs in recent years has been the commercialization of
the phytase enzyme for use in swine and poultry feeds and its positive impact on P
excretion. Phytase mediates the conversion of phytate – an organic form of P – into
bioavailable P in diet, thus decreasing the need of feed P quantity [50]. The use of diet
modifications to decrease the total P concentration in poultry and swinemanure, and
hence decrease P loading rates on agricultural lands and P transfer to surface waters,
is considered an effective way of source management. Incorporating present
technologies into diet formulations could reduce the amount of P in poultrymanures
and litters by at least 40%, while it is anticipated that future technologies could lead to
decreases of more than 60% [50]. However, concerns were raised that although
phytase candecrease total P in litter, it could increase thewater-soluble phosphorus in
the litter and hence the potential for P losses to surface waters following land
application [51]. DeLaune et al. [24] found the average P concentration in the runoff
from litter of birds fed phytase was 85mgP l�1, compared to 39mgP l�1 from the
litter of birds fed the normal diet, even though total P application rate used in their
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Figure 7.4 Linear regression relationship between reductions in soilMehlich 3 phosphorus (a) and
water-soluble (WSP) concentrations (b) and percent water treatment residual (WTR) incorporation.
Reproduced with kind permission from the Journal of Environmental Quality [47].
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experiment was roughly 40% lower with the phytase diet than normal diet. These
researchers showed that the increased P concentration in runoff water was due to
higher soluble P in the phytase litter than normal litter (3283 versus 1176mgPkg�1).
Studies by Maguire et al. [52, 53] and Smith et al. [54], however, contradict previous
findings and suggest that dietary phytase actually decreases both litterwater-soluble P
and dissolved P in runoff following litter application. Like poultry feed, swine diets
were also amended with phytase in a number of studies. These studies conclusively
show that digestibility of (or bioavailability) of P in cereal grains and oilseed meals
is markedly improved with phytase supplementation. This means that reduced
amounts of supplemental inorganic P are needed in swine diets to maximize growth
and bone mineralization. As a result, fecal P is markedly reduced when phytase is
included in the diet. Again, the fear of increased soluble P in swine litter following
phytase treatment was allayed by several studies [54, 55]. Smith et al. [54] coun-
tered that dietary phytase significantly decreased water-soluble P in manure by
17%, but had no significant effect on dissolved P loss in runoff.However, a study at
the University of Kentucky by Xavier et al. [56] presented a mixed picture showing
41% reduction in total P excretion, >2.5% increase in soluble P, and an insig-
nificant difference in the amount of soluble P per day in swine excreta when
phytase-supplemented diets were compared to control diets. Abioye et al. [57]
conducted a study to determine if higher phytase levels can result in greater
reduction in swine manure P without increased P solubility. These researchers
reported that the greatest reduction in manure P was in pigs fed a diet containing
2000U phytase per kg (without supplemental P), with 33% reduction inmanure P.
Although, there has been a great deal of research on the efficacy of phytase and
other dietary strategies in poultry and swine performance and P excretion, little
data exist on how these technologies will affect P runoff from fields fertilized with
animal manure.

7.3.4
Phytoremediation

Variousmethods have been attempted to reduce soil P and halt the loss of P via runoff
and leaching. These strategies though produce a varying degree of results, none
seems toworkwithout environmental risks. Alternatively, plant-assisted extraction of
phosphate (Pi) could be an attractive strategy. Current P uptake rates are low for
common row crops and forage grasses used to assimilate P from soil [58]. It is felt that
the present cropping systems will require several decades, at the normal rate of P
removal by plants, to reduce high P concentrations to an environmentally safe level.
Thus, it is important to develop a method for the rapid removal of soil phosphorus.
Mining of soil P, which includes harvesting P taken up from the soil by a crop grown
without external P application, has been proposed as a possiblemanagement strategy
for P-enriched soils [5, 7, 59, 60]. Phytoremediation is an inexpensive, nonintrusive,
and often highly effective technique [61]. Plant-based cleanup strategies offer a
number of advantages both over traditional cleanup methods and over other
bioremediation technologies. There are several reports of metal hyperaccumulators
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that are immensely useful in phytoremediation [61, 62]. Plants, generally referred to
as metal hyperaccumulators, have the inherent potential to survive and accumulate
excessive amounts of metal ions in their biomass without incurring damage to basic
metabolic functions [61]. However, the ability of vegetation to assist in the remedi-
ation of P remains largely unknown. Some researchers suggest that for P phytor-
emediation to be effective, plants should have high biomass and accumulate P
significantly higher (�1% DW) than the common plants do [7]. P remediation
potentials of a number of crops were evaluated in a pot and field study indicating a
differential pattern of phosphate (Pi) uptake by those crops [63]. Other studies also
indicate usefulness of phytoremediation using stargrass [60] and perennial rye-
grass [5] for P-impacted soils. Studies reflect the usefulness of plant-assisted P
remediation, but no phosphorus hyperaccumulator has been identified [5, 60]. Both
soil and crop management practices may thus require optimization for the P
hyperaccumulator plant to compete with other plant species.

7.3.4.1 P Accumulation Potential of Annual Ryegrass

7.3.4.1.1 Hydroponic Study Annual ryegrass (Lolium multiflorum) is a closely
related and interfertile species with perennial ryegrass (L. perenne), and both are
grown all over the world as key forage grasses [64]. These are among the most
palatable and highly digestible grasses for livestock. Annual ryegrasses, screened
among several grass species for tolerance to high P levels, were selected for tissue P
accumulation study [65]. A hydroponic method was preferred in this study to
eliminate the effects of variable soil pH andmicroflora on P solubility andmobility.
The objectives primarily were to (i) determine Pi accumulation potentials in
Marshall and Gulf ryegrass, two cultivars of L. multiflorum, grown in a nutrient
medium enriched with high levels of Pi, and (ii) to map out the Pi transport
pathways across plant tissues. Both grasses accumulated high concentrations of P
(>2% of tissue dry weight) in their roots and shoots in amedium containing 5 g l�1

KH2PO4 (Figure 7.5). Root P declined while shoot P rose rapidly with further
increase in Pi in the medium.

The channel of P transport and accumulation in leaves and roots of ryegrass was
mapped out by scanning electron microscopy (SEM) and electron dispersive X-ray
spectroscopy (EDS) techniques. The SEM of roots excised from experimental plants
(grown on 5 g l�1 KH2PO4) showed a higher accumulation of P in epidermal and
cortical cells. Brightfibrillar spots of Pi can be seen in these cells (Figure 7.6a). These
observations support the notion that epidermal and cortical cells are the primary
entry points for P uptake. Though cells of the stellar region show intense formation
of bright patches, P is distributed unevenly throughout the root section. In the
micrograph of control roots (supplied with no Pi), such bright formations are
conspicuously absent (Figure 7.6b). Leaf samples from the experimental plants
showed concentrations of brighter P spots from pericycle to epidermis. Some of the
epidermal and cortical cells revealed the presence of bright fluffy structures rich in P
andK (Figure 7.6c). SEMof control leaf samples is clearly distinguishable from those
of P-supplemented plant specimen with respect to fluffy structures (Figure 7.6d).
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The EDS analysis (P peaks) of KH2PO4-exposed plant parts is also distinguishable
from those of controls (Figure 7.7a–d). SEMand EDS observations presented in this
study lead to the belief that high levels of Pi flow into the cells via symplastic (via cell-
to-cell connections) pathways. However, apoplastic (outward flow via cell walls)
migration of Pi cannot be ruled out. Both apoplastic migration and symplastic
transportation of heavymetals have been reported in heavymetal hyperaccumulator
species [66].

7.3.4.1.2 Greenhouse Study As annual ryegrass demonstrated a large P accumu-
lation in hydroponic conditions [65], experiments were designed to characterize
phosphate accumulation from P-impacted soils under greenhouse conditions [67].
Biomass of plants increased with increasing concentrations of soil P until the
concentration reached to a level of 20 g P kg�1 soil, where growth was affected.
Significant increase (p< 0.05) in biomass with respect to control and also among the
treatments was observed in both grass types supplied with P up to 10 g kg�1 soil,
while decrease in biomass was significant (p< 0.05) at 20 g P kg�1 soil. Both crops
accumulated increasing amounts of P (p< 0.05) in their shoots and roots with an
increase in soil P (Figure 7.8a and b). P accumulations in Gulf ryegrass varied from
8.2 to 13 g kg�1 shoot dry weight, while P accumulations in Marshall ryegrass was
7.8–11 g kg�1 shoot dry weight depending on soil P concentrations [67].
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Figure 7.5 Accumulation of P in Marshall and
Gulf ryegrass grown in nutrient solution
containing 0.57–5 g l�1 of KH2PO4 for 2 weeks.
Corresponding controls were set up
with equal amounts of K2SO4. Each point
represents a mean of six replicates (� SE).
MS: Marshall grass shoot; MSC: Marshall

grass shoot control; GS: Gulf grass shoot; GSC:
Gulf grass shoot control; MR: Marshall
grass root; MRC: Marshall grass root control;
GR: Gulf grass root; GRC: Gulf grass root
control. Reprinted from [65] with
permission from American Chemical
Society, � 2004.
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Figure 7.6 Scanningelectronmicrographsof the
root of Gulf ryegrass seedlings grown in modified
Hoagland�s medium in the presence (a) and
absence (b) of 5g l�1 of KH2PO4. (a) Root section
(scalemarker¼ 10mm)showsbright fibrillar spots
(arrowheads) in epidermal and cortical cells.
(b) Control root section (scale marker¼ 10mm)
shows no comparable spots (arrowhead indicates
a dense, superimposed sheet of aluminum as a
contaminant). Scanning micrographs of the

leaf of Marshall ryegrass seedlings grown in
modified Hoagland�s medium in the
presence (c) and in the absence (d) of 5g l�1 of
KH2PO4. (c) Leaf section (scale marker¼ 10mm)
shows abundance of bright fluffy structures
(arrowheads) in epidermal and cortical cells.
(d) Control leaf section (scale marker¼ 10mm)
shows no such structures. Reprinted from [65]
with permission from American Chemical Society,
� 2004.

In another study, three cool-season turf grasses, Kentucky bluegrass (Poapratensis),
tall fescue (Festuca arundinaceae), and perennial ryegrass (L. perenne), were inves-
tigated for phosphate removal capacity from enriched soils [68]. Shoot P differed
significantly among these three grasses ranging from 0.3 to 0.45% of dry mass. This
study also showed that genetic differences in P absorption might exist among turf
grasses at both the interspecific and intraspecific levels.

Effect of pH on P Accumulation The form of P most readily accessed by plants is
orthophosphates (Pi) and their forms in soil solution change according to soil pH [69].
The pK values for the dissociation ofH3PO4 intoH2PO4

� and then intoHPO4
� are 2.1

and 7.2, respectively. Thus, below pH 6.0, most Pi will be present as the monovalent
H2PO4

� species, whereas H3PO4 and HPO4
� will be available only in trace

amounts [69]. Plant uptake is also affected by fixation of P by soil components, which
is greatest in the presence of Fe- and Al-hydroxylated surfaces and, at higher pH,
calcium carbonate [70]. Therefore, to study how varying soil pH conditions in the
Pembroke silt loam influence P uptake in Gulf and Marshall ryegrass, plants were
grown in P-enriched (2.5 gP kg�1 soil) soils maintained at pH 5.6, 6.5, and 7.8 [67]. A
significant increase in shootPwasobserved inbothgrass types at pH5.6with respect to
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Figure 7.7 Electrondispersal X- ray spectroscopic
analysis. (a) Spectrum of one of the bright spots
(arrowheads) shown in Figure 5a. (b) Spectrum of
control rootshowninFigure5b. (c)Spectrumofone

of the bright fluffy structures (arrowheads) shown in
Figure 5c. (d) Spectrum of control leaf shown in
Figure5d.Reprinted from[65]withpermission from
American Chemical Society, � 2004.

accumulation atpH7.8 (Figure 7.9a andb).However, difference in shootPbetweenpH
6.5 and 7.8was significant (p< 0.05) inGulf but not inMarshall ryegrass.Most studies
on the pH dependence of Pi uptake in higher plants have found that uptake rates are
highest between pH 5.0 and 6.0, where plant-assimilable H2PO4

� dominates [69].
The experimentwas alsodesigned to study the effect of the changing temperature that

may be encountered by the crops during different seasons on the drymass productivity
and correspondingPuptake [67].Variations in the shoot drymatter andPaccumulations
were significant (p< 0.05) at different temperature regimes in these grasses (Table 7.4).
Biomass growth inMarshall ryegrass was greater thanGulf ryegrass at all temperatures,
which is consistent with earlier studies involving solution culture [65]. As differences in
biomass growth are greater, total P removal capacity of these plants will also be
significantly different. Studies suggest that air or soil temperature may influence both
drymass accumulation and Puptake in plants [71, 72]. Cool soil temperatures generally
result in reducedPuptake fromsoil reserves by plant roots. Even soilswith high levels of
Pmay not provide adequate P to plants when the temperature is suboptimal during the
cold season. Annual ryegrass is generally cultivated as winter crop in the temperate
climates, but this study suggests that they can be grown also during the summer when
temperature exceeds 30 �C, while serving the purpose of P mining.
Production of phosphatases is a potentially important way for plants to enhance P

availability, as a large proportion of soil P occurs in organic forms [73]. Phosphatases
are required for themineralization of organic forms of soil P to release phosphate (Pi)
– the formof P readily acquired by plants.More recently, phytase (EC 3.1.3.26), a class
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Figure 7.8 (a) P accumulation in Gulf ryegrass
grown in soils enriched with 0–10 g P kg�1 soil
for 6 weeks. (b) P accumulation in Marshall
ryegrass grown in soils enriched with

0–20 g P kg�1 soil for 6 weeks. Values represent
four replicates� standard error of the mean.
Reprinted from [67] with permission from
American Chemical Society, � 2005.

of phosphomonoesterases with high specific activity against phytate, has been
described in plant roots [73]. Acid phosphomonoesterase and phytase activities in
the annual ryegrass plant roots – grown in acidic and slightly alkaline soils under P
sufficiency or P deficiency conditions – were determined [67]. The results indicate
that phosphomonoesterase and phytase activities were more or less similar in both
Marshall andGulf grasses when grown in acidic soils, but activities were significantly
higher in Marshall than Gulf when grown in alkaline soil (Table 7.5).
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Phosphomonoesterase activity in annual ryegrasswas significantly higher [67] than
the corresponding values reported for wheat grown in sterile medium containing
various sources of P [74]. Phytase activity expressed in terms of a percentage of the
total phosphomonoesterase activity was low (0.7–1.0%) in annual ryegrass but greater
thanArabidopsis [75] and pasture grasses [76]. Plantswith high phytase activity in their
roots can hydrolyze phytates, which account for a large proportion of unavailable soil
P pool, and can thus deplete excess P source more efficiently [75]. The enzyme
activities in annual ryegrass also varied in respect of soil pH (Table 7.5). The activities
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were about twofold higher in alkaline soil than acidic ones in case of both enzyme
types. Possibility of P immobilization with Ca under alkaline condition may neces-
sitate conditions for plants to express high enzyme activity [67].

The effect of P supply on the activity of enzymes was also significant in annual
ryegrass where both phosphomonoesterase and phytase activities were higher in P-
rich plants than P-deficient plants [67]. This feature, though not uncommon, was not
compatible with many studies that show enhanced activities, particularly of phytase
in plant root extracts [76, 77]. Therefore, enhanced P uptake in annual ryegrass
though cannot be directly correlated with the determined enzyme activities, the
interesting pattern in enzyme activities may be one of the unique features that
influence P nutrition and accumulation in these plants [67].

Table 7.5 Acid phosphomonoesterase and phytase activities of root extracts in annual ryegrass
grown in P-enricheda) acidic and slightly alkaline soils for 5 weeks.

Treatments Acid phosphomonoesterase
activity mU g�1 root FW

Phytase activity mU g�1

root FW

Acidic soil (pH 5.7)
Gulf ryegrass control (P�) 371� 19.6b) 2.5� 0.62
Gulf ryegrass (Pþ ) 460� 38.7 3.2� 0.85
Marshall ryegrass control (P�) 397� 14.1 2.3� 0.81
Marshall ryegrass (Pþ ) 431� 53.2 3.0� 0.33
Alkaline soil (pH 7.8)
Gulf ryegrass control (P�) 549� 83.3 3.6� 0.32
Gulf ryegrass (Pþ ) 722� 87.5 7.6� 1.01
Marshall ryegrass control (P�) 693� 59.3 5.8� 0.91
Marshall ryegrass (Pþ ) 883� 46.6 7.0� 1.14

a) P was applied at the rate of 2.5 g kg�1 soil.
b) Values are the mean of three replicates� standard error of the mean.

Source: Sharma and Sahi [67], reprinted with permission from American Chemical Society,
� 2005.

Table 7.4 Effect of temperature on shoot biomass and P accumulation in annual ryegrass grown in
P-enriched soil�.

Treatment temperature (�C) Biomass (g dry weight per pot) P (mg kg�1 shoot dry weight)

Gulf Marshall ryegrass Gulf Marshall ryegrass

20 0.84�� 1.00a 7900a 7500a

24 1.11b 1.68b 8200a 7800a

28 1.38c 1.46b 9400b 8500b

32 0.60a 0.85a 9100c 8300b

Source: Sharma and Sahi [67].
�P was applied at the rate of 2.5 g kg�1 soil.
��Values are the mean of three replicates and, within each column, those not followed by the same
letter are significantly different (p< 0.05).
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7.3.4.2 Phytoremediation Potential of Food Plants
In an attempt to identify a P hyperaccumulator, several plants belonging to legume,
vegetable, and herb (foliage) crops were screened in P-enriched soils in the green-
house [78]. The goal was to identify economically valuable crop species that contain
both high biomass and high shoot P. The promising plant species were further
characterized for P accumulations under different soil P concentrations.

Among the various groups of plants (legumes, vegetables, and herbs), a large
variation inPaccumulationwas noticed, and only fewplant species demonstrated the
P accumulation at a level of 1% (10 g P kg�1 shoot DW) or more in their shoots
(Table 7.6). However, among herbs, pigweed (Amaranthus spp.), and goosefoot
(Chenopodium spp.) plantswere promisingPaccumulators,with someof the varieties
accumulating in the range of 1.1–1.4% P (DW) in their leaves. The ratio of shoot-to-
root P was also high (2 or >2) in these varieties. On the basis of P contents in aerial
parts, these plants can be suitable for P phytoremediation, but some of the pigweed
and goosefoot species are known for their invasive nature, and thus can be difficult to
remove when not desired. However, a cautious approach involving harvesting shoots
before flowering can be effective in reducing soil P levels, particularly, in fallow
lands [78].

While screening vegetable crops, cucurbits, namely, cucumber and yellow squash,
demonstrated an appreciable P accumulation in their aerial parts [78], consistent with
earlier observations on their trials in thephosphatic clay soil [79].With anaccumulation
of about 1.8% in stem and 1% in leaves (DW), cucumber can remove a substantial
quantity of soil P. Like cucumber, yellow squash also accumulated over 1% (asmuch as
1.4% DW) in their aerial parts. Cucumber stem showed an increasing accumulation
with increase insoilP concentration after 8weeks, but leaveshadhigher accumulations
depending on soil P after 12weeks. It is likely that cucumber stemsfirst acquire P from
soil and then distribute it in parts like leaves and fruits after a period of time.
Accumulation in fruits also increased significantly (p< 0.05) with time. The pattern
of P accumulation in squashwas different in that stems and leaves both had increasing
concentrations of P as time increased. However, squash fruits had an accumulation of
about 1.4% (DW), irrespective of P concentrations in soil. Even control plants grown in
soils without any external addition of P had high P concentrations in fruits (after 8
weeks) and stems (after 12 weeks). This may be because of high efficiency of squash
plants for P acquisition from soils having even low concentrations of P [78].

In an earlier study, shoot accumulations of P were determined for oil crops such as
Indian mustard, canola, and rape oilseed, and a maximum level of 0.46% P (shoot
DW) accumulation was observed in Indian mustard [63]. It was interesting to
determine the P accumulation pattern in sunflower, which is one of the most widely
used edible oil crops worldwide [78]. Sharma et al. [78] showed that sunflower
accumulates more P than Indian mustard, canola, and rape oilseed with stem, leaf,
and flower accumulations of 0.6, 0.8, and 1.0% (DW), respectively. The effect of soil P
concentration (>1 g kg�1 soil) and duration of time had no significant effect on the
accumulation potential of sunflower plants. Increase in root P was noticeable with
increase in duration of time. Like cucumber and squash, sunflower also displayed
growth in biomass in the presence of a high concentration of soil P asmuch as control
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Table 7.6 Phosphorus content in shoots (stem and leaves) and roots of plants evaluated for
phytoremediation potential in the greenhouse.

Plant Shoot Root Shoot/Root

a)P mg/kg dry weight (�S.E.) P

Beans
Kentucky wonder bean 6221� 549 6927� 255 0.8
Lima bean 3752� 299 5156� 427 0.7
Blue lake bean 4963� 370 4425� 421 1.1
Black-eyed pea 3324� 632 5096� 296 0.6
Pinto bean 3826� 264 5343� 700 0.7
Tender green 3362� 197 4291� 222 0.7
Royal burgundy 4361� 293 8012� 563 0.5
Bush wax 4145� 366 8073� 830 0.5
Chickpea 5111� 343 6876� 190 0.7
Moong bean 4992� 229 4741� 330 1.0
Kidney bean 4012� 310 4693� 531 0.8
Peas 3643� 167 4597� 442 0.7
Soybean 3912� 220 4312� 435 0.9
Lentil 3990� 288 3856� 638 1.0
Vegetable crops
Cauliflower 5291� 542 9154� 883 0.5
Cabbage 5088� 660 8839� 592 0.5
Broccoli 3316� 310 3924� 186 0.8
Tomato 4217� 368 5946� 283 0.7
Egg plant 3812� 739 3712� 175 1.0
Bitter gourd 4612� 883 6123� 326 0.7
Sponge gourd 6730� 398 5892� 250 1.1
Star luffa 4625� 211 8723� 299 0.5
Edible morning glory 3812� 339 3612� 341 1.0
Carrot 4720� 429 5149� 333 0.9
Radish 5934� 200 6789� 257 0.8
Okra 4612� 364 6123� 332 0.7
Herbs
Spinach 6547� 732 — —

Lettuce 6628� 422 8723� 554 0.7
Parsley 4332� 328 4418� 281 0.9
English thyme 3297� 320 3460� 334 0.9
Cilantro 5433� 632 5585� 280 0.9
Dill 5889� 392 6486� 230 0.9
Basil 4322� 431 3853� 410 1.1

Source: Sharma et al. [78], reprinted with permission from Elsevier, � 2007.
Plants were grown in soils enriched with 2.5 g P kg�1 soil for 8 weeks.
a) Values are the mean of three replicates� standard error of the mean.
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plants. As this crop is known for its high biomass in fields, the cumulative P removal
capacity may be significantly higher at the demonstrated levels of P accumulation in
aerial parts. Besides element accumulation and harvestable biomass, what is impor-
tant to determine the phytoextraction potential of a plant species is the depth of
rooting zone, as suggested by Mertens et al. [80]. Notably, sunflower was observed to
have extensive growth of root system extending deep into soils (data not presented)
under high P conditions. That is also true of Amaranthus and Chenopodium species.

Sharma et al. [78] analyzed phosphomonoesterase and phytase activities in plant
species that showed increased P accumulations (cucumber, squash, and sunflower).
Activities of both enzymes were increased in cucumber and squash grown in P-
enriched soils compared to the activities in controls (with no addition of P).When the
activity of phosphomonoesterase increased to about 35% in both cucumber and
squash, the phytase activity increased about 400% in cucumber and 40% in squash
with respect to controls. Sunflower plants, however, demonstrated either comparable
(phosphomonoesterase) or higher activity (phytase) under the P-deficient condition
(controls). The pattern of enzyme activities in cucumber and squash was remarkably
different from the pattern of activities in sunflower and other plant species [74, 76].
However, it was comparable to the enzyme activity inMarshall andGulf ryegrass that
also showhigherPaccumulations fromP-enriched soils [67]. A similar trendwas also
observed in Trifolium repens (a legume pasture), which demonstrated higher phytase
activity in high P conditions [76]. Plants having high phytase activity in their roots can
hydrolyze phytates, which account for a large proportion of unavailable soil P pool,
and can thus deplete excess P source more efficiently. Higher enzyme activities in
cucumber and squash thus may be one of the factors contributing to their P
accumulation efficiency. The molecular mechanism of P nutrition in plants under
the conditions of P adequacy is not well known; however, much information is
available on the acquisition of Punder Pdeficiency [81]. Although the investigation by
Sharma and Sahi [67] identified some economically important plant species with
affinity for highPacquisition, thePaccumulation potential of these plants needs to be
verified under natural conditions of high soil P.

7.4
Conclusions

The present research strongly establishes the relationship between high-density
animal production, often referred to as confined animal feeding operations (CAFOs),
and high soil test P. Elevated STP again correlates directly with an accelerated P
transfer to receiving lakes, streams, or watersheds. Increased P loading to aquatic
ecosystems, and in particular lakes and rivers, is considered a prerequisite to
eutrophication and water quality deterioration. All these associations have sparked
global concerns, propelling the US Environmental Protection Agency to set up the
National Regional Nutrient Criteria Program, European Commission to launch the
Water Framework Directive, and other countries to find various water quality
monitoring agencies, to identify water impairment and target remediation.
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Remediation strategies ranging fromchemical amendments of animalmanures to
soil applications of water treatment residues, to animal feedmodifications, to the use
of cover or buffer crops as scavengers of P have been tried to halt P transfer to aquatic
ecosystems. Eachmethod has its pros and cons. For example, chemical amendments
ofmanure or soil were reported to decrease water-soluble or runoff P levels by several
orders of magnitude, and Al amendment was particularly better in controlling P
losses than Ca amendments. However, chemical amendments do not prevent the
accumulation of P in soils but merely reduce the amount of water-soluble phos-
phorus, thus regulating the runoff loss. Moreover, P immobilization in soil by these
amendmentsmay not be stable on a long-term basis and insteadmay result in higher
soluble phosphates as in the case ofCa and ferric phosphate dissolutionunder certain
normal soil conditions. Animal feed modifications (particularly poultry and swine
feed modifications) by addition of phytase enzyme show a great promise. Diet
formulations based on present methodologies could reduce the amount of P in
poultrymanures and litters by 40%, while future technologies could lead to further P
decreases, as anticipated by the US Council for Agricultural Science and Technology.
However, this remedial measure is also not free from risks. Concerns were raised
that although phytase can decrease total P in litter, it can increase the water-soluble
phosphorus in the litter and hence the potential for P losses to surface waters
following land application. In addition to finding an efficient P source management,
phytoremediation could be another tier of output remediation as it involves appli-
cation of P-accumulating plant species in scavenging excess P. Phytoremediation is a
sustainable, relatively inexpensive, and highly effective technique. Harvesting P
taken up from the soil by a crop grown without external P application has recently
been argued as a possible management strategy for P-impacted soils. However, the
ability of vegetation to assist in the remediation of P remains largely unknown.
Studies suggest the usefulness of plant-assisted P remediation, but no phosphorus
hyperaccumulator has been identified. Thepotential of phytoremediation canbe fully
realizedwhenPhyperaccumulating plant types are identified and used in the process
of P removal from soils. The P-accumulating species will find value enhancements
also when applied as cover or buffer crops. As organic P is a critical contributor in P
loadings to waterways, plant species capable of increased phytase secretion and
organic P assimilation can be a desirable candidate in the search for a P accumulating
plant. Recently constructed transgenic plant species that overexpress root phytase
and accumulate P from organic P sources can be tested under field conditions for
phytoremediation potential.

A variety of best management practices (BMPs) have recently been developed to
minimize the potential for soil P transport. These include, but are not limited to,
cultivation practice such as conservation tillage; the use of cover crops, for example,
grasses, legumes, and other herbaceous species, as a seasonal cover to protect
against soil erosion and P loss; methods of soil P testing such as STP or P index;
artificial drainage, for example, tile drains; creation of buffers such as riparian
buffers or filter strips, alley cropping, and vegetative barriers; and streambank
protection. Research on all aspects of agricultural P, from new approaches to
animal P nutrition, to modifying the physicochemical characteristics of P sources,
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and to advancing our understanding of the interactions between soil and crop
management on P transport, has intensified in the past decade. Research also
shows that the use of BMP systems (combinations of several BMPs tailored to the
specific conditions and environmental concerns at a given site) is a more effective
approach of addressing P problems. The evolution of sustainable Pmanagement is
an ongoing process that is the responsibility of all involved: from farmers to
consuming public, to policy makers.
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Part II
Methods to Improve Plant Abiotic Stress Response
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8
Genetic Modification of Crops: Past, Present, and Future�

Nina V. Fedoroff

Agricultural productivity has markedly increased, while the labor intensiveness of
agriculture has decreased over the past two centuries of increasing incorporation of
science and technology into agricultural practice. Mechanization, chemical fertili-
zers, plant breeding, and molecular genetic modification (GM) have all promoted
rapid increases in agricultural productivity. Recent decades have witnessed a
decrease in the rate of agricultural productivity growth, however. The reasons include
declining investment in agricultural research, increasing human population pres-
sure, decreasing fresh water availability, increasing temperatures, and societal
rejection of GM crops in many countries.

8.1
Introduction

The world has experienced a succession of shocks over the past 2 years: a global food
crisis, spiraling energy costs, accelerating climate change, and a financial meltdown.
The food crisis sparked riots in countries on every continent [1]. Unfortunately, the
food crisis is not a transient phenomenon. The present situation developed over a
very long time as a result of relentlessly increasing demand pushing against a
shrinking natural resource base, even as investment in agricultural research and
development declined decade after decade. The oil price spike combined with
widespread droughts in 2007 and 2008 to aggravate the underlying trends and send
grain prices upward.While pricesmoderated in the following year, they have recently
renewed their upward trend persists. Indeed, the adequacy of the food supplymay be
the most critical issue of the twenty-first century [2].

� The views expressed in this chapter should not be construed as representing those of the US
government. Fedoroff is on leave from Penn State University, where she is the Willaman Professor of
the Life Sciences and Evan Pugh Professor in the Biology Department and the Huck Institutes of the
Life Sciences.
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Food security is a long-standing concern. Thomas Malthus� famous essay on
population, published in 1798, crystallized the problemof balancing food andhuman
population [3]. Curiously, Malthus penned his essay at about the time when science
began to play a major role in boosting agricultural productivity. Late eighteenth-
century milestones were Joseph Priestley�s discovery that plants emit oxygen [4] and
Nicholas-Th�eodoredeSaussure�s definitionof the chemical compositionof plants [5].
Malthus could not have envisioned the extraordinary increases in productivity that
the integration of science and technology into agricultural practice would stimulate
over the ensuing two centuries.

Both organic and mineral fertilization of plants have been practiced since ancient
times. Long before the reasonswere understood, people knew that certain chemicals,
suchassaltpeter and lime, aswell asawidevarietyofbiologicalmaterials ranging from
fish and oyster shells to manure and bones stimulated plant growth [6]. In the early
nineteenth century, Justus von Liebig identified the major chemical requirements
for plant growth, laying the foundation for the modern chemical fertilization
methods [7].Although itwasknownbymid-nineteenthcentury thatbiological sources
of nitrogen could be replaced by chemical sources, supplying nitrogen in the forms
thatplantsuse remainedamajor limitationuntil thedevelopmentof theHaber–Bosch
process for fixing atmospheric nitrogen in the early twentieth century [8]. Today,
agriculture in the developed world relies primarily on chemical fertilizers.

8.2
Crop Domestication

People practiced what might be thought of as generic �genetic modification� long
before chemistry entered agriculture, transforming inedible wild plants into the crop
plants that feed people and their animals today. (The term �genetic modification,� or
�GM,� has comemost often to refer only to the use of recombinantDNA technology, a
confusing state of affairs).

Corn, or maize (Zea mays), remains one of humanity�s most spectacular
feats of genetic modification. Its huge ears, packed with starch and oil, provide
one of humanity�smost important food and feed crops. Corn bears little resemblance
to its closestwild relative, teosinte. Indeed,when teosintewasfirst discovered in1896,
it was assigned to a different species and named Euchleana mexicana. By the 1920s,
it was known that teosinte and corn have the same number of chromosomes and
readilyproducefertilehybrids, yet controversiesabout their relationshipandabout the
origin of corn continued throughout most of the twentieth century.

The work of Dr. John Doebley and his colleagues, commencing with the genetic
analysis of maize–teosinte hybrids, has made substantial progress in identifying the
genetic changes that transformed teosinte intomodern corn [9]. Doebley�smore recent
work with evolutionary geneticist Svante Paabo traced the key genetic changes that
transformed teosinte into corn to the Balsas River Valley in Mexico and dated them to
roughly 6000–10 000 years ago. It has become apparent that the difference between
teosinte, a grasswith hard, inedible seeds, andmodern corn resides in just a handful of
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genes that control plant architecture and the identity of reproductive organs. Remark-
ably, once this handful of mutations were brought together, the suite of genetic
modifications stayed together and spread very rapidly, so that the same group of
alleles had already penetrated into the American Southwest more than 3000 years ago.
Fossilized cobs recovered fromcaves inMexico anddated tobemore than6000 year old
already possessed themultirowed character of themodern corn ear, as do almost 4000
year-old cobs from the Ocampo Caves in northeastern New Mexico [10].

Perhaps the most important insight that has been gained through the molecular
analysis of crop domestication is that people have markedly changed wild plants to
make them suitable as crop plants and that this has been done over many thousands
of years. They selected phenotypic traits and thereby the underlying genetic changes
occurring concomitantly. Each crop has its own interesting history, but one of the
most fundamental traits distinguishing wild from domesticated plants is the
retention of mature seeds on the plant. Plants have a variety of mechanisms for
dispersing their seeds, central to which is the shattering of the seed structure upon
maturation. It is much easier for people to harvest seeds that remain attached to the
plant, hence the selection of mutations that prevent seed dispersal is thought to be
among the earliest steps in crop domestication [11].

Among themanyother traits alteredduringdomestication are the size and shapeof
foliage, tubers, berries, fruits, and grains, as well as their abundance, toxicity, and
nutritional value. There are many underlying genetic differences that distinguish a
domesticated crop plant from its wild progenitors, butmolecular analysis reveals that
key changes are often in genes that encode transcription factors – proteins that
regulate the expressionofmanyother genes [12].Differences innutrient composition
among varieties of the same crop are attributable to mutations in genes coding for
proteins of certain biosynthetic pathways. For example, mutations in genes for
enzymes involved in the conversion of sugar to starch gave rise to sweet corn varieties.

8.3
Modern Crop Improvement

Crop improvement benefited from both the Mendelian and the molecular genetic
revolutions of the twentieth century. Austrian monk Gregor Mendel�s pioneering
observations on inheritance, published in 1865, were made independently by Dutch
botanist Hugo de Vries. Only then did Mendel�s observations gain the interest of
other geneticists [13]. A simple demonstration project to illustrate Mendelian
inheritance led to the discovery of hybrid vigor, a phenomenon whose incorporation
into crop breeding resulted in a dramatic expansion of the corn ear and, thereby, crop
yield. The discovery is attributed to George Harrison Shull, working at the Carnegie
Institution ofWashington�s Station for Experimental Evolution. He was asked by the
Station�s director to develop a demonstration ofMendel�s rules of inheritance. In the
course of these experiments, he observed that some kinds of cornmademore rows of
kernels than others. Curious about the genetic basis of this difference, he inbred the
respective varieties and then crossed them to seewhether the rownumber trait would
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segregate according to Mendel�s simple rules. He found that when he crossed the
inbred lines to each other, the F1 progeny were taller, more robust plants with bigger
ears [14]. This phenomenon, called hybrid vigor or heterosis, is the basis of today�s
extraordinarily productive hybrid corn varieties [15].

However, when they were first introduced in the United States during the
1930s, corn hybrids faced resistance and criticism similar to that of GM crops. The
hybrids were complex to produce and agriculture experiment stations weren�t
interested. Eventually, a company was formed to produce hybrid seed. But farmers
accustomed to planting seed from previous year�s crop saw no reason to buy it. It was
only after farmers realized the yield benefits and the drought resistance of hybrid
corn during the 1934–36 dust-bowl years that hybrid corn was rapidly adopted [16].

Techniques for accelerating mutation rates with radiation and chemicals
and through tissue culture were developed and widely applied in the genetic
improvement of crops during the twentieth century [17]. Such techniques introduce
mutations rather indiscriminately and require the growth of a large numbers of
seeds, cuttings, or regenerants to detect desirable changes. Nonetheless, all these
approaches have proved valuable in crop improvement and by the end of the
twentieth century, more than 2300 different crop varieties, ranging from wheat to
grapefruit, had been developed using radiation mutagenesis [18].

8.4
Mechanization of Agriculture

Amajor development the impact of which Malthus could not have envisioned is the
mechanization of agriculture.Human and animal labor provided themotive force for
agriculture throughout most of its history. Early tractors powered by steam engines
were large and unwieldy, but the invention of the internal combustion engine at the
turn of the twentieth century led to the development of smaller and more maneu-
verable machines. The mechanization of plowing, seed planting, cultivation, fertil-
izer and pesticide distribution, and harvesting accelerated in the United States,
Europe, and Asia following World War II [19]. Agricultural mechanization drove
major demographic changes virtually everywhere. In the United States, 21% of the
workforce was employed in agriculture in 1900 [20]. By 1945, the fraction had
declined to 16%and by the end of the century the fraction of the population employed
in agriculture had fallen to 1.9%. At the same time, the average size of farms
increased and farms increasingly specialized in fewer crops.

8.5
The Green Revolution

Malthus penned his essay when the human population of the world stood at less than
a billion. The population tripled over the next century and a half. As the second half of
the twentieth century began, therewere neo-Malthusian predictions ofmass famines
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in developing countries that had not yet experienced science- and technology-based
advances in agriculture. Perhaps, the best known of the mid-twentieth century
catastrophists was Paul Ehrlich, author of The Population Bomb [21].

The predicted Asian famineswere averted by the dedicatedwork and extraordinary
accomplishments of several scientists and their teams, principally plant breeders
Borlaug, Swaminathan, and Khush [22]. The Green Revolution was based on the
development of rice and wheat varieties withmutations in genes that controlled their
growth rate, resulting in dwarf varieties able to respond to fertilizer application
without lodging. Subsequent breeding for increased yield continued to improve the
productivity of these crops by as much as 1% per year. Instrumental in these
advances were the first two institutes established by the Consultative Group on
International Agricultural Research (CGIAR), the International Rice Research
Institute (IRRI) [23] in the Philippines, and the International Maize and Wheat
Improvement in Mexico (CIMMYT) [24]. Perhaps most remarkably, the Green
Revolution of the late twentieth century reduced the fraction of the world�s hungry
from half to less than a sixth, even as the population doubled from 3 to 6 billion.

8.6
Molecular Genetic Modification of Crops

The molecular genetic revolution that began in the 1960s led to the development of
new methods of crop improvement. Researchers in the 1950s and 1960s discovered
the existence of bacterial plasmids that could replicate independently of the bacterial
chromosome. Other discoveries led to the identification of restriction enzymes and
ligases, making it possible to insert and link covalently a piece of genetic material
from a completely different organism, then clone (amplify) the plasmid in bacteria.
Amplification of such �recombinant� plasmids in turnmade it possible to develop the
DNA sequencing techniques that underlie today�s genomic revolution. Additional
techniques were developed for the introduction of genes into plants using either the
soil bacterium, Agrobacterium tumefasciens, which naturally transfers a segment of
DNA into wounded plant cells, or mechanical penetration of plant cells using tiny
DNA-coated particles [25]. This combination of techniques has made it possible to
transfer geneticmaterial from either the same or a related plant or from a completely
unrelated organism into virtually any crop plant.

Several crop modifications achieved using these methods are now in widespread
use. Perhaps, the best known of these are crop plants into which was introduced a
gene from the soil bacterium,Bacillus thuringiensis, long used as a biological pesticide
because it produces a protein that is toxic to the larvae of certain kinds of insects, but
not to animals or humans [26]. The gene coding for the toxin is commonly called
simply �the Bt gene,� although there is actually a family of Bt toxin genes that express
numerous closely related proteins. These genes have been introduced into a number
of different crops, primarily corn and cotton. In the United States and Europe, pest-
protected crop varieties are produced almost exclusively by companies such Mon-
santo, DuPont, and Syngenta. In other parts of the world, including in China and
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India, such cropmodifications are being performedby both the public and the private
research sectors.

Another widely accepted cropmodification is the introduction of genes that confer
resistance to herbicides, commonly used compounds that inhibit biosynthetic
pathways unique to plants [27]. Among the most widely used today are compounds
that interfere with the production of amino acids that plants synthesize, but animals
do not [28]. Herbicide-tolerant crop plants, which make it possible to control weeds
with a herbicide without damaging the crop, have been derived through natural and
induced mutations, as well as by introduction of genes from either bacterial sources
or modified genes from plant sources. Today, herbicide-tolerant varieties of many
crops, most importantly soybeans and canola, are very widely grown.

Papaya varieties resistant to papaya ringspot virus (PRSV) are a public sector GM
achievement that saved the $64 million/year Hawaiian papaya industry [29]. Papaya
ringspot virus is a devastating insect-borne viral disease that wiped out the papaya
industry on Oahu in the 1950s, forcing its relocation to the Puna district of the big
island. By the 1970s, the Puna district was producing 95%ofHawaii�s papayas. PRSV
was first detected in the Puna district in 1992; by 1995 it was widespread and
threatened the industry. Dennis Gonsalves and his colleagues at Cornell University
began a project in 1985 to introduce a viral gene into papayas based on the
observations made in Roger Beachy�s laboratory at Washington University that
introducing a viral gene could make a plant resistant to the virus from which the
gene came [30].

The first transgenic papaya plants expressing a PRSV gene were ready in 1991,
small field tests began in 1992 and large-scale field tests began in 1994. Approvals
from the Animal Plant Health Inspection Service (APHIS) of the US Department of
Agriculture (USDA), as well as the Environmental Protection Agency (EPA) and the
Food and Drug Administration (FDA), for release of the seeds to farmers took
another 3 years, by which time many papaya farmers had gone out of business.
Transgenic seeds were released in 1998 and by 2000 the papaya industry had come
back to pre-1995 levels. Although it was not known at the time, recent studies have
shown that the resistance is attributable to posttranscriptional gene silencing [31].
This remarkablemethod of crop protection enhances amechanism present in plants
that is responsible for protecting the plant fromsubsequent infection by the same and
closely related viruses, much as the development of immunity protects people and
animals from reinfection by pathogens.

8.7
Adoption of GM Crops

Although the use of molecular modification techniques in crop improvement
engendered controversy – much of it gratuitous – from the beginning, GM crops
have experienced unprecedented adoption rates since their introduction in 1996. By
2008, roughly 10%of croplandwasplantedwithGMcrops [32]: transgenic cropswere
grown on more than 300 million acres in 25 countries by more than 13 million
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farmers, 90% of whom were small-holder, resource-poor farmers. The vast majority
of transgenic cropland is devoted to just four crops, namely, cotton, maize, soybean,
and canola, but the list of commercialized transgenic crops is growing and already
includes papaya, tomato, poplar, petunia, sweet pepper, squash, rice, alfalfa, and
sugar beet.

Few of the widely anticipated adverse effects have materialized. While some
resistance to the Bt toxin has developed, it has not been as rapid as initially feared
and second-generation, two-Bt gene strategies to decrease the probability of resistance
are already being implemented [33]. Predicted deleterious effects on nontarget organ-
isms, such as monarch butterflies and soil microorganisms, have either not been
detected at all or are insignificant. Moreover, while the use of conventional pesticides
decreases the abundance of beneficial insects, the planting of Bt crops does not.

The many studies that have been done to assess the safety of foods containing or
consisting ofGMcropshave reached the conclusion thatGMfoods are as safe or safer
than as non-GM foods [34]. This is in part because of the close attention paid during
product development to the potential for toxicity and allergenicity of the proteins
encoded by genes being added, as well as the inherently greater precision and
predictability of GM constructions.

To date, the unexpected effects have been beneficial. For example,many grains and
nuts, including corn and peanuts, are commonly contaminated by mycotoxins, toxic
compounds made by fungi that follow boring insects into the plants. Two of these,
fumonisins and aflatoxin, are extremely toxic and carcinogenic. Bt corn, however,
shows as much as a 90% reduction in mycotoxin levels because the fungi that follow
the boring insects into the plants cannot get into the Bt plants [35].

There is evidence as well that planting Bt crops reduces insect pressure on other
crops growing nearby. Bt cotton has been widely planted in China. Analysis of the
population dynamics of the target pest, the cotton bollworm, showed that Bt cotton
not only controls the bollworm on transgenic cotton designed to resist this pest but
also reduces its presence on other host crops, thereby decreasing the need for
insecticide sprays in general [36].

8.8
Future Challenges in Agriculture

The scientific and technological advances in agriculture of the nineteenth and
twentieth centuries have been extraordinary. Since Malthus� time, the human
population has expanded more than sixfold. In the developed world, agriculture
has become far less labor-intensive and has kept pace with population growth
worldwide. Today, fewer than 1 in 50 citizens of developed countries grows crops
or raises animals for food. Thismeans thatmost people in developed countries live in
cities and find livelihoods that pay higher wages than farming. Those remaining on
farms often also work in off-farm jobs, raising average farm income. However, this
also means that most citizens of developed countries have little understanding of
what it takes to create the foods that stock contemporary supermarkets.
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Moreover, after a half century�s progress in decreasing the fraction of
humanity experiencing hunger from half to less than a sixth, the food crisis
and the more recent global financial crisis have begun again to swell the ranks of
the hungry [37]. Population experts anticipate an addition of another 2–4 billion
people to the planet�s population within the next 3–4 decades [38], but the amount of
arable land has not changed appreciably in more than half a century, increasing by
only about 10% [39] and it is not likely to increase much in the future because we are
losing it to urbanization, salinization, and desertification at least as fast as we are
adding it.

Another variable that is becoming critical is the availability of fresh water for
agriculture. Today, about a third of the global population lives in arid and semiarid
areas, which cover roughly 40% of the land area. Climate scientists predict that in
coming decades, average temperatures will increase and dry land area will
expand [40]. Even now, inhabitants of arid and semiarid regions of all continents
are extracting ground water faster than aquifers can recharge and often from fossil
aquifers that do not recharge [41].

Thus, the challenges to agriculture in the twenty-first century are profound: to
increase agricultural productivity on land largely already under cultivation, at higher
temperatures, andusing lesswater. Can it be done? There are biological, political, and
cultural impediments.

The major crops that now feed the world – corn, wheat, rice, and soy – require a
substantial amount of water. For example, the production of a kilogram of wheat
requires between 500 and 2000 L of water, most of which is lost through transpi-
ration [42]. But almost half the grain produced worldwide is fed to animals, and the
amount of water required to produce a kilogram of meat is 5–10 times greater than
that required to produce a kilogram of grain.

The optimal growth temperature to produce maximal yields of our major crop
plants is determined by the temperature optimum for photosynthesis, the process by
which plants convert solar energy into chemical energy, and other physiological
processes. Yield is also determined by the temperature range that supports optimal
development of the harvested storage organs (grain, bean, and kernel) [43]. A recent
study reports that yields increase with temperature up to 29 �C for corn, 30 �C for
soybeans, and 32 �C for cotton, but then decline precipitously at higher tempera-
tures [44]. This study predicts that yields of these crops in their present growing areas
will decline by 30–46% by the end of the twenty-first century under the most
moderate climate change scenario and by 63–82% under the most rapid warming
scenario.

The expected pressures on water availability and increasing temperatures present
critical challenges to agricultural researchers to increase crop water efficiency and
heat tolerance. Whether our highly productive food and feed crops can be modified
and adapted to be even more productive at the higher temperatures expected or at
more northern latitudes is simply not known. It is therefore imperative not only to
increase research on the salt, drought, and temperature tolerance of existing crop
plants but also to invest in research on plants that are not nowused in agriculture, but
that are capable of growing at higher temperatures and using brackish or salt water
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for irrigation. Indeed, the array of molecular tools and knowledge available today
may make it possible to design a wholly new kind of agriculture for a more arid,
hotter world.

Even though the molecular tools, physiological knowledge, and genomic infor-
mation available today are extraordinary, there are also political and cultural barriers
to their widespread use in crop improvement. While scientific communities world-
wide largely recognize the safety ofGMcrops, the political systems of Japan andmost
European and African countries remain opposed to growing GM crops. Many
countries lack GM regulatory systems or have regulations that prohibit growing
and even, in some countries, importing GM food and feed. Moreover, even where
there exist regulatory frameworks that support the testing and introduction of GM
crops, the regulatory process is both complex and expensive. Contrary to the claims of
anti-GM activists, GM crops and food derived from them are excessively regulated.

These factors have largely eliminated the participation of university and other
public sector researchers in molecular crop improvement that involves field trials in
most countries around the world. Productivity gains based on earlier scientific
advances can still increase food production in some countries, particularly in Africa.
But such productivity gains appear to have peaked in most developed countries and
recent productivity gains have beenmade largely throughmolecular modification. If
modern science is to contribute to the agricultural productivity increases required in
coming decades as the climate warms and the human population continues to grow,
it is imperative to get beyond the cultural and political biases against molecular crop
modification, assess the safety record ofGMcrops, and ease the regulatory barriers to
their development and deployment.
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9
Translational Biology Approaches to Improve Abiotic Stress
Tolerance in Crops
Rina Iannacone, Francesco Cellini, Giorgio Morelli, and Ida Ruberti

In the last decades, several genes that regulate abiotic stress response were identified
in the model plant Arabidopsis. The completion of the Arabidopsis genome sequence
in 2000 and the development of molecular high-throughput �omics� platforms have
speeded up the simultaneous functional characterization of genes that regulate the
abiotic stress tolerance in plants. The fundamental molecular mechanisms that
underlie the plant abiotic responses are quite conserved among plant species and
therefore the knowledge gained in the model plant Arabidopsis can be exploited to
improve stress tolerance in crop species. Many examples demonstrate that ectopic
expression of key genes involved in the stress response can induce stress tolerance in
different crops, demonstrating the potential of the translational approaches. Never-
theless, generation of crops that have improved tolerance under field conditions is
still a challenge. However, systems biology studies in model plants and �omics�
approaches in crop species can certainly contribute to the understanding of the
interplay between response pathways to different abiotic stresses, a condition that is
commonly found in open fields.

9.1
Introduction

Plants represent ourmain food supply both directly or indirectly via the production of
feed for bred animals. The agricultural production greatly increased during the
GreenRevolution thanks to the introduction of new cultivars and the use of fertilizers
and pesticides. The gene revolution, which started with the use of genomic and
biotechnology approaches for plant genetic improvement, was expected to give a big
speedup in the selection of new varieties. However, the development of an ideal crop
for different environments is still a challenge. Plant growth and production are
greatly influenced by the environment and particularly by climate stresses. The global
climate changes that we are experiencing in recent years is worsening the losses of
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plant production. The higher frequency of long drought periods alternated with
flooding, which are becoming common even in temperate regions, increases the
unpredictability of crop yield.

Plants can affordmild abiotic stresses putting in placemolecularmechanisms that
ensure survival and reproduction. Since sessile, plants have evolved the ability to
reprogram the expression of their genome in response to environmental changes.
However, survival under abiotic stresses is costly in terms of energy andmetabolism.
The adverse effect of abiotic stresses is reflected on plant health, habitus, and
production. It is estimated that abiotic stresses account for 70% reduction in the
yield for main crops [1]. Several pathways that regulate the changes in metabolism,
upon environmental stresses, were studied in detail in model plants. However, there
is need to �translate� the fundamental studies, conducted on model plants, into
applied research for crop improvement [2].

The concept of �translational biology� is borrowed frommedicinewhere there is an
urgent need to translate into practical protocols discoveries coming from the
fundamental science. Nevertheless, this approach might have a useful application
in agriculture as well, and can be translated as the use of knowledge developed in
model plants (Arabidopsis thaliana, Indica rice,Medicago truncatula, Populus spp., etc.)
for crop genetic improvement. The recent progresses made in model plants in the
field of genomics, transcriptomics, and proteomics can give great opportunities for
the genetic improvement of crops.

On the other hand, the swift adoption of next-generation sequencing (NGS)
technologies, which are producing reference genome data directly on crops, will
allow the development of comparative genomic approaches with model plants in
order to find new genes and newmarkers useful for breeding traits of interest. A big
discrepancy between the vast quantity of data already available at genomic DNA
sequence level and the information regarding the function of genes andmeaningful
phenotypes still exists. This limitation hampers the possibility of fully exploiting the
potential of genomics tools for breeding, such as genome-wide association and
genomic breeding.

An exciting area of development, which very likely will allow to tackle this problem,
is represented by high-throughput plant phenotyping, the so-called plant phenomics,
which is aiming at the development of platforms that support fast and efficient
phenotype screening in mutants, populations, and their relations with environmen-
tal factors.

9.2
Arabidopsis as a Model System

During the past 10 years, Arabidopsis has underpinned the genomic revolution in
plant science. A number of powerful genomic tools have been developed: a high-
quality genome sequence that now includes detailed information on whole-genome
patterns of DNA methylation, histone modifications, and small RNAs; T-DNA
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insertions in around 90% of genes; whole-genome expression profiles at different
development stages in a wide range of environments (www.arabidopsis.org; January
15, 2011). Largely through the use of these genomic tools,Arabidopsis research has in
the past decademade substantial progress in identification of key genes that underlie
the major processes of plant development and responses to the environment. As
an example, here we describe the recent advances made in understanding the
transcriptional regulatory networks and upstream regulators in response to
cold and drought.

9.2.1
Cold Stress

In Arabidopsis, CBF/DREB (C-REPEAT-BINDING FACTOR/DEHYDRATION-
RESPONSIVE ELEMENT BINDING) genes are rapidly and transiently induced
following exposure to low temperature, and the CBF/DREB factors in turn induce the
expression of around 100 other genes, collectively termed the CBF regulon, which is
central to cold acclimation (see Refs [3, 4] and references therein). Recent work
identified two cold-sensing pathways that control expression of CBF/DREB genes.
ICE1 (INDUCER OF CBF EXPRESSION 1), a basic helix-loop-helix transcription
factor, binds tomultipleMycDNA regulatory elements present in theCBF3/DREB1a
promoter and stimulatesCBF3/DREB1a transcription (see Refs [3, 4] and references
therein). The ICE1 gene is constitutively expressed and regulated at the posttrans-
lational level through low-temperature-induced sumoylation of the ICE1 protein
mediated by SIZ1, a SUMO E3 ligase [5]. Interestingly, this activation process is
countered by HOS1 (High Expression of Osmotically Responsive Genes 1), a RING
finger E3 ligase that mediates ubiquitination and degradation of ICE1 (see Ref. [4]
and references therein). The other cold-sensing pathway involves calcium.Anumber
of studies have established that exposure of plants to low temperature induces
calcium spikes that in turn influence gene expression (see Ref. [4] and references
therein). Recently, Doherty et al. [6] showed that calmodulin binding transcription
activator (CAMTA) factors bind to a regulatory element in the CBF2/DREB1c gene
promoter. Single catma mutants showed no obvious growth phenotypes. However,
the camta3 mutation resulted in a significant reduction in cold induction of CBF2/
DREB1c, and camta1 camta3 double-mutant plants were impaired in freezing
tolerance, indicating an important role the CAMTA transcription factors play in
cold acclimation [6].

Cold induction ofCBF/DREB genes is gated by the circadian clock: plants exposed
to cold at ZT4 (4 h after dawn) have greater induction of CBFs/DREBs compared to
plants given the same treatment at ZT16 [7]. Intriguingly, the CBF pathway is also
controlled by light quality [8]. A low red to far red (R/FR) ratio light signal at the
beginning of the day induced the CBF/DREB genes and their downstream COR
(cold-regulated) genes at 16 �C but not at 22 �C. Remarkably, this low R/FR-induced
increase in CBF/DREB expression was sufficient to confer freezing tolerance at
16 �C. The reduced ambient temperature togetherwith a lowR/FR light environment
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at the beginning of the daymightmimic autumn, and it is possible that the activation
of the CBF/DREB regulon represents an adaptive response in Arabidopsis for
minimizing winter freezing injury [3, 8].

Natural variation studies further highlighted the regulatory role of CBF/DREB
genes in cold acclimation. Natural accessions of A. thaliana are distributed over
a broad geographic range where selection pressures for tolerance to low temperature
are diverse [9]. Relative to accessions from northern regions, accessions of
Arabidopis thaliana from the southern part of their geographic range exhibit
higher levels of nucleotide polymorphism in both regulatory and coding regions.
Relaxed selection on theCBF/DREB genes in southern accessions compromised the
ability of these genes to act as efficient transcriptional activators during cold
acclimation [10].

Transgenic overexpression of individual CBF/DREB genes induces the cold
acclimation pathway and results in enhanced freezing tolerance in the absence of
a cold acclimation treatment [11]. However, Arabidopsis plants constitutively over-
expressing CBF1/DREB1b, CBF2/DREB1c, or CBF3/DREB1a grow slowly, have a
dwarf stature, and have delayed flowering [11, 12]. Recently, Achard et al. [13]
discovered that constitutive overexpression of CBF1/DREB1b results in the accu-
mulation of DELLA proteins (DELLAs), a family of nuclear growth-repressing
proteins that are key components of the gibberellin (GA) signaling pathway (see
Ref. [14] and references therein). According to the current model, DELLAs restrain
plant growth, whereasGApromotes growth by overcomingDELLA-mediated growth
restraint (see Ref. [14] and references therein). The binding of bioactive GAs to the
nuclear receptor GID1 (GA-INSENSITIVE DWARF1) promotes an interaction
between GID1 and the DELLA domain of DELLAs. Subsequently, this interaction
enhances the affinity between DELLAs and a specific SCF E3 ubiquitin–ligase
complex involving the F-box protein SLY1 (SLEEPY1), thus targeting DELLAs for
destruction by 26Sproteasome (seeRef. [14] and references therein). Achard et al. [13]
found that overexpression ofCBF1/DREB1b enhances expression of GA-inactivating
GA 2-oxidase genes. Accordingly, transgenic plants that constitutively express CBF1/
DREB1b accumulate less bioactive GA and as a consequence exhibit dwarfism and
late flowering. Both phenotypes are suppressed whenCBF1/DREB1b is expressed in
a line lacking twoDELLAproteins, GAI (GA-INSENSITIVE) and RGA (REPRESSOR
OF GA1).

TheCBF/DREB cold response pathway is highly conserved in plants. Components
of this pathway are also present in species that suffer chilling injury at low
temperatures and are unable to tolerate freezing, such as tomato, rice, andmaize [15,
16]. Targetedmanipulation of these regulatory genesmay be able to improve freezing
tolerance in winter crops [17].

9.2.2
Drought Stress

Plant responses to drought are complex and different pathways have been
identified in Arabidopsis (see Ref. [18] and references therein). Among them, the
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abscisic acid (ABA) signaling pathway plays a crucial role in plant survival under
drought stress. Drought triggers the production of ABA that in turn causes
rapid stomatal closure to limit water loss through transpiration and induces
genome reprogramming to survive this adverse environment (see Ref. [19, 20] and
references therein).

Several ABA binding proteins have been identified and implicated in ABA
signaling (see Ref. [19] and references therein). However, the recent identification
of the PYR/PYL/RCAR PYRABACTIN (4-bromo-N-[pyridin-2-yl methyl]naphtha-
lene-1-sulfonamide) RESISTANCE (PYR)/PYRABACTIN RESISTANCE 1-LIKE
(PYL)/REGULATORY COMPONENT OF ABA RECEPTOR (RCAR) family of ABA
receptors and theirmechanism represents amajor breakthrough in thefield andmay
open up the possibility of new approaches to improve drought tolerance in crops [21–
24]. Three research groups independently identified different members of this new
receptor family as ABA binding proteins that interact with clade A protein phos-
phatase 2Cs (PP2Cs),which function asnegative regulators ofABAsignaling [22–24].
Group A PP2Cs consists of nine proteins including ABA insensitive 1 (ABI1), ABI2,
and homologue of ABI1 (HAB1), very well known for their role in ABA response (see
Ref. [19] and references therein). The use of ABI2 and HAB1 as baits in yeast two-
hybrid screens led to the identification of PYL9/RCAR1, PYL8, and PYL5 as PP2C
binding proteins [22, 23]. Independently, Nishimura et al. [24] identified several PYR/
PYL/RCAR proteins as interactors of ABI1 in vivo. Taking a different approach, Park
et al. [21] identified pyrabactin, a new synthetic selective ABA agonist, and deter-
mined by genetic analysis that PYR1 is necessary for pyrabactin action in vivo.
Subsequent in vitro studies demonstrated that both pyrabactin and ABA cause PYR1
to bind and inhibit ABI1, ABI2, and HAB1 [21].

The Arabidopsis genome encodes 14 highly conserved PYR/PYL/RCAR pro-
teins [25] belonging to the START/Bet v I superfamily that contain a central
hydrophobic ligand binding pocket [26, 27]. The structures of PYR1, PYL1, and
PYL2 in apo, ABA-bound, and ABI1 or HAB1 complexed forms were recently
reported and revealed how ABA binding to PYR/PYL/RCAR receptor proteins leads
to PP2C inhibition [28–32].

Although the single pyr/pyl/rcar mutants characterized so far do not display ABA
phenotypes, a quadruple pyr1/pyl1/pyl2/pyl4 mutant shows defects in several
ABA responses demonstrating a major role of the PYR/PYL/RCAR proteins in ABA
signaling [21, 24]. Moreover, transgenic plants overexpressing RCAR1/PYL9 are
hypersensitive to ABA-promoted guard cell closure [22], and overexpression of PYL5
enhances drought tolerance of transgenic Arabidopsis plants highlighting the bio-
technological potential of this gene [23].

In the past years, several binding partners of PP2Cs have been identified (see
Ref. [19] and references therein). Among them are protein kinases implicated as
positive regulators of ABA signaling such as OST1 (Open Stomata 1)/SnRK2.6
(SNF1-related kinase 2.6) [33, 34] and SnRK2.2 [21]. Triple mutants lacking OST1/
SnRK2.6 and its two close relatives SnRK2.2 and SnRK2.3 are almost completely
unresponsive to ABA, indicating that these kinases are central to ABA signaling
[35–37]. Accumulated evidence indicates that group A PP2Cs directly inhibit SnRK2
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kinase activity by dephosphorylating them [38–40]. Therefore, the PYR/PYL/RCAR-
mediated inhibition of PP2C activity results in SnRK2 kinase activation, which in
turn leads to phosphorylation of downstream targets including AREB/ABFs tran-
scription factors that bind to ABA-responsive promoter elements (ABREs) (see
Ref. [21, 41] and references therein). Remarkably, the core PYR/PYL/RCAR–
PP2C–SnRK2 pathway, originally proposed by Park et al. [21], is sufficient for
mediating an ABA response. ABA-triggered phosphorylation of the ABRE binding
transcription factor AREB1/ABF2 was reconstituted in vitro by combining recom-
binant PYR1, ABI1, and OST1/SnRK2.6 proteins [42].

The PYR/PYL/RCAR receptor family is well conserved in crop species; thus, it is
likely that the modulation of these proteins and their interacting partners will enable
new strategies to increase crop tolerance both to drought and to other stresses [43, 44].
Moreover, the discovery of a selective ABA agonist, pyrabactin, and the understand-
ing of its structural mechanism of action and selectivity point to a potential chemical
strategy for improving crop yield under drought stress [21, 45, 46].

9.3
Abiotic Stress Tolerance in Crops

During the process of selection of crops that was made in the last century, most
attention was devoted to productivity, while abiotic stress tolerance traits were not
considered intensively. Nowadays, we are facing a period of progressive drought,
usually accompanied with increasing salinization, all around the world so that
regions that were considered temperate or with good water resources are becoming
dry regions. Furthermore, the global population is projected to increase in the next 30
year from 6.7 billion to 9 billion (http://timeforchange.org/growing-world-popula-
tion; February 28, 2011) [47], so the need for increasing crop productivity is becoming
more and more urgent. Drought stress causes severe losses in plant biomass and
seed production. It is estimated thatmore than 50%of the potential production is lost
to drought periods (see Ref. [48] and references therein).

Plants can face drought stresses accumulating in their tissue water either by
absorbing more efficiently water from the soil by expanding the length of roots or by
decreasing the loss of water via the reduction of the stomatal aperture. In contrast,
drought resistance plants are able to limit their metabolism to survive in extreme
drought and restore their biological functions once the environmental conditions
such as water availability are restored. An example of drought-resistant plant is the
Craterostigma plantagineum, also called resurrection plant, which has been inten-
sively investigated to understand the molecular mechanisms that regulate the
stress response [49].

In recent years, significant progress has been made to improve the abiotic stress
tolerance in crops using conventional breeding, marker-assisted breeding, and
genetic engineering (reviewed in Ref. [50]). The unraveling of Arabidopsis
genome has allowed identification of key genes in this model plant that were
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demonstrated to controlmany transcriptional regulatory networks as described in the
previous paragraph.

In the following section, the progressmade in recent years to obtain stress-tolerant
crops (mainly to drought, salt, and cold) is summarized.

Several crops have been engineered to cope with water shortage. Attention was
focused on important crops such as tomato, tobacco, wheat, rice, barley, sugarcane,
corn, and rape using genes codifying for the production of organic solutes, plant
growth regulators, antioxidants, late embryogenesis proteins (LEAs), heat shock
factors (HSFs), and heat shock proteins (HSPs). Furthermore, the use of transcrip-
tion factors (TFs) that regulate the expression of several genes has been investigated
(see for recent reviews Refs [18, 50–52]).

The one-gene approach was broadly used in the past 20 years to obtain plants with
better performances under stress. The identification of genes coding for water-
deficit-induced genes started in the early 1990s [53], and in the following years many
of them were transferred to crop�s genome. Attention was focused on osmoprotec-
tants (proline, glycine betaine (GB), and trehalose) and several crops were trans-
formed with genes encoding compatible osmolytes [54–58]. Compatible solutes are
small molecules that are highly soluble in water and have no effect on macromo-
lecules even at high concentration [59]. One of the main actions of osmolytes is to
maintain the turgor pressure in the presence of dehydration, which is the first
effect of drought, salt, or heat stress.

9.3.1
Proline

Among osmolytes, proline is themost investigated and several data on its role during
stress, signaling, and development have been unraveled [60–62]. Genes codifying
proline were isolated from plants (Vigna aconitifolia) or bacteria (Escherichia coli) and
transferred into crops. The first evidence that proline overexpression renders
tolerance to osmotic stress was demonstrated by Kishor et al. [54]. In this work,
tobacco plants constitutively overexpressing mothbean (V. aconitifolia) P5CS (D1-
pyrroline-5-carboxylate synthetase), which is the rate-limiting enzyme in proline
biosynthesis, showed greater root biomass and higher number of capsules under
salt stress. Furthermore, the overexpression of a mutated form of P5CS
(P5CSF129A), in which the feedback regulation by proline was impaired, resulted
in an increased production of proline under stress. Transgenic seedlings were able to
grow on medium containing 200mM NaCl, and the level of proline in seedlings
expressing P5CSF129A was twofold compared to P5CS seedlings [63]. However, it
was also suggested that the role of proline during stress is not limited to osmolytes,
but this amino acid acts as a free radical scavenger. The P5CS gene from mothbean
was also inserted into the rice genome under transcriptional control of the ABA-
inducible promoter complex (AIPC) byZhu et al. leading to rice plants that showed an
increased root biomass under drought stress and less severe wilting compared to the
control [55]. A similar result was obtained with the P5CSF129A gene that lacked the
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feedback control as discussed earlier [64]. In this case, transgenic plants accumulated
more proline (four- to fivefold compared to the wild type), were more resistant to salt
stress, and showed lower lipid peroxidation, confirming the role of proline as
osmoprotectant and as free radical scavenger. The accumulation of proline can be
achieved by inhibiting the proline degradation via the antisense regulation of PDH
(proline oxidase). However, contrasting results were obtained using this approach.
While Nanjo et al. [65] found an increased tolerance to salt and cold in Arabidopsis,
other studies highlighted an abnormal plant development and almost no influence
on the plant ability to cope with stress [66]. By comparing these results, it can be
argued that the rate of proline biosynthesis is more critical than the proline content
for stress tolerance.

9.3.2
Glycine Betaine

GBisaquaternarycompoundwidelydistributedinvariousorganismsthataccumulates
in chloroplasts and plastids ofmany plants.High levels ofGBare found in halotolerant
plants under stress conditions [67]. However, GB has multiple roles in the cell during
abiotic stress: it acts as osmoprotectantmaintaining the water balance between the cell
and the environment, helps in membrane protection, and stabilizes the quaternary
structure of enzymes and proteins at nonphysiological temperatures and salt concen-
trations [68]. The production of GB in many plants occurs via a two-step oxidation of
choline via betainealdehyde involving the choline monoxigenase (CMO) and betai-
nealdehydedehydrogenase (BADH) [69],while in someextremophilemicroorganisms
an alternative pathway of GB synthesis, via a three-step methylation of glycine, was
identified [70]. Although most plants accumulate GB, some of them, including
Arabidopsis, tobacco, and rice, are considered nonaccumulating. Both naturally accu-
mulating GB and nonaccumulating plants were genetically transformed with GB
codifying genes isolated from various organisms such as E. coli (BADH, CDH, [71]
BetA, BetB [72]),Arthrobacter globiformis [73, 74], and plants (CMO [75] andPEAMT [76]
from Spinacia oleracea). Transgenic crops accumulating GB in their cells showed an
increased tolerance to several injuries (drought, salt, and cold). However, the level of
accumulation of GB in transgenic plants was not very high and themaximumamount
of 5.7mmol g�1 FWwas obtained in betA transgenic maize [77, 78]. These plants were
found resistant to drought and cold compared to their wild-type counterpart and
showed a greater grain production under drought conditions. Accumulated evidence
demonstrates that targeting GB in distinct cell compartments leads to different
effectiveness in protection against environmental injuries. For instance, in the study
by Park et al. [79], theA. globiformis CodA gene was targeted at cytosol or at chloroplasts
and at both compartments simultaneously; the highest levels of GB were obtained in
plants that accumulatedGB in the cytosol, but theprotectionagainst salt and cold stress
was much effective in transgenic lines in which the GB gene was targeted at
chloroplasts, in spite of the low amount of GB obtained in this subcellular compart-
ment. The authors argued that the presence of GB in chloroplasts reduces the
detrimental effect of ROS and enhances tolerance of PSII to photoinhibition.
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9.3.3
Transcription Factors

The approach involving the use of TFs is likely to be one of the most promising to
obtain an effective abiotic stress resistance in crops. TFs are involved in several basic
plant metabolisms and regulate entire gene networks that are involved in plant
response to biotic and abiotic stresses. In the history of plant domestication, TFs have
played a great role allowing selection of plantsmore suitable for agriculture purposes.
Take, for instance, the case of the selection of maize from teosinte: the selection of a
mutant altered in the regulation of the Tb1 (teosinte branched 1) allele (that regulates
the lateral branching determining the outgrowth of branches when it is expressed)
resulted in a dramatic change in the architecture of the progeny starting the
domestication of the modern corn [52, 80].

Several TFs belonging to different large protein families (e.g., HD-Zip, AP2/
EREBP, MYB, and NAC) have been identified and overexpressed in Arabidopsis
[81–86]. Jung et al. found the TF gene AtMyb44 was either overexpressed or down-
regulated in transgenic Arabidopsis and the tolerance of these plants to drought and
salt was verified. The authors observed a plant survival rate of 82% for AtMyb44
overexpressing plants, 17% for wild type, and 8% for atmyb44 downregulated plants,
demonstrating a major role of this TF in preventing water loss under drought stress.
Furthermore, roughly the same survival rate was recorded in experiments in which
transgenic plants were watered with increasing concentration of NaCl (up to
300mM).

However, TFs isolated in Arabidopsis have been transferred to crops to verify
their action in heterologous systems. It is quite clear that in many cases the
Arabidopsis TFs are able to modulate the expression of crop genes involved in
the abiotic stress responses [87, 88]. Most attempts have been performed using
Arabidopsis genes belonging to the CBF family since CBF1-like ESTs were previously
identified in several crops including tomato [15]. Hsieh et al. found out that the
ectopic expression of Arabidopsis CBF1 cDNA was able to confer drought, chilling,
and oxidative stress tolerance in transgenic tomato plants [87, 89]. In the drought trial,
transgenic tomatoes were able to survive after 4 weeks of water deprivation,
while the wild-type counterpart was not. In the cold experiment, a very high
percentage (ranging from 75% to 83.3%) of transgenic plants was able to recover
after 7 days at 0 �C in contrast to the wild-type plants that eventually died. However,
the cold-tolerance plants exhibited a dwarf phenotype and reduced seed number
probably caused by the constitutive expression ofCBF1. The alteration in the growth
of transgenic plants was overcome by exogenous GA3 treatment, suggesting that
CBF1 may influence genes coding for hormones involved in plant growth. Impor-
tantly, the use of CBF1 demonstrates that the ectopic expression of key regulatory
genes can confer tolerance to multiple stresses in relevant crops probably due to
the crosstalk of different stress signaling pathways. Recently, it has been suggested
that the chilling tolerance observed in CBF1 overexpressing plants could be
imputed to the protection of the photosynthetic activity during cold stress [90].
In fact, the Arabidopsis CBF1 gene was transferred in a cold-sensitive tobacco
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cultivar and the photochemical function of PSII and PSI under low irradiance
was evaluated. It was found out that all parameters relative to photochemical
efficiency (Fv/Fm,NPQ, and ETR)weremore favorable in transgenic lines compared
to control, thus showing a protective mechanism of CBF on the activity of
chloroplasts.

In the last decade, the availability of the genome sequence for several crops allowed
identification ofArabidopsis TF orthologues in important plants such as rice, tomato,
wheat, and maize. Overexpression of rice CBF/DREB1A orthologues (OsDREB1A
and OsDREB1B) in Arabidopsis gave rise to transgenic plants with better ability to
cope with drought, salt, and freezing stresses [91]; in addition, the overexpression of
the same genes in rice led to the obtainment of transgenic plants with enhanced
tolerance to drought, salt, and cold stress [92].

Lately, AREB-like transcription factors (abscisic acid-responsive element binding
factor) were used by two different groups to obtain drought-resistant tomato [93, 94].
SlAREB1 and SlAREB2 were isolated from tomato and constitutively overexpressed
in the same species. Plants showed a high degree of drought and salt tolerance and
were phenotypically equivalent to wild type. Microarray analysis revealed that several
abiotic stress-regulated genes were upregulated and,more importantly, genes related
to the biotic stress response were upregulated as well, suggesting a crosstalk between
biotic and abiotic stress response in plants.

However, in several studies it was observed that the constitutive overexpression of
transcription factors caused phenotypic changes in the regenerated plants (e.g.,
stunted plants, delayed flowering, and reduced seed set) [92, 95, 96], though there are
some exceptions in which transgenic plants showed a normal phenotype [88, 93, 97].
To reduce the influence of the exogenous gene on plant phenotype,many researchers
expressed the gene of interest under transcriptional control of stress-inducible or
tissue-specific promoters. An ideal promoter should have a tight regulation and it
should be rapidly and transiently activated upon stress. These characteristics are
typical of the HSP genes in which the transcription is regulated by heat shock
elements present in the upstream region of the HSP genes [98]. However, only few
examples are available on the use ofHSP promoters for the transcriptional regulation
of stress-related genes [99, 100]. The use of stress-related genes under transcriptional
control of inducible promoters may minimize the adverse effect of the exogenous
gene at phenotypic level. Kasuga et al. compared the growth of transgenic plants
containing the CaMV35S :: DREB1A and 29A :: DREB1A [101] and observed that the
use of the rd29 promoter allowed regeneration of tobacco plants that were almost not
affected in their growth and showed a comparable level of drought and cold stress
tolerance compared to the CaMV35S :: DREB1 transgenic plants. Lee et al. trans-
formed tomato cotyledons with CBF1 driven by the stress-inducible promoter
ABRC1 isolated from barley and obtained transgenic plants with enhanced tolerance
to chilling, drought, and salt stress. Transgenic plants did not show any growth
retardation and, notably, the fruit production in transgenic tomatoes was comparable
with wild-type plants under nonstress condition and better under the above-men-
tioned stress conditions [102].
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9.4
From Arabidopsis to Crop

The convergence of research effort in Arabidopsis and in other model systems is
generating a knowledge base and variety of valuable tools that are amenable to crop
research. Themain abiotic stresses that adversely affect plant growth andproductivity
are being extensively studied and include drought, salinity, heat, cold, chilling,
freezing, nutrient, high light intensity, ozone, and anaerobic stresses (reviewed in
Ref. [18]).

Based on the examples discussed in this chapter, it seems reasonable to anticipate
that TF-based technology will be a significant component of near-future agricultural
biotechnology products, conferring enhanced intrinsic yield and yield stability under
stress conditions. Of course, a detailed understanding of the response of plants to
abiotic stress is a prerequisite to the discovery and use of key regulatory molecules
to activate a balanced acclimation response that will enhance the tolerance of plants to
different stresses. Various strategies can be used to enhance the tolerance of plants to
abiotic stress by genetic engineering. Strategies for the use of selected genes in crops
include gain- and loss-of-function approaches that target single genes at various
levels. However, as discussed in the previous paragraphs, constitutive ectopic
expression of these components often causes reduced plant growth, presumably
due to an adverse effect of accumulated molecules on cellular functions or energy
consumption. The improved tolerance to abiotic stresses could be facilitated during
normal stress episodes in the field via the use of tissue-specific or abiotic stress
response promoters [103]. Another promising strategy is the use of chemical-specific
inducible promoters driving the expression of regulatory factors relevant for stress
adaptation. For instance, the improved tolerance to certain abiotic stresses could be
triggered prior to the stress event using different chemicals, a strategy similar to the
priming used to alleviate biotic stresses. The nonprotein amino acid, b-aminobutyric
acid (BABA), a potent inducer in plants against microbial pathogens, was found to
increase drought, salt stress tolerance [104], and thermotolerance in Arabidopsis. In
addition, thiourea treatment coordinately regulates different signaling and effector
mechanisms in Brassica juncea at an early stage to alleviate stress even under a high
degree of salinity [105]. This also indicates the potential of thiourea to be used to
impart salinity tolerance under field conditions. Therefore, the same chemical could
be used both as an effective bioregulator to impart stress tolerance under field
conditions and as an inducer of chemical-specific inducible promoters driving the
expression of selected TFs.

Another strategy for optimizing the phenotype is by protein modification. Some
transcription factors may be converted to constitutive active forms by deleting the
inhibitory domains or changing phosphorylation-accepting amino acid residues to
phosphorylation-mimicking amino acid residues (e.g., serine to asparatic acid). In
addition, transcription factorsmaybe converted to dominant negative forms either by
fusing a repressor domain to the protein (e.g., the EAR repressor domain) [106] or
by removing the DNA binding domain when acting in homo- or heterodimeric
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complexes [107]. A different approach to introduce specific amino acid changes
by point mutation in the coding sequence is the TILLING technology (see Ref. [108]
and references therein).

In some cases, stress resistance may also be conferred by gene downregulation.
This may be achieved by RNA interference [109], cosuppression [110], or loss-of-
function mutants [111–113]. Artificial microRNAs (amiRNAs) may be an alternative
strategy to knockdown the expression of specific genes. The major role of short
single-stranded RNA molecules (miRNAs) in stress responses has been elucidated
only recently and is reviewed in Ref. [114].

To better understand plant stress responses, transcript profiling experiments have
been successfully carried out for many abiotic and biotic stresses [115–120]. One
common theme emerging from microarray analysis is that the response initially is
composed of a core set of multistress responsive genes and becomes gradually more
stress specific as time progresses. Significantly, key molecular components of the
multistress responsive genes have been shown to be evolutionarily conserved in all
organisms [121]. Furthermore, the Arabidopsismultistress responsive genes contain
in their promoters a DNA motif that is sufficient to confer a rapid response to both
biotic and abiotic stresses in vivo. This cis-regulatory element may be useful for the
construction of artificial stress-inducible promoters to drive the expression of
specific TFs [120].

Plant acclimation to a particular abiotic stress condition requires a response
adapted to the precise environmental condition that the plant encounters [122].
Therefore, it is not surprising that biochemical, physiological, and molecular events
triggered by a specific environmental stress are different from those caused by a
different set of abiotic factors [123–126]. However, combined abiotic stresses have
been reported to cause unpredicted physiological changes in plant cells [122, 127].
Drought andheat stress represent an excellent example of twodistinct environmental
stress conditions that occur together in the field [122]. When these stresses are
applied together, the physiological and metabolic response of plants is unique and
cannot be directly extrapolated from the response of plants to drought or heat stress
applied individually [125–127]. Transcriptome profiling of Arabidopsis plants indi-
cated that the acclimation response involved changes in gene expression, with more
than 400 transcripts specifically expressed in plants during a combination of drought
and heat stress [126]. Distinct responses were also observed in plants exposed to a
combination of heat and high light intensity [128] and heat and salinity [129]. In
addition, abiotic stress andABA responses interact with the defense response against
pathogens in a highly intricate manner (reviewed in Ref. [130]).

At this point, it should be evident that physiological knowledge of the processes of
abiotic stress tolerance is still developing, and significantly more effort needs to be
invested to both complement and guide breeding and genetic manipulation pro-
grams. For instance, the root:shoot ratio has been shown to be an important
determinant in the ability of plants to respond to environmental stress, and in the
field the root systems is a fundamental component in the plant strategy for stress
avoidance [131]. The genetic complexity and the difficulty in scoring and selecting
traits affecting the development of this organ that grows below the surface of the soil
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have made it very complex to breed for improved root systems. Very recently, it has
been shown that the root-specific expression of genes encoding cytokin-oxidase
(CKX) enzymes inArabidopsis and tobacco allows the production of transgenic plants
with an enlarged root system without negative side effects on aerial organs.
Interestingly, these CKX transgenic plants showed a higher survival rate after severe
drought treatment [132]. Therefore, it would be very interesting to test the perfor-
mance of CKX transgenic plants experiencing drought stress in the field.

So far, in many studies describing stress tolerance of mutants or genetically
manipulated plants, the levels of plant tolerance against a stress were examined only
over short periods. Consequently, crops harboring transgenes or mutated genes
designed to improve the tolerance to a specific stress might encounter unexpected
problems when grown in the field. The plant should be always tested under
experimental settings that mimic the various combinations of restrictive conditions
that occur in the field [18]. However, these are time-consuming experiments,
especially for testing new hypothesis. The multiplicity of stressing environments,
difficult to handle, can be better addressed by systems biology approaches [133]
owing to the development of models [134–138]. Of course, the final goal would
be to understand the molecular mode of action of the whole stress response
system of plants.

High-throughput experiments inmodel plant systems can already provide us with
essential, albeit partial, information. Integration of transcript profiling with other
multiple �omics� (e.g., metabolic and proteomic profiling) and phenotypic data is
required to reconstruct complex networks and to identify key regulatory steps that
characterize the response of the plant under changing environmental conditions.
However, it is important to point out that to datemost of the key components are still
unidentified. In Arabidopsis, the molecular function, biological process, or cellular
compartment of approximately 30% of the genes is known and a further 40% have
mere experimental annotations in the Arabidopsis database of genetic and molecular
biology data (TAIR, www.arabidopsis.org; January 15, 2011). The situation is worse
with respect to metabolites, even in the Arabidopsis model. Of the estimated 10 000
metabolites in Arabidopsis [139], only approximately 1000 have been structurally
resolved [140–142]. In addition, it has been shown that abiotic stress induces the
accumulation of novel antisense overlapping transcripts [143] and transcripts from
transposons or pseudogenes, which are a source of siRNAs [144, 145], implying a role
for siRNAs in abiotic stress responses in plants. Recent studies have also shown that
abiotic stresses cause long-term regulation of gene expression, mostly conferred by
epigenetic gene regulatory mechanisms, for example, chromatin remodeling
through various histone modification or DNA methylation processes [146]. Such
mechanisms allow organisms to respond to the environment through changes
in gene expression patterns that are subsequently retained through mitosis [147].

Nevertheless,modeling strategies can already be used to discovermolecular events
that result from complex circuit behavior. Recently, a systems biology approach in the
Arabidopsis model system has been used to strongly improve our understanding of
the photoperiodic regulation of flowering time [148]. Recent controlled environment
studies have included more complex temperature and photoperiod interactions and
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perhaps as a result have uncovered more subtle environment-dependent effects of
knownflowering time genes [149–151]. Together, these studies have highlighted how
a combination of field and controlled environment studies can be used to explore
genetic determination of phenological traits and their role in adaptation to
environment.

In conclusion, we can predict that sophisticated model-assisted strategies will be
applicable to crop research. Models that integrate genetic, molecular, and biochem-
ical information will help understand the complex behavior, such as pathway
integration. Models that include the molecular, cellular, whole plant, or field level
will show immense potential in crop improvement and crop yield prediction.

9.5
The Genomic Revolution

The comparative approach is central to plant genetic research for both gene
isolation and identification of gene function. Similarity in gene sequence between
model organisms, in which knowledge is more advanced, and crops has been
extensively used in order to identify key genes useful for agronomical and
qualitative traits.

During the past 40 years, the study of DNA sequences certainly revolutionized
plant genetics and breeding, and, more recently, deep genome sequencing is
producing massive amount of information on gene sequences, structures, and
functions. Thanks to the modern sequencing technologies, the so-called next-
generation sequencing (NGS), the deciphering of complete genomes is advancing
with an unprecedented pace, challenging scientists to find new high-throughput
methods for gene function studies and to develop dense genetic and physical
association maps for breeding.

The first plant genome sequencing was completed in 2000 on the model plant A.
thaliana [152], by implementing an ordered hierarchical strategy that involved the
construction of bacterial artificial chromosomes (BAC) libraries, physical mapping,
and establishment of a minimum tilling path constituted by the minimum number
of partially overlapped BACs that cover the entire genome. The 150 Mbp Arabidopsis
genome was a relevant milestone that prompted other research groups to run
new plant genome projects. After few years, the 398 Mbp rice genome was
completed [153]. These first approaches were implemented by using the classical
Sangermethod that produces highfidelity large reads and can be robustly automated.
These achievements demonstrated that with a good organization, human resources,
and enough money, complex eukaryotic genomes could be deciphered in a limited
time span. However, sequencing work was quite cumbersome, involving hundreds
of scientists, and overall costs were quite high. Despite these limiting factors other
plant genomes quickly followed, by using variants of the Sanger method, named
whole-genome shotgun, which is based on the random sequencing of different
genomic libraries of various sizes, in order to have appropriate genome coverage:
poplar tree, grapevine, papaya, sorghum, cucumber, maize, soybean, Brachypodium,
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peach [154–162] (http://www.appliedgenomics.org/news/pressroom/article/2010/
apr/02/welcome-peach-genome/; March 1, 2011).

To overcome the limitations of the Sanger method, new technologies that allow
sample high throughputs, require no cloning step, and have lower costs, have been
rapidly deployed and are now commercially available. These NGS platforms are able
to produce large amount of DNA sequence reads (usually millions of bases) of short
lengths ranging between 25 and 500 bp (for comprehensive reviews of NGS, see
Refs [163–165].

Present plant genome projects are quickly adopting NGS approaches to gain deep
insights into chromosomal structures. Recently, apple genome draft assembly has
been accomplished by using a combination of Sanger and Roche 454 sequencing
(23� and 51� coverage, respectively) [166]. Assembly covered 80% of the 740Mbp
genome.

The same approach was used to compile the genome of Theobroma cacao, an
economically important tropical fruit-tree crop that is the source of chocolate. The
assembly corresponds to 76% of the estimated genome size and contains almost all
previously described genes, with 82% of these genes anchored on the 10 T. cacao
chromosomes [167]. The first application of a complex genome sequence being
completed without the help of the Sanger method has been achieved in oil palm
genome. In this case, Roche 454 sequencing, using a combination of whole genome
and BAC sequencing, was used to produce the 1.7 Gbp genome sequence (http://
tinyurl.com/palmgenome; March 1, 2011). A combined Illumina Solexa and Roche
454 sequencing has been used to read the genome of a wild Peruvian cotton species,
Gossypium raimondii (http://www.monsanto.com/newsviews/Pages/Monsanto-Illu-
mina-Key-Milestone-Cotton-Genome-Sequencing.aspx; March 1, 2011). De novo
approach with NGS was used to sequence the 240 MBp genome of Fragaria vesca,
the woodland strawberry, amodel plant relative of the cultivated strawberry. The draft
F. vesca, genome sequenced with a combination of Roche 454, Illumina, and Solid
platforms to �39 coverage was anchored to the genetic linkage map into seven
pseudochromosomes [168].

An important effort is taking place inChinawhere the BeijingGenome Institute in
Shenzhen (BGI), a high-tech core sequencing facility, in collaboration with other
national research institutes, is on the way of sequencing many crop genomes. By
using a hybrid strategy that combines 4� Sanger and 68� Illumina Solexa BGI
produced more than 96% of the cucumber genome [159]. This achievement was
followed by the 50� coverage of theBrassica rapa genomeby using the IlluminaGAII
technology.

Several sequencing projects are active at international levels and, given the speed of
the sequencing technology developments, it is highly likely that in few years major
crop genome sequences will be available to plant scientists and breeders.

The principal advantage of NGS is that their throughputs are much higher than
that of classical sequencing. Modern platforms are able to produce more than
100Gbp compared to the 100Kb capacity of the Sanger machines [163]. Also, the
sequencing cost has dropped dramatically in 10 years from10,000 $/Mbp to 1 $/Mbp
of the last-generation instruments. Although the cost of the NSG technology is now
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halving every year, the short reads and the frequent sequencing errors and artifacts
pose novel relevant problems in annotation and assembly. Today, themajor cost in the
production of a complete assembly of a genome sequence lies in the bioinformatics
cost, computing power, and in algorithm development and tailoring.

These problems are limiting NGS mostly to resequencing projects, particularly
for the discovery of point mutation (SNPs, single-nucleotide polymorphisms) and
the development of molecular markers useful for plant breeding. Although it is
certainly possible, and sooner than ever before, de novo sequencing is still a
challenging and expensive effort.

However, it must be stressed that while a complete genome assembly is relevant to
address fundamental biological problems, such as the structure and the evolution of
plant genomes, for most of the practical implications in plant genetics and breeding,
a lot of knowledge can be gathered from not assembled and low-coverage shotgun
sequencing by NGS. Using short paired read data from even 1� coverage can help in
identifying in silico numerous sequences that are similar in relative ormodel species.
By using the sequence, the entire locus can be isolated and characterized by PCR
reconstruction approach. By using this straightforward comparative method, new
genes and promoters involved in agronomical traits can be isolated in economically
important crops.NGS can effectively support the development ofmolecularmarkers,
directly sequencing the genome of the crop of interest by finding polymorphism that
can be associated with genes of interest.

Molecular markers linked to traits of interest can be used in breeding schemes for
marker-assisted selection (MAS), speeding up the production of new varieties,
allowing breeders to achieve early selection of the trait. SNPs are by far the most
prominentmarkers in plant genetics, thanks to the advancement achieved with NGS
(for an exhaustive review, see Ref. [169]). SNP discovery is based on the finding of
single-nucleotide differences between sequences. Classically, differences are found
either by amplifying time in PCR target DNA regions in different individuals,
followed by direct sequencing of fragments, or by using methods that exploit
differences in fragment conformation andmobility, such as high-resolution melting
(HRM) or single-strand conformation polymorphism (SSCP) analyses. These
approaches are time consuming, particularly in genetic mapping studies and
population genotyping, where a high number of samples and large screening is
required.

The availability of reference genomes in crops allows an efficient in silico search for
SNP and SSR by resequencing and comparing the diversity in sequences among
strains, lines, and genotypes. The large amount of data produced by NGS allows
efficient mining of molecular markers [170].

Many plants have large and complex genomes with an abundance of repeated
sequences. Many plants are also polyploid. Large genome sizes, an abundance of
repeated sequences, and polyploidy typical of many plants present challenges for
genome-wide SNP discovery of total genomic DNA using NGS. In fact, making
alignment and clustering of short reads generated by NGS platforms is difficult,
particularly in the absence of a reference genome sequence. Despite these hurdles,
specific strategies can be developed to mine SNPs. For instance, a pipeline platform
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was developed and used for genome-wide SNP discovery in Aegilops tauschii, the
diploid source of the wheat D genome and with a genome size of 4.02Gb, of which
90% is repetitive sequences. Roughly, 500 000 SNPs were discovered and were
dispersed across the entire A. tauschii genome [171].

The use of high-density SNPs association maps can be exploited for genome-wide
association (GWA) mapping and genomic selection (GS), which will be increasingly
adopted for crop improvement and require a large number of genetic markers. By
using reduced representation libraries (RRLs), libraries produced by digesting DNA
with a common enzyme increasing the coverage probability, from 17DNA grapevine
sample sequence with Illumina Genome Analyzer, 470 000 SNPs were discovered.
Among total SNPs, a subset of 9 000 was chosen to design an array able to
discriminate genotypes with high efficiency [172].

In a similar work, a total of 7108–25 047 predicted SNPs were discovered in
rapeseed using a reduced representation library that was subsequently sequenced by
the Illumina sequence-by-synthesis method on the clonal single-molecule array
platform. A high-resolution genetic map using 444 recombinant inbred lines was
created with 1790 SNP markers [173]. SNPs can also be discovered by interrogating
the plant transcriptome. Massively parallel pyrosequencing technology was used to
sequence the transcriptomes of shoot apical meristems isolated from two inbred
lines of maize using laser capture microdissection (LCM). A computational pipeline
that uses the POLYBAYES polymorphismdetection systemwas adapted for 454 ESTs
and used to detect SNPs between the two inbred lines. Over 36 000 putative SNPs
were detected. Stringent postprocessing reduced this number to >7 000 putative
SNPs [174]. The exponential development in genome sequencing technology will not
only allow whole-genome sequencing to become the standard in marker discovery,
mapping, and population genotyping but also help in functional genomics studies by
cDNA sequencing to render microarray technology obsolete [164].

9.6
Plant Phenomics: Bridging the Gap between Genomics and Phenotype

In the last decade, we have been immersed in the era of genomics revolution that is
radically changing plant biology and breeding. Today, the continuous annotation of
plant and crop genomes is providing scientists with an enormous amount of
information on genome structure and evolution, with the potential to revolutionize
the way new crop varieties are developed in order to fight agriculture and food
production problems worldwide. However, digging into genomics and transcrip-
tomics data to extract meaningful information on gene functions requires still
intense efforts. The recent fast adoption of NGS technologies is producing daily
terabytes of data worldwide that must be analyzed to search for functional meanings.
Despite the high throughput in sequence data production, the association of genes
with their function is lagging behind. The study of the relationship of specific genes
with the measurable characteristics of a plant, that is, the study of the phenotype, is
crucial to understand the specific role and function of genes.
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The phenotype is a result of the interaction between genes and environmental
stimuli. To discover gene function, scientists usually play with these two factors,
usingmutants of target genes, either naturally availablewithin the genetic diversity of
the species or experimentally induced, and growing plants under different specific
environmental conditions. Eventually, changes in phenotypes will give clues for the
role of the target gene in plant physiological functions or metabolisms.

The genetic strategy involves the generation of knockout, that is,mutants, inwhich
the gene function is disrupted, and gain-of-function mutants, in which the gene is
overexpressed by using genetic engineering technologies. The two approaches
should give rise to opposite phenotypes, although they often result in no visible
phenotypes. On the other hand, the study of phenotype responses to the stressful
environment requires the growth of plant under various environmental conditions.
In plant breeding, selection schemes are applied in different fields, years, and
seasons requiring intense human efforts and often subjective sampling.

The measurement of the phenotype is a time-consuming step characterized by
laborious manual sampling and disruptive measurements.

In plant abiotic stress response breeding, reliable phenotyping protocols are
extremely important and their poor development has limited the number of success
stories available so far [175].

High-throughput plant phenotyping or phenomics, in �omics� term, is evidently
becoming the bottleneck in plant biology to close the gap between plant genetics and
physiology. This strong demand recently stimulated various research institutions to
invest in developing technologies and platforms able to speed up the phenotyping
process. The investments started earlier in the private sectors (Cropdesign, Gent,
Belgium; Keygene, Wageningen, Holland), and more recently this has been
embraced by public research institutions that are developing an international
collaboration network (www.plantphenomics.com; March 1, 2011). Large phenotyp-
ing platforms are present in Australia, Germany, France, Canada, and Italy, and
others are being developed throughout the world [176, 177].

Plant phenomics platforms represent so far an ensemble of technologies that are
mainly based on nondestructive image analyses that exploit either the reflectance
properties of the incident light on plant tissues or structural and functional features
obtained by sophisticated technologies such asMRIandX-rayCTscanning [178, 179].
In a typical robotized experimental lab setup, cameras can be moved to plants [135,
180] or an entire greenhouse can be fully automated with conveyor belts that carry
plants to imaging stations. The latter setup is becoming a standard in plant
phenomics, being present in several laboratories around the world (CropDesign,
Belgium; The Plant Accelerator, Australia; PhenoPhab, Holland; Metapontum
Agrobios, Italy; IPK, Germany), and has the advantage of acquiring images from
different angles, allowing 3D analyses.

High processing phenotyping is also possible in open field conditions where
cameras canbemoved over the plants [181] or taking images from longdistance [182].
As for other high-throughput technologies, data storage, datamanagement, and high
power computing are essential in plant phenomics for the development of a robust
approach. A single high-resolution image has the potential to yield a vast set of
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phenotypic descriptors, which must be accurately analyzed and meaningful
data selected.

Images can be dynamically taken using light at variouswavelengths, such as visible
(RGB), near-infrared (NIR), and ultraviolet (UV), which will produce reflectance data
useful for morphometric and physiological analyses, such as tissue water potential
and photosynthesis efficiency. Thermal infrared imaging can be implemented to
interrogate plant transpiration rates. All these parameters are particularly relevant to
study abiotic stress responses such as drought stress (for detailed review, see
Ref. [183]).

A commercially available image capture and analysis system (Lemnatec Scanalyzer
3D) was used to take nondestructive measurements of plant growth and health in 12
Triticum monococcum accessions, and the data thereof complemented with chemical
and physical analyses, to identify three main components of salinity tolerance [184].

An automated platform for reproducible phenotyping of plant responses to soil
water deficit in A. thaliana was developed in France [135]. Using this system, nine
accessions were grown in four experiments in a rigorously controlled growth
chamber equipped with an automated system to control soil water content and take
pictures of individual plants.

The simultaneous detection of the reaction of plant growth and chlorophyll
fluorescence-related parameters was obtained using a novel approach that combines
existing imaging technologies (GROWSCREEN FLUORO). Three different abiotic
stress situations were investigated demonstrating the benefit of this approach to
distinguish between effects related to (1) growth, (2) chlorophyll-fluorescence, or (3)
both of these aspects of the phenotype in Arabidopsis and tobacco [180].

Expansive growth of leaves or of reproductive organs, such as silks, is affected by
water deficit before any reduction in photosynthesis or root growth. A specific
platform, Phenodyn, was set up to perform a genetic analysis of growth and gas
exchanges that vary rapidly with environmental conditions in hundreds of maize
lines. In particular, authors intended to disentangle the genetic basis of the differ-
ences in growth rate and of its responses to temperature, evaporative demand, and
soil water deficit [185].

9.7
Conclusions

In the last few decades, extraordinary progress has been made in unraveling the
molecular basis of plant responses to the environment. Research from many
laboratories has uncovered key regulatory circuits underlying gene expression
reprogramming occurring in response to diverse abiotic stresses, to demonstrate
the existence of multiple interactions and crosstalks among different signaling
pathways, and to identify a core set of multistress responsive genes evolutionarily
conserved in all organisms. However, much remains to be done to fully understand
thewhole stress response systemof plants.Major efforts will be needed to expand our
knowledge of transcription networks underpinning abiotic stress responses, to
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integrate transcriptional control with other levels of regulation, such as noncoding
RNAs and chromatin remodeling, to develop experimental settings that mimic the
various combinations of environmental stresses occurring in the field. Systems
biology approaches will help understand complex plant behavior in a changing
environment and will show immense potential in crop improvement and crop yield
prediction.

Due to both the complexity of plant stress responsemechanisms and the large data
sets generated by the �omics� technologies, knowledge transfer into crop breeding
still poses big challenges and needs significant efforts in the mining of meaningful
information. The characterization of plant phenotypes, useful for variety constitu-
tion, represents today the bottleneck of plant biology and the number of known
agronomical traits is very low compared to the power of production of NGS and the
application potential of genomic sequences.

A bridge between genomics and plant phenotype must be quickly developed in
order to fill the gap and meet the increasing world demand for food both in quality
and quantity. The recent growth of plant phenomics platforms and initiative at world
level indicates that the era of the application of genomics is just starting.
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10
Functional Genomics of Drought Tolerance in Crops: Engineering
Transcriptional Regulators and Pathways
Bala Rathinasabapathi

Drought stress is a major limitation for crop productivity worldwide, especially in
irrigated agriculture. One solution to this problem is the use of cultivars that are
tolerant to drought. However, conventional breeding to improve drought tolerance
has proven difficult because drought and dehydration tolerance in plants are not fully
understood. As a result of research during the past two decades, networks of genes
participating in plant adaptations to drought stress have been identified. In this
chapter, I present this research progress and indicate the use of specific genes to
engineer crops for improved drought tolerance.

10.1
Introduction

Drought stress causes severe devastation to crop productivity worldwide. Economic
losses due to the occurrence of a combination of drought andhigh-temperature stress
on crops are enormous. For example, one estimate for economic losses caused by
drought and high-temperature stress for a 5-year period (2005–2009) totaled up toUS
$19 billion in the United States [1].

Because water resources are becoming limited, genetic improvement of crops
for increased tolerance to drought has become an important aim in agricultural
research. Drought and high-temperature tolerance in plants are complex traits
with various interacting components. These include plant adaptations related to
cellular tolerance to oxidative, osmotic, and high-temperature stress. Other
adaptations relate to physiological features that enhance water uptake by the
roots, and adaptations that decrease the loss of water through transpiration.
Developmental adaptations related to flowering time and partitioning of biomass
between leaves and grain are also important for crop productivity under stress.
Some progress has been made by the use of conventional breeding to improve
drought tolerance in important crops such as rice [2], corn [3], cowpea [4], and
chickpea [5], but the use of recombinantDNA and genomicmethods are likely to be
crucial in the near future.
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With the availability of genome sequence data for plants, microbes, and other
organisms, and technologies to transfer and express foreign genes in crop plants,
metabolic engineering has become an important tool for improving crops for
tolerance to drought and high-temperature stress. Much of our current understand-
ing of the genes playing roles in drought tolerance has come from the studies of
model species such as Arabidopsis thaliana and rice. High-throughput functional
genomic tools to assess gene and protein expression in response to stress have greatly
contributed to rapid advances in this area. The objective of this chapter is to highlight
some of the most successful metabolic engineering attempts in improving drought
and high-temperature tolerance in crops by using rice as a crop model and suggest
future opportunities with the greatest promise.

10.2
Transcriptional Regulation of Stress Signaling Networks

Upon stress, specific networks of plant genes are upregulated leading to improved
plant tolerance to stress. In a metabolic engineering strategy termed �regulon
engineering,� ectopic expression of specific transcription factors (TFs) at the early
part of a signaling cascade is used to upregulate the transcription of a number of
genes resulting in stress tolerance [6, 7]. An estimated 1300 TFs are known in rice
genome and about 45% are from gene families specific to plants [8]. Ray et al. [9]
showed that in rice 5611 transcripts were modulated by water-deficit stress condi-
tions [8]. Among about 50 families of TFs, several have been identified to have
possible roles in drought-stress tolerance. Members of the zinc finger TFs were
upregulated under drought and NAC family transcription factors were upregulated
by multiple abiotic stresses such as water deficit, salt, and cold stress [9].

However, constitutive expression of the TFs often results in stunted growth and
other developmental problems in the plant [10]. Expression of TFs under stress-
inducible promoters such as RD29a, OsNAC6, and HSP101 have eliminated or
reduced these problems [10]. Many early studies concentrated on evaluating
transgenic plants ofmodel species for stress tolerance under laboratory conditions.
These have suggested roles for specific transcription factors in drought tolerance.
Recent studies, however, have evaluated transgenic crops expressing TFs under the
control of inducible or tissue-specific promoters, under field drought condi-
tions [11–13]. Table 10.1 lists examples for successful regulon engineering to
improve drought and high-temperature stress tolerance in rice, although much of
the basic information on the transcription factors emerged from studies in the
model plant A. thaliana.

10.2.1
ABA-Inducible Transcription Factors

The growth regulator abscisic acid (ABA) is synthesized from the C40 carotenoid
precursor phytoene [20]. The step that leads to zeaxanthin, catalyzed by b-carotene
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hydroxylase (BCH), has been shown to be critical for drought tolerance and oxidative
stress resistance [21]. Figure 10.1 shows the enzymes participating in ABA synthesis
beginning from zeaxanthin [20]. ABA is catabolized via hydroxylation and conjuga-
tion to glucose to produce less active forms (Figure 10.1). Although ABA concen-
tration in plants is regulated atmultiple levels, upon drought stress induction of 9-cis-
epoxycarotenoid dioxygenase especially in the vascular tissue has been observed [22,
23]. This step should be a good target for metabolic engineering.

Transcription factors named �ABA-responsive element binding proteins/factors
(ABREB/ABF)� are part of a family of basic leucine zipper (bZIP) TFs. Upon ABA
signaling, an activated form of AREB/ABF binds to the conserved regulatory cis-
element sequence ACGTGT/GC to induce gene expression [24]. Several aspects of
ABA-regulated gene networks have been elucidated in the last decade. Figure 10.2
shows the gene products known in the ABA signaling network involved in plant
tolerance to drought stress. PolyADP-ribose polymerase (PARP), anNAD-dependent
enzyme known to be induced by drought and ionizing radiation [25], mediates a
unique posttranslational protein modification by tagging long-branched poly(ADP-
ribose) polymers to nuclear target proteins. Silencing of PARP resulted in a broad-
spectrum stress resistance partly due to an increase in ABA levels (Figure 10.2), and
this strategy has been used in building drought-tolerant transgenic crops [26].

Type 2C protein phosphatases ABI1 andHAB1 negatively regulate ABA response.
There are proteins named �regulatory components of ABA receptors, RCARs� that
bind to ABI1 and HAB1 [27] that act as ABA sensors. Farnesyltransferase, ERA1,
expressed in the guard cells [28], proteins involved in mRNA splicing, export, and
degradation such as mRNA cap binding protein ABH1 [29] and Sm-like SnRNP

Table 10.1 Examples of successful regulon engineering to improve drought stress tolerance in
cultivated rice.

Gene Transcriptional
factor

Promoter Parameters evaluated References

AtABF3 bZIP ZmUbi1 Leaf rolling, wilting,
photosynthesis

[14]

OsWRKY11 WRKY,
Zn-finger

HSP101 Leaf wilting, water loss [15]

OsNAC6 NAC ZmUbi, OsNAC6,
and Lip9

Survival after root-drying
treatment,
salt tolerance

[10]

OsDREB1A AP2/ERF Actin 1,
HVA22p

Spikelet fertility, relative yield,
photosynthesis

[12, 14, 16]

OsNAC10 NAC GOS2, RCc3 Relative grain yield [11, 13]
AtHardy AP2/ERF 35S Water use efficiency,

transpiration, photosynthesis
[17]

OsZFP252;
DST

TFIIIA-type
Zn finger

35S, LOF Proline and sugars, hydrogen
peroxide

[18, 19]
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protein, SAD1, are negative regulators of ABA signaling [30]. PYR1 and other ABA
receptors PYL1 and PYL2 bind to ABA to inhibit type 2C protein phosphatases, thus
controlling SnRK2 kinase activity [30–32]. PYR1�s role in negative regulation on ABA
signaling was discovered by the use of a synthetic growth inhibitor pyrabactin [33]
employing a chemical genetics approach.

Other inhibitory factor DOR, a putative F-box protein interacting with ASK14 and
CUL1, is a negative regulator of ABA-mediated stomatal closure [34]. When two
negative regulators of ABA signaling were mutated simultaneously [35], the double
mutants showed strong hypersensitivity to ABA, and decreased water loss, suggest-
ing this approach to be a way to improve crop performance under drought.

ABA signaling is also regulated via protein modifications and degradations. Iso-
prenylated proteins contain an isoprenylcysteine methyl ester at the C-terminus. An
isoprenylcysteine methyltransferase (ICMT) is a negative regulator of ABA signal-
ing [36]. Recently, an E3 ubiquitin ligase (AIRP1), a cytosolic protein involved in
degradation of ubiquitinated proteins, was demonstrated to function as a positive
regulator of ABA-dependent response to drought stress [37]. In contrast, E3 ligase KEG
(KEEPONGOING),whichubiquitinatesABI5, negatively regulatesABAsignaling [38].
ABA promotes ABI5 accumulation by inducing the ubiquitination and degradation of
KEG [39]. A multitude of regulatory controls on ABA-mediated signaling has given a
number of new technologies to engineer crops for improved drought tolerance [40].

Zeaxanthin

Antheraxanthin

ZEP

ZEP

VDE

VDE

Violaxanthin

NSY

Neoxanthin

ISO? ISO?

9’-cis-Neoxanthin 9-cis-Violaxanthin

Xanthoxin

NCED NCED

H d l i and

Xanthoxin

Abscisic aldehyde

ABA2

Hy roxylation

conjugation to 

glucoseAbscisic acid

AAO3

Figure 10.1 Synthesis and catabolism of
abscisic acid. The enzymes are ZEP: zeaxanthin
epoxidase; VDE: violaxanthin deepoxidase;
NSY: neoxanthin synthase; ISO: isomerase;

NCED: 9-cis-epoxycarotenoid dioxygenase;
ABA2: short-chain alcohol dehydrogenase; and
AAO3: aldehyde oxidase.
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However, antagonistic crosstalk between ABA signaling and systemic acquired resis-
tance (SAR),mediated by salicylic acid [41], suggests that protecting crops fromdrought
stress damage via modulating ABA-signaling could have unintended consequences on
crop tolerance to biotic stress. More research is needed to examine this point.

10.3
ABA-Independent Signaling Networks

10.3.1
NAC Transcription Factors

Plants also regulate stress tolerance-related genes via ABA-independent pathways.
Figure 10.3 shows the gene products involved in ABA-independent response to
drought stress. NAM, ATAF, and CUC (NAC) transcription factors contain a highly
conserved N-terminal DNA binding domain and a variable C-terminal domain [42].
Stress-related NAC TFs (SNACs) belong to group III, phylogenetically distinct from
four other groups [43]. Specific NAC TFs induced by stress were identified in
different plant species. SNAC1 inArabidopsis is expressed in the stomata. Transgenic
crops overexpressing SNAC1 protein had improved tolerance to drought [11].

DROUGHT

PARP LOS5, AIRP1

ABA

,

PYR1 chaperone

Downregulation
ER1, ABH1, SAD1, DOR, KEG, ICMT

ABI1

SnRK2SLAC1

Upregulation

Modification

PLD

AREB

ROS

SNAC

ABRE sites of promoters in ABA-responsive genesStomatal closure

RD29, LEA proteins, HSP, ZAT10

Synthesis of protectants

Figure 10.2 ABA-dependent signaling
pathway leading to drought tolerance in plants.
AIRP1: ABA-insensitive RING protein1; PARP:
poly(ADP-ribose) polymerase; LOS5:
molybdenum cofactor sulfurase; PYR1: ABA
receptor; PLD: phospholipase D; SLAC1: slow
anion channel-associated 1; ABI1: type 2C
protein phosphatase; ER1: farnesyltransferase

b-subunit; ABH1: mRNA cap-binding protein;
ICMT: isoprenylcysteine methyltransferase;
SAD1: Sm-like SnRNP protein; SnRK2: kinase;
AREB: ABA-responsive element binding
protein; LEA: dehydrin; HSP: heat shock
protein; ZAT10: salt tolerance zinc finger;
RD29A: responsive to desiccation 29A.
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10.3.2
DREB/CBF Transcription Factors

Yamaguchi-Shinozaki and Shinozaki identified TFs that are induced by drought but
are not under ABA control. Some of these ABA-independent TFs (DREB1/CBF) are
involved in cold tolerance andDREB2 (dehydration-responsive element binding 2) is
important in drought tolerance [24, 43]. DREB2s interact with a cis-acting DRE/CRT
(C-repeat) sequence to activate the expression of downstream genes. Overexpression
of DREB2-type transcription factors has been used as a strategy to achieve improved
tolerance to drought in many crop species [43–46]. In rice, and in other cereals, two
types of transcripts of DREB2B – active and inactive – are produced by alternative
splicing. Upon stress, the relative amounts of active transcripts increase, likely by a
regulation on the splicing machinery [46].

MicroRNAs are small noncoding single-stranded RNAs that regulate gene expres-
sion by target mRNA cleavage and translational repression. Zhao et al. [47] showed
that in rice miR-169g was the only member induced by drought in the miR-169
family [47] and they suggested that miR-169g could transiently inhibit NF-YA
transcription factor [48].

DROUGHT

PLC

Ca2+

CDPK

AREB

DREBNFs

iR169AREB

Stomatal

Binding to cis-elements

miR169

Transcriptional 

Induction of LEA, ZAT10, HSP

Synthesis of Osmoprotectants

closure regulation

Figure 10.3 ABA-independent signaling
pathway for drought stress tolerance. PLC:
phospholipase C; CDPK: Ca-dependent protein
kinase; AREB: ABA-responsive element binding

protein; DREB: dehydration-responsive element
binding; SNAC: stress-responsive NAC;
miR169: microRNA169; NFs: nuclear factor Y
proteins.
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Although manipulation of TFs would continue to be an important strategy for
achieving drought-tolerant plants, its limitation in its present form would be that
only a level of stress tolerance already availablewithin the species could be achieved.
While further intricate details on the roles of genes involved in these stress
regulatory pathways will continue to emerge, we also need studies searching for
structural genes involved in pathways leading to stress tolerance in naturally stress-
tolerant species. Future metabolic engineering strategies should combine the
manipulation of transcriptional network and introduce novel pathways from stress
tolerant species.

10.4
Pathways for Osmoprotectant Synthesis

Many plants synthesize small molecules in response to stress. Osmoprotectants are
compatible solutes usually derived fromamino acids and sugars. Amino acid proline;
the quaternary ammonium compounds glycine betaine, proline betaine, and b-ala-
nine betaine; sugar alcohols mannitol, sorbitol, and trehalose; and raffinose family
oligosaccharides have been identified as osmoprotectants in plants [49]. Accumu-
lation of osmoprotectants could have multiple benefits for the plant including
osmotic adjustment, turgor maintenance, and protection of proteins, DNA, and
membranes from damage by stress [50]. A series of studies on engineering plants for
glycine betaine overproduction has identified constraints in the availability of the
precursor choline and its import into chloroplasts [51]. Engineering plants for
overproduction of glycine betaine has resulted in plants with improved drought
tolerance [52, 53]. In another study, simultaneous stress-inducible expression of
choline oxidase (for glycine betaine synthesis) and superoxide dismutase and
ascorbate peroxidase (to improve oxidative stress tolerance) resulted in transgenic
potato plants with increased tolerance to drought [54]. InArabidopsis, raffinose family
oligosaccharides galactinol and raffinose may function as osmoprotectants against
drought stress [55] and oxidative damage [56]. Transgenic plants overexpressing
DREB genes had increased levels of proline suggesting that proline synthesismay be
under the control of DREB. A comparative functional genomics study on maize
genotypes differing in drought tolerance concluded that sugar synthesis, sugar
transport, and cell injury prevention are key factors in determining drought toler-
ance [57]. Studies are needed to link the signaling pathways for stress to understand
how osmoprotectant synthesis, accumulation, and degradation are regulated both at
the transcriptional and at the translational levels.

10.5
Transporters

Drought stress tolerance can be improved if solute concentration in the vacuole could
be increased, thus favoring water uptake. Apse et al. [58] reported a strategy to increase
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the activity of a vacuolar sodium/proton antiporter, thus improving plant tolerance to
salinity stress [58]. Similarly,when theactivity ofHþ pumpon the vacuolarmembrane
(vacuolar Hþ pyrophosphatase) is increased, the plants gain improved tolerance to
both salinity and drought [59]. This strategy has now been applied to improve drought
tolerance in a number of crops including cotton [60, 61] and maize [62].

Aquaporins (or major intrinsic proteins, MIPs) facilitate water transport over
cellular membranes. In plants, they occur as a family of 30–35 proteins classified as
tonoplast intrinsic proteins (TIPs), plasma membrane intrinsic proteins (PIPs),
NOD26-like intrinsic proteins (NIPs), and small basic intrinsic proteins (SIPs). InA.
thaliana, many of them were downregulated by drought stress at the transcriptional
level, but two PIPs whose promoters had drought stress response elements were
upregulated [63], suggesting these two PIPs with possible roles in drought tolerance.
Constitutive overexpression of PIPs in transgenic plants improved vigor under
favorable growth conditions, but not under drought or salt stress [64]. More research
is needed to engineer stress-regulated PIPs.

10.6
Combination of Drought and High-Temperature Stress and Oxidative Stress

In the field, drought often occurs together with high-temperature stress. The biology
of the combination of these two stress factors on plants has not been examined at the
molecular level, although it is well known that both drought and high-temperature
stress induce oxidative damage. Ectopic expression of single transgenes involved in
osmoprotection or oxidative stress tolerance has resulted in plants with improved
tolerance to high-temperature stress [65, 66]. Plant breeders have recognized that
genotypes that are resistant to oxidative stress are also resistant to drought and high-
temperature stress [67], providing a correlating evidence for the importance of
oxidative stress tolerance. Functional genomic studies on naturally dehydration
tolerant species and the effects of simultaneous application of drought and high
temperature on plants have revealed key roles for antioxidant enzymes in both
drought and high-temperature stress tolerance [68, 69]. Future work is needed to
identify differences, similarities, and overlaps between signaling pathways leading to
high-temperature stress and those leading to drought tolerance.

10.7
Conclusions

Although Arabidopsis and model crop rice have contributed to our understanding of
how plants adapt to drought and high-temperature stress, time is ripe for beginning
functional genomic studies on species that are naturally tolerant to stress. Wild
relatives of major crops could be a starting point [70], although they have not been
used extensively in conventional breeding. Drought tolerance has been identified in
wild emmer (Triticum dicoccoides) [71], certain barley genotypes from Tibet [72], wild
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Oryza spp. and accessions of cultivated rice [73], and pearl millet (Pennisetum
glaucum) [74]. Analysis of orthologues of Arabidopsis and rice genes with key roles
in drought stress tolerance pathways in these wild grasses should be useful both to
uncover novelties and to improve cereal crops for drought tolerance.

Understanding drought tolerance in plants is a long-term goal as this is a valuable
but complex trait. Genome sequences, high-throughput technologies such as micro-
arrays, metabolomics, and proteomics have provided us unprecedented tools with
capabilities to identify genes and gene products with potential roles in drought
tolerance. However, functional tests on specific genes using mutant and overexpres-
sion lines are still laborious and time consuming. To facilitate these tests, new rapid
technologies to create and analyze stable transgenic lines in major crops are needed.
Despite that, as illustrated above, transgenic crops improved for drought tolerance
with great promise are tested under field conditions and perhaps represent the first
steps toward our next green revolution.
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11
Transcriptomic and Metabolomic Approaches to the Analysis
of Plant Freezing Tolerance and Cold Acclimation
Dirk K. Hincha, Carmen Espinoza, and Ellen Zuther

Freezing tolerance is an important trait in plants because it limits the geographical
distribution of wild species and the growth performance and yield of crop plants.
Plants from temperate climates are able to increase their freezing tolerance by a
process called cold acclimation. This process is driven by a complex reprogramming
of the plant transcriptome andmetabolome. In the last decade, several transcript and
metabolite profiling studies on the model species Arabidopsis thaliana and on crop
plants and trees have been reported. These studies point not only to manymolecular
changes during cold acclimation that are common to most or all investigated species
but also to more species-specific changes. In addition, some profiling studies allow a
first estimate of the relative importance of transcriptional regulation compared to
translational and posttranslational regulation of plant metabolism in the cold.

11.1
Introduction

Cold has a major influence on plant growth and survival, limiting the geographical
distribution of natural species and the yield and growing season of agricultural crops.
Considerable effort has, therefore, been directed toward understanding how plants
respond and adapt to low temperature. While plants of tropical or subtropical origin
are sensitive to low temperatures above the freezing point (chilling sensitive), plants
adapted to cooler climates are chilling resistant. Even at temperatures below 0 �C,
they show damage only when their tissues freeze, that is, after ice crystallization has
occurred. Freezing damage is therefore in general not a consequence of low
temperatures per se but rather the result of cellular dehydration brought about by
extracellular ice crystallization (seeRefs [1–3] for reviews). Themajor sites of freezing
injury in plants are the cellular membranes. There is extensive evidence for damage
to the plasmamembrane [1, 4], to chloroplast thylakoid, and to envelope membranes
during a freeze–thaw cycle [5–7]. However, it can be expected that other cellular
membrane systems are also damaged by freezing, and inactivation of sensitive
enzymes cannot be excluded, although evidence to this effect is still lacking.
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Freezing tolerance can differ strongly depending on the thermal history of the
plants. Nonacclimated tolerance denotes the capacity to survive a freezing event
without prior adaptation. Acclimated tolerance is usually higher and reflects the
ability of many plant species from temperate climates to increase their freezing
tolerance in response to low but nonfreezing temperatures. Subzero acclimation can
lead to an additional increase in freezing tolerance after cold acclimationwhen plants
are exposed to a mild, nondamaging frost. The molecular basis of nonacclimated
tolerance is poorly understood although it has been reported that itmay be genetically
determined by loci independent of acclimated tolerance in potato [8], willow [9], and
oilseed rape [10, 11]. Equally, while subzero acclimation has been repeatedly
described, mainly in cereals [12–16], and also in the model plant Arabidopsis
thaliana [17, 18], no large-scale profiling or genetic mapping studies have been
published in this area and no key genes or metabolites have yet been identified.

Using the barley Affymetrix microarray [19], the gene expression of wheat was
compared under nonacclimated, cold acclimated, and subzero acclimated condi-
tions [12]. Up to now this is the only transcriptomic study of subzero acclimation,
which, however, suffers from the restrictions inherent to cross species microarray
hybridization, in particular with arrays that use short oligonucleotides for hybrid-
ization. Nevertheless, this study did clearly show that the additional freezing
tolerance obtained during subzero acclimation is the result of complex biological
processes that, at least at the level of gene expression, are clearly different from cold
acclimation. In the future, more comprehensive studies will be necessary to draw
firm functional conclusions for the understanding of subzero acclimation.

In contrast, cold acclimation is well studied in a large range of both wild and crop
plant species and involves a wide array of metabolic changes governed by extensive
reprogramming at the level of gene expression. Consequently, this chapter will focus
on transcriptomic and metabolomic studies of cold acclimation and the associated
increase in freezing tolerance.

The degree of freezing tolerance differs vastly between plant species, from around
�1 �Cto�2 �C in some tender plants such as tobacco [20] to the temperature of liquid
nitrogen (�196 �C) in some hardy trees and shrubs [21–23]. In addition, most plants
from temperate climates follow an annual cycle of acclimation and deacclimation,
with theirmaximum freezing tolerance inwinter and theminimumduring summer.

In herbaceous plants, acclimation is triggered by exposure to low, nonfreezing
temperatures, usually in the range between 10 and 0 �C over several days and
increases the freezing tolerance in different species by approximately 2–25 �C
[4, 22, 24–27]. In woody species, photoperiod is an additional determinant of
acclimation, with a combination of low temperature and short days inducing the
highest freezing tolerance [28, 29]. The freezing tolerance of cold acclimated plants
is a multigenic and quantitative trait. From QTL mapping studies in various
species [9–11, 30–37], it is obvious that many genetic loci contribute to the freezing
tolerance of any given species and that the loci differ even between different
mapping populations within a species. In addition, it has recently been shown that
there is large variation in the freezing tolerance of different geographical popula-
tions (accessions) within a single species (A. thaliana; [25, 38–40]). Such natural
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genetic variation, which is also present, for example, in breeding lines and cultivars
of crop species, is an excellent basis to study themolecularmechanisms underlying
complex quantitative traits [41, 42].

The genetic complexity of plant freezing tolerance is reflected in the complex
physiological and biochemical changes associated with cold acclimation in plants.
These changes are extensive and include growth andwater balance, the accumulation
of compatible solutes, changes in membrane and cell wall composition, increased
antioxidant production, and changes in gene expression and protein levels (see
Refs [1–3, 43] for reviews).

Especially low-temperature signal transduction and the resulting regulation of
cold-responsive gene expression have received much attention in recent years. The
main breakthroughs in this area have come from molecular genetic studies in the
model plant species A. thaliana and this field has been reviewed repeatedly
(e.g., [44–48]). Forward and reverse genetics have defined some of the key
regulatory components of cold acclimation in Arabidopsis. A prominent role has
been demonstrated for the C-repeat binding factors (CBF)1, 2, and 3 [49], which are
also known as dehydration-responsive element binding1 (DREB1)b, c, and a
(At4g25490, At4g25470, At4g25480), respectively [50]. These AP2/ERF type tran-
scription factors are rapidly induced in response to cold and reach a peak of
expression after 2–3 h of exposure to cold [38, 49–51]. The CBF proteins, in turn,
activate the expression of a set of target genes by binding to a core sequence in their
promoters, called the C-repeat (CRT), the dehydration-responsive element (DRE),
or the low-temperature response element (LTRE), which is involved in cold
responsiveness [52, 53]. Genes containing this motif have been denoted as COR
(cold-regulated), (E)RD ((early) responsive to dehydration), KIN (cold-induced), or
LTI (low-temperature-induced) genes, and are collectively referred to as the �CBF
regulon.� It has been estimated that 12–20% of all cold-induced transcriptional
changes in Arabidopsis are accounted for by the action of CBF1–3 [54]. Moreover, it
has been found that overexpression of any individualArabidopsis CBFgene leads to
constitutive expression of CBF regulon genes and an increase in freezing tolerance
without cold exposure [51, 55, 56].

The overexpression ofCBFgenes inducesmany cold-regulated downstream genes
and increases the contents of metabolites under nonacclimating conditions that also
accumulate in response to cold [55, 57–59]. The overexpression studies also indicated
that the activities of the three transcription factors might be functionally redun-
dant [55]. There is, however, evidence for negative regulation among the CBF genes.
Analysis of aCBF2nullmutant in theArabidopsis accessionCol-0 indicated thatCBF2
might negatively regulateCBF1 andCBF3 expression [60, 61]. A recent analysis of the
expression of theCBFgenes inRNAi lines, generated to downregulate the expression
of all three genes in different accessions, however, indicated that this regulatory
function of CBF2 was evident in Col-0, but not in several other accessions [34],
indicating that mechanisms of gene regulation may differ between accessions of the
same species.

ReducedCBF3 expression in the ice1mutantwas associatedwith enhancedCBF2
expression after 6–12 h of cold treatment [62], pointing to a possible compensatory
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effect. Inducer of CBF expression 1 (ICE1) encodes aMYC-like bHLH transcriptional
activator that is not cold induced at the transcript level and acts upstreamof theCBF
genes enhancing specifically CBF3 expression in the cold [62]. In addition, ICE1
also seems to be involved in stomatal differentiation [63] through a presumably
unrelated signal transduction pathway. In the ice1mutant, several genes in the CBF
regulon are no longer cold induced [64]. High expression of osmotically responsive
genes 1 (HOS1), encoding a RINGfingermotif protein, negatively regulates theCBF
genes [65] by mediating ubiquitination and degradation of ICE1 [66], while the
presence of the SFR6 (sensitive to freezing 6) protein, which is itself also not
strongly cold induced, is required for the induction of downstream genes through
an as yet unknown mechanism [67]. CBF-dependent roles in freezing tolerance
have also been demonstrated for low expression of osmotically responsive genes 1
(LOS1), a translational elongation factor 2 gene, whose product is involved in
protein synthesis in the cold [68] and for LOS4, a gene encoding a DEAD box RNA
helicase that is essential for mRNA export [69]. In addition, ZAT12 was shown to
downregulate the expression of the CBF genes and to have a cold-responsive
regulon that partially overlaps with that of CBF2 [70]. While the CBF-related signal
transduction pathway is by now fairly well characterized, it should not be forgotten
that it does not regulate more than approximately 20% of all cold-regulated
genes [54]. It has, for instance, been suggested that the gibberellin-regulated
DELLA proteins [71] not only function in reducing plant growth in the cold but
also directly contribute to cold acclimation through a mechanism that does not
involve the CBF regulon [72]. Other regulators that function independent of the
CBFs, such as ESK1 (eskimo1) [73], are not as much studied. Clearly, the tran-
scriptional regulation of cold-responsive gene expression is complex and still only
partly understood.

CBFgenes, however, appear to beubiquitous in plant species and are almost always
present as gene families. In Arabidopsis, there are four characterized CBF genes,
CBF1, 2, and 3, located in a tandem array on chromosome 4, are cold induced, while
CBF4 is reported to be involved in drought tolerance [74]. Homologues have been
described in many species including wheat, rye, and Brassica napus, all of which can
acclimate, and even in tomato, which is chilling sensitive [75, 76]. Some species have
large CBF gene families, for example, barley, which has at least 20 family mem-
bers [77] of which, however, only a part is cold induced [78].CBF homologues are also
present in tree species including poplar [79] and Eucalyptus [80].

During cold acclimation, not only is the plant transcriptomemassively remodeled
but also are many of these changes in gene expression reflected in biochemical and
physiological changes that include increases in the cellular concentration of many
metabolites such as sugars and amino acids, which are thought to contribute to the
increased freezing tolerance. Suchmetabolites are generally referred to as osmolytes
or compatible solutes.

Compatible solutes are synthesized by many organisms ranging from bacteria to
animals and plants, in response to desiccation, osmotic stress, salt stress, or low
temperature. This chemically heterogeneous group of substances comprises some
amino acids (e.g., proline), quaternary ammonium compounds (e.g., glycine-betaine),
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many sugars, sugar alcohols, and several others (see Refs [81, 82] for reviews).
Physiologically compatible solutes should have no adverse metabolic effects even at
very high concentrations. They are thought not only to stabilize sensitive cellular
components such as enzymes and membranes under stress conditions but also to act
asbulkosmoprotectants. Therefore, theymayact colligativelyby increasing theosmotic
potential and thereby improving the water status and increasing the cell volume in the
frozen state. In addition, they can stabilizemacromolecular structures such as proteins
by preferential exclusion from the hydration shell of proteins [83], assist refolding of
unfolded polypeptides by chaperone proteins [84], and stabilize membranes during
freezing and drying [85, 86]. Of particular interest in the context of plant freezing
tolerance are raffinose family oligosaccharides [87], fructans [88], proline [89], and
glycine-betaine [90, 91]. For example, proline, one of the most studied amino acids in
cold acclimation, is able to protect enzymes and other proteins from denaturation
during freezing [92, 93]. Photosynthesis can alsobe affected byoxidative stress-induced
damage of photosystems [94]. Sugars can act as ROS scavengers. For instance, ROS-
dependent photoinhibition of PSII can be reduced by the accumulation of galactinol
and raffinose in transgenic plants [95].

The biochemical, physiological, and genetic studies that have been briefly
reviewed above have tremendously advanced our understanding of freezing
tolerance and cold acclimation. But since they are usually targeted at specific
groups of substances or particular biosynthetic or signal transduction pathways,
they will not reveal the whole gamut of the regulatory and metabolic networks that
respond to low temperature. The coordinate responses of these networks, however,
will ultimately determine the level of freezing tolerance attained by a specific
genotype and therefore, for example, the winter survival of a particular cultivar of a
crop plant species. The substantial technical advances in the fields of transcript and
metabolite profiling technologies over the years have enabled researchers to study
plant–environment interactions and adaptation with a much wider scope. High-
quality microarrays that cover (almost) all genes in a genome are not only available
formodel plants such asA. thaliana and in addition the recent development of next-
generation sequencing methods [96] now enables full transcriptome analysis even
for species with very little or no genome sequence information, such as resurrec-
tion plants [97].

It is implicit in the interpretation of most transcript profiling studies that the
amount of a specific mRNA is quantitatively related to the amount of the encoded
protein, its biochemical activity, and its effect on the physiological phenotype. This,
however, is an oversimplification and a complete description of the environmental
adaptation of a plant such as cold acclimation will require not only an analysis of the
abundance of transcripts andmetabolites but also information on translation, protein
abundance, posttranslational modifications of proteins, protein–protein interac-
tions, and enzyme kinetics, preferably at tissue or cell-type resolution. However,
only transcript abundance and the content of central metabolites have been analyzed
in sufficient detail until now in profiling studies to draw more general conclusions.
Proteomic studies of cold acclimation have been reported less frequently and the
number of identified proteins is still comparatively low [98–104]. Only a single
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profiling study has so far suggested a link between secondary metabolism and plant
freezing tolerance [105].

11.2
Transcriptomic Studies of Plant Cold Acclimation

During the last decade, the analysis of low-temperature-driven changes in the
transcriptome of Arabidopsis has come into the focus of many research groups,
especially after the first description of the CBF signal transduction pathway and the
CBFregulon [58]. Around200 cold-responsive genes could be identifiedby traditional
approaches such as the differential screening of cDNA libraries and Northern
blotting (see Ref. [54] for a compilation), but since expression profiling technologies
became available, this list has dramatically expanded [25, 54, 106–110]. Furthermore,
gene expression profiling technologies have been used to characterize regulatory
pathways, including the CBF signal transduction pathway [62, 64, 70, 111]. In some
studies, the effects of low temperaturewere comparedwith the effects of other abiotic
stresses [107, 109, 112], indicating overlapping transcriptional responses to drought,
salinity, cold, and abscisic acid (ABA). In addition, gene expression profiling was also
combined with metabolite and enzyme activity profiling [25, 113–115] to gain more
information on downstream effects of changes in gene expression on metabolic
regulation.

Also, the transcriptomic cold responses of crop plants such aswheat [12, 77, 116–118],
barley [119, 120], and blueberry [121], as well as those of trees such as poplar [122], Scots
pine [123], and Sitka spruce [124] have been investigated during the last years. Most
microarray data sets are publicly available, for example, at http://affymetrix.arabidopsis.
info/, http://www.arabidopsis.org/portals/expression/microarray/ATGenExpress.jsp,
and http://www.ncbi.nlm.nih.gov/geo.

11.2.1
Cold-Responsive Genes Identify Cold-Regulated Pathways in Arabidopsis

In the first microarray study of Arabidopsis cold acclimation (4 �C for up to 7 days),
306 cold-responsive genes were identified, 218 up- and 88 downregulated, using an
Affymetrix array that represented approximately 8000 genes, or less than one-third
of the genome [58]. By extrapolation, it was estimated that around 4%of the genome
was responsive to low temperature and this estimate was confirmed by a subse-
quent study [64]. Five hundred and fourteen genes (302 up- and 212 downregulated)
were considered as a cold-responsive core set using the Affymetrix ATH1 array
containing probe sets for approximately 24 000 Arabidopsis genes [70]. Different
growth conditions, experimental treatments, and criteria for determining differ-
ential gene expression (i.e., different fold-change cutoff values and/or p-values
from statistical tests with or without multiple testing corrections) resulted in
different numbers and identities of cold-responsive genes identified in various
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microarray experiments. A comprehensive statistical analysis of gene expression
data available at that time [54] indicated that 45% of all transcripts, including genes
with small but statistically significant changes in expression, respond to low
temperature, in a marked contrast to the previously published estimates of
4 [58] or 14% [107].

When the data were separated into short-, medium-, and long-term responses to
low temperature, 808, 1224, and 672 genes were found to be upregulated and 240,
1364, and 915 downregulated in different response categories [54]. In general,
differentially expressed geneswere divided into two groups, either encoding proteins
that presumably directly protect plant cells from freezing damage or that are involved
in signal transduction and the regulation of gene expression [125, 126]. Late-
embryogenesis abundant (LEA) proteins, enzymes catalyzing the biosynthesis of
compatible solutes, antifreeze proteins, chaperones, proteases, enzymes for detox-
ification of reactive oxygen species (ROS), and lipid desaturases belong to the first
group, whereas the second group includes transcription factors, protein kinases, and
phosphatases; phospholipases and enzymes involved in phosphoinositide metabo-
lisms; and enzymes involved in the synthesis and degradation of plant hor-
mones [109, 111, 125, 127].

Upregulated genes after exposure to low temperature include the CBF transcrip-
tion factor family and the genes belonging to the CBF regulon [58]. Meta-analysis of
available microarray data sets revealed that approximately 15% of all cold-regulated
genes and 23% (478 genes) of the upregulated genes are members of the CBF
regulon [54], significantly extending earlier estimates of 12% [58] or 38 genes [111]. In
theCBFregulon are 41 knownor putative transcription factors,mainly from theAP2/
EREBP, CO-like, and C2H2 families [54], indicating the complexity of the regulatory
pathways downstream of the CBFs.

Approximately, 80% of the cold-responsive genes are not under the control of the
CBF transcription factors, indicating the importance of additional regulatory
pathways during cold acclimation [54, 128]. Long-term upregulated genes include
several known or putative transcription factors (ZAT12, RAV1, AtMYB73, ATHB-
12, H-protein binding factor 2a,RAP2.1, a zinc finger protein, andRAP2.7,ZAT10,
COL1, and members of the NAC and basic leucine zipper (bZIP) families) [54, 58,
64, 128]. ZAT12 is a negative regulator of CBF expression and its target genes
partially overlap with the CBF2 regulon [70]. These transcriptional regulators that
are persistently induced under low-temperature conditions might be responsible
for maintaining the cold acclimated status. Several genes encoding transcription
factors are downregulated as a short-term response to low temperature [58].
However, the fraction of downregulated transcription factor-encoding genes com-
pared to the total number of downregulated genes was much smaller than the
corresponding fraction among upregulated genes [64]. Transcription factors of the
Aux/IAA and the bHLH families were overrepresented among long-term down-
regulated genes [54].

Genes encoding protein kinases and phosphatases represented a large group
among cold-regulated genes, and in addition the identification of eight upregulated
and one downregulated gene encoding enzymes involved in phospholipid signaling
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underscores the importance of phospholipid second messengers in cold
signaling [64].

At least 55 genes encoding proteins with known or proposed protective functions
are cold induced [2, 54].Many of these proteins can be classified as LEAproteins [129]
or hydrophilins [130], showing high hydrophilicity and, in the case of the hydro-
philins, a high glycine content.

Another well-known response to low temperature is the accumulation of com-
patible solutes, such as sugars and proline [131]. Upregulated genes, for example,
P5CS2 andAtGolS3, encode parts of the proline and raffinose biosynthesis pathways.
Proline synthesis was found to be induced at temperatures below 14 �C, and only a
small decrease in temperature was sufficient to induce genes encoding raffinose
biosynthesis enzymes [114]. Transcript levels of genes encoding galactinol synthase
and raffinose synthase also increase during cold acclimation [113]. During a mild
temperature reduction, genes encoding enzymes for sucrose synthesis are cold
induced, while genes responsible for sucrose and starch breakdown are
repressed [114]. Under short-term cold acclimation conditions, on the other hand,
genes encoding enzymes for sucrose and starch degradation (e.g., b-amylase) are
upregulated, while in themedium to long term, sucrose degradation by invertase and
starch degradation are downregulated [54]. In addition, only one sucrose synthase
gene showed a transient increase in expression, but sucrose phosphate synthase
transcript levels were generally increased, while transcript levels for sucrose phos-
phate phosphatase were unchanged [113]. A general increase in the expression of
genes encoding enzymes of the TCA cycle was also reported during cold
acclimation [54].

After a short-term cold stress, a significant upregulation of genes encoding
transport proteins, including ATP binding cassette, sugar and phosphate transpor-
ters, and ATPases was found [54, 58]. After a long-term rearrangement of carbohy-
drate metabolism, sugar transport seems to become less important as indicated by
downregulation of genes encoding sugar transporters [54].

The production of reactive oxygen species is induced under cold conditions and
the induction of genes encoding ROS scavenging proteins was described after
exposure of Arabidopsis to low temperature [110]. Likewise, nuclear genes encoding
the thylakoid membrane localized early light-inducible proteins (ELIPs) are among
themost highly induced genes during cold acclimation [58, 107]. They are thought to
function as protectors against photooxidative damage. Enhanced freezing tolerance
upon cold acclimation was also connected with the concerted induction of the genes
encoding enzymes involved inflavonoidmetabolism [25], including the transcription
factors PAP1 and PAP2 that are known to regulate this biosynthetic pathway.
Flavonoids are also well-known antioxidants [132, 133].

In the cold, growth is reduced and central metabolism is adjusted accordingly.
This reduction in growth is an active process that involves the downregulation of
photosynthesis-related genes and genes encoding proteins involved in transcrip-
tion, signaling, and cell wall biogenesis [109]. Downregulation of photosynthesis-
related genes is not a main factor in the early response to cold [64] but becomes
more important as a medium and long-term adaptation [54], involving also aspects
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such as tetrapyrrole synthesis and light signaling. Changes in the expression of
photosynthesis-related genes might also reflect adaptations to the low light con-
ditions used in most cold acclimation experiments to prevent photoinhibition [54].
However, a correlation with freezing tolerance also suggests more direct adaptive
benefits [25].

Light is a prerequisite of increased freezing tolerance during cold acclimation [134]
and it increases the amount of transcripts of cold-responsive genes. The combination
of light and cold induces specific genes important for the development of freezing
tolerance [110]. A cold treatment in the light induced twice as many genes, including
several transcription factors, than a cold treatment in the dark. Two genes encoding
AP2 domain transcription factors and novel zinc finger, MYB and NAC transcription
factors, are significantly upregulated under cold/light conditions compared to a cold/
dark treatment. Cold/light treatment also causes the specific induction of ABA
biosynthesis genes, genes encoding enzymes necessary for scavenging of reactive
oxygen species, for protection of membranes, and for modulation of the electron
transport chain in the thylakoid membrane [110].

The downregulation of genes related to lipid metabolism, such as those encoding
enzymes involved in fatty acid biosynthesis and elongation, synthesis of phospho-
lipids and steroids/squalene and lipid degradation by lipases and lysophospholi-
pases [54] could also be related to reduced growth.However, this could also reflect the
regulation of processes involved in alteringmembrane lipid composition, such as the
frequently observed increased unsaturation of fatty acids in membrane lipids in
response to low temperatures [3, 4, 135].

The functional group of genes related to hormone metabolism is overrepresented
among downregulated genes after both long- and short-term low-temperature
treatments. The downregulation of auxin transport and auxin-responsive genes can
be interpreted as a contribution to reduced plant growth in response to cold [54, 64].
In addition, downregulation of brassinosteroid (BR)-responsive genes and of genes
related to BRbiosynthesis could also play a role in controlling the reduction of growth
in response to low temperature [54].

All data discussed above were obtained from either leaf tissue or wholeArabidopsis
rosettes. The cold responses of roots, in contrast, are much less well studied. An
investigation of gene expression under various stress conditions including low
temperature revealed that roots and leaves display significantly different transcrip-
tional responses [107], with less than 14% of the cold-specific changes shared
between roots and leaves. These results are in agreement with the fact that roots
are generally considered to have a much lower capacity for cold acclimation than
leaves.

11.2.2
Transcriptomic Responses to Low Temperature in Nonmodel Species

Perhaps not very surprisingly, there is a large overlap between genes identified as cold
regulated in Arabidopsis and in the few studied nonmodel species. A remarkable
similarity between genes that have been reported to be cold regulated in Arabidopsis
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andwheat have, for instance, been reported froma transcriptomic analysis of the cold
responses of winter and spring wheat [118]. A possible link between the signal
transduction mechanisms during cold acclimation in dicots and monocots was
suggested from the increased expression of one of the PHYA-like genes in wheat,
while the other PHYA-like and the PHYB-like genes were downregulated. Similarly,
phytochromes have been suggested to be involved in the upstream regulation of cold
acclimation in Arabidopsis [79]. Several recent studies on gene expression of trees
under cold conditions show that herbaceous annual and woody perennial plants also
share cold acclimation mechanisms and cold-regulated genes [136].

In all investigated species, carbohydrate metabolism-related genes were induced
in the cold, including galactinol, raffinose, and sucrose synthases, galactosyltrans-
ferases, and genes encoding enzymes involved in starch breakdown [117, 121, 122,
124]. In addition, the downregulated autumn transcriptome in Sitka spruce pointed
to a redirection of resources from photosynthesis to stress response during cold
acclimation [124], similar to the downregulation of photosynthesis-related genes in
Arabidopsis, described in more detail above. These common changes will not be
discussed separately again for different species.

11.2.2.1 Cereals: Barley and Wheat
While in Arabidopsis 45% of the investigated genes were cold responsive [54], 28% of
the wheat [116] and 25% of the barley [119] transcriptome showed a significant cold
regulation. From a comparison of the transcriptomic cold responses of wild-type
barley with those in chloroplast-defective mutants, it could be shown that only about
11% of the cold-regulated genes are regulated in a chloroplast-independent way.
Significantly, most of the genes that are cold regulated independent of chloroplast
function are under CBF control, whereas 67% of the genes regulated in the wild type
were not cold-regulated in themutants and were therefore designated as chloroplast-
dependent cold-regulated genes. Strikingly, the effect of the chloroplast on the
expression of cold-regulated genes wasmuch larger than the effect of the chloroplast
on the transcriptome overall [119].

The largest group of cold-regulated genes in the wild type encodes ribosomal
proteins, while the mutants with inactive chloroplasts show constitutively active
photooxidative stress signaling pathways and a disruption of low-temperature
signaling pathways [119].

The transcriptomic cold response of barley cv.Morex was investigated over 33 days
and 2331 geneswere identified as low-temperature responsive [120]. These genes are,
for instance, involved in signaling cascades and transcriptional control, in biogenesis
of cellular components, cell cycle, and DNA processing, protein modification and
destination, cellular transport, antioxidant defense, and metabolism of osmoprotec-
tants and lipids.

In wheat 303 upregulated and 378 downregulated genes were identified in the
moderately freezing-sensitive cultivar CS and in two CS-derived substitution lines in
which chromosome 5A originated from either a more freezing-tolerant (Ch) or a
more freezing-sensitive cultivar (Tsp) [117]. In this case, alterations of transcript
levels during thefirst days of low-temperature treatmentwere larger than during later
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stages of cold, similar to the situation inArabidopsis [54]. Upregulated genes encoded,
for example, enzymes of proline and ethylene biosynthesis, transcription factors, and
known stress-related proteins, and enzymes involved in secondary and polyamine
metabolism, whereas downregulated genes included, among others, those encoding
enzymes of lipid, protein, and antioxidant metabolism and proteins involved in
photosynthesis, respiration, transcription, and transport processes.

11.2.2.2 Perennial Shrubs: Blueberry
In floral buds from blueberry transcriptomic analyses were performed under both
field and controlled growth chamber conditions [121]. In addition tomany genes that
had already been identified as cold regulated in Arabidopsis, several other genes were
identified, including genes encoding an auxin-repressed protein, the protein kinase
PINOID, pectate lyase-like protein, and S-adenosylmethionine decarboxylase pro-
enzyme. Interestingly, under growth chamber conditions more genes were upre-
gulated in the cold than under field conditions, including stress tolerance genes,
genes encoding enzymes of the glycolytic and TCA cycle, and genes associated with
protein biosynthesis. Some of the genes exclusively induced under field conditions
were related to light stress [121].

11.2.2.3 Trees: Poplar, Pine, and Spruce
During the induction of cambial dormancy inPopulus tremula, amassive remodeling
of the transcriptome and a significant reduction in the complexity of the cambial
transcriptome occur [122]. The establishment of dormancy is accompanied by an
increase in freezing tolerance, as observed at the transcript level by an induction of
genes encoding, for example, LEA proteins, osmotin, chitinases, and enzymes
involved in sucrose and raffinose biosynthesis and in oxidative stress responses.

Scots pine (Pinus sylvestris) seedlings were analyzed for transcript abundance in
apical buds under different conditions (three field experiments, two growth cham-
bers, two seasons, and two plant ages) using a cDNA microarray containing about
1500 expressed sequence tags (ESTs) from buds of cold-treated Scots pine seed-
lings [123]. Samples from three locations in Sweden, Denmark, and Scotland and
four provenances were compared. Correlations between physiological parameters,
environmental conditions, and gene expression could be shown and led to the
identification of potential marker genes for freezing tolerance, including genes
encoding antifreeze and LEAproteins, metabolic enzymes, and other stress- or ABA-
induced proteins.

Sitka spruce (Picea sitchensis) was monitored for gene expression within and
among populations comparing late summer and early winter when cold acclimation
is initiated [124]. Among the 1257 and 967 genes that were at least twofold up- or
downregulated, respectively,many are already well known fromArabidopsis. Possible
members of signal transduction pathways include genes encoding calcium-binding
proteins, such as calmodulins, calcineurin B-like (CBL), and CBL-interacting protein
kinases (CIPKs) and the Ca2þ /Hþ antiporter CAX1. However, 549 upregulated and
387 downregulated genes have no homology to anyArabidopsis genes, indicating also
more specific cold responses in this conifer.
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11.2.3
Influence of Deacclimation on Plant Gene Expression

Only little effort has been directed toward the analysis of gene expression during
deacclimation, that is, the loss of cold acclimation when plants are shifted back to
nonacclimating conditions after low-temperature treatment. At a physiological
level, it has been shown that Arabidopsis and other plants rapidly lose freezing
tolerance when transferred back to warm growth conditions [137, 138]. In Arabi-
dopsis plants grown on agar plates, 292 geneswere identified as upregulated and 320
as downregulated during deacclimation for 1–24 h [108]. They belong to various
functional groups, such as transcription factors, detoxification, biosynthesis or
catabolism of amino acids, cell wall-related proteins, and proteins involved in
photosynthesis or carbohydrate metabolism. Differentially regulated genes were
clustered and a large group of genes that were found to be strongly downregulated
during deacclimation were also strongly upregulated during cold acclimation. The
fact that most of the already known cold-inducible genes belong to this cluster
strengthens the hypothesis that these genes might be involved in key metabolic
pathways important for cold acclimation. Transcription factors upregulated during
deacclimation are obvious candidates for the downregulation of such cold upre-
gulated genes.

11.2.4
Profiling Gene Expression during Cold Acclimation Using SAGE Technology

In addition to the numerous microarray studies discussed above, the SAGE (serial
analysis of gene expression) technology [139] has been used only in a few studies and
exclusively in Arabidopsis, to analyze gene expression during cold acclimation [140–
143]. Since SAGE is a sequencing-based technology, it is independent of previously
established genemodels. It can, therefore, be used to detect the involvement of novel
genes, different splice variants, or antisense transcripts in a biological process.

In a comparison of SAGE libraries from 3 days cold-treated leaves with a
nonacclimated control, 272 differentially expressed genes, 190 of them highly
upregulated in cold-treated leaves, were found [141]. Upregulated genes encode
proteins involved in cell rescue, defense, cell death, aging, protein synthesis,
metabolism, transport facilitation, lipidmetabolism, and protein destination, where-
as downregulated genes encode proteins involved in photosynthesis and photores-
piration. Examples of the most strongly induced transcripts (COR15a, RD29A/
COR78, LTI30, alcohol dehydrogenase, b-amylase, chalcone synthase, and a lipid
transfer protein) show that SAGE technology recognizes the same cold-induced
genes as microarray technology. However, from 134 genes with at least 10-fold
changes in expression, 87 were newly identified as cold-stress-related genes, reflect-
ing the great potential of SAGE to identify novel stress-related genes.

In a time course experiment from the perception of cold to the acquisition of
freezing tolerance, using five SAGE libraries from 30min up to 1 week of low-
temperature treatment, 920 low-temperature responsive genes were identified [143].

266j 11 Transcriptomic and Metabolomic Approaches to the Analysis of Plant Freezing Tolerance



Only 24% of these genes were identical to those previously identified using micro-
arrays. The identification of novel genes independent ofCBFandABA regulationwas
possible and pointed to complementary signaling pathways. In addition, alternative
transcript processing, such as retained introns, modified exon structure, and
polymorphic UTR sequences, was identified as important for the plasticity of the
stress-induced transcriptome.

Recently, the LongSAGE technology [144] was used to analyze the initial events
involved in signal transduction after cold exposure (0 �C, 1 h) in Arabidopsis
leaves [140]. In comparison to conventional SAGE tags, the longer tags from this
technology increase the chances for the identification of novel genes. By comparing
control with cold-treated leaves, 315 differentially expressed genes could be identified
that, however, mostly corresponded to the expected changes in gene expression.
Interestingly, differential expression of miRNAs was detected, most of which were
downregulated. The functional significance of these changes in miRNA abundance
in the early responses of leaves to cold stress remains to be elucidated.

In addition to leaf tissue, SAGE technology was also used to investigate gene
expression inArabidopsis pollen at low temperature [142]. Comparing a SAGE library
from pollen with a library from cold-treated leaves showed that most of the highly
abundant genes responsible for pollen function are not greatly affected by a cold
stress at 0 �C for 72 h,whereas seed productionwas reduced.Most of those genes that
are cold induced in vegetative tissue showed unchanged expression levels or only a
weak induction in pollen under cold stress. This might explain the high sensitivity of
Arabidopsis pollen to low temperature.

11.2.5
Effects of Low Temperature on Circadian Clock-Regulated Gene Expression

A first suggestion that the circadian clock is involved in plant cold responses came
from the upregulation of the transcript from the GIGANTEA gene, involved in
flowering time regulation and circadian clock function [58]. GIGANTEA was also
found to be fivefold induced in the autumn transcriptome of Sitka spruce following
natural cold acclimation [124]. Kreps et al. [107] observed a stress response for 68% of
the known circadian controlled genes that supported the role of the circadian clock in
stress anticipation and activation of cold stress pathways. A strong upregulation of
APRR1 (pseudo-response regulator 1), an essential component of the central oscillator
of the circadian clock in Arabidopsis, after exposure to low temperature was an
additional indication for the involvement of the circadian clock in the cold
response [64].

In amicroarrays analysis of diurnal (light/dark) and circadian (constant light) time
courses under nonacclimating and acclimating conditions in Arabidopsis, it could be
shown that under diurnal conditions cold reduces the amplitude of the clock cycles
and disrupts the cycling of some of the circadian output genes, while in continuous
light all cycles become arrhythmic [115, 145]. Similarly, circadian clock function is
disrupted in chestnut during winter dormancy [146, 147]. Expression analysis of
approximately 1900 genes encoding transcription factors of Arabidopsis by quanti-
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tative real-time RT-PCR [148] showed diurnal gating with a stronger cold induction
for 75% of the cold-induced transcription factor genes and a higher absolute
transcript abundance for most of them in the morning [145]. These findings
confirmed and massively extended previous results [149] showing gating of the cold
induction of the CBF1, 2, and 3 and RAV1 and ZAT12 genes. These strong circadian
effects on the expression patterns of cold-regulated genes are contrary to results from
AtGenExpress [106] where, however, very different culture conditions were used.
Interactions between stress and diurnal regulation of gene expression not only
influence the cold-responsive transcriptome but also gene expression in response to
drought stress [150], reflecting the importance of time-of-day on the identification of
stress-responsive genes and should be taken into account in future gene expression
analysis experiments.

11.2.6
UsingNatural Genetic Variation to Identify Genes Important for Cold Acclimation and
Freezing Tolerance

Several studies in Arabidopsis have shown a large variability in acclimated freezing
tolerance between different accessions that follows a clear latitudinal cline with
increasing freezing tolerance in accessions frommore northern habitats [25, 38, 40].
Likewise, cultivar differences in freezing tolerancehave been reported in various crop
plants (e.g., [31, 32, 35]). Comparisons of transcriptomic cold responses of acces-
sions, cultivars, or populations differing in freezing tolerance have been published
for Arabidopsis [25, 151], wheat [116–118], and Sitka spruce [124].

In Arabidopsis, an investigation of nine accessions that differed widely in freezing
tolerance [25] found differential transcriptional regulation between accessions after
exposure to low temperature. Both the number of significant changes in gene
expression during cold acclimation and the amplitude of those changes were
significantly correlated with the ability of the accessions to increase their freezing
tolerance. In particular, the downregulation of photosynthesis-related genes and the
upregulation of genes encoding enzymes of the flavonoid biosynthesis pathway were
correlated with improved freezing tolerance. Furthermore, the expression of 32
genes encoding transcription factors, including theCBFs, correlated positively, while
the expression of 24 such genes correlated negatively with freezing tolerance,
providing candidates for key transcriptional regulators of cold acclimation.

In a study of 10Arabidopsis accessions from awide range of latitudes, the impact of
low temperature was investigated with special consideration of the adaptive signif-
icance of regulated genes [151].Geneswithhighplasticity in their expression patterns
exhibited higher among-ecotype variation that was also strongly correlated with the
habitat temperature at the geographic origin of the ecotypes. Forty-three genes with
significant expression plasticity combined with adaptive value were found.

Similar to Arabidopsis, in wheat a freezing tolerant cultivar showed 1.5 times as
many differentially expressed genes during cold acclimation than a sensitive culti-
var [117]. Over 450 genes were differentially cold regulated between the highly
freezing tolerant winter wheat cultivar CDCClair and the less tolerant spring cultivar
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Quantum, including 130 genes involved in gene regulation or signaling [118].Within
the first hours of cold acclimation,more genes were upregulated in the sensitive than
in the tolerant cultivar, whereas after 2 weeks of acclimation the response was
reversed, with the winter wheat finally showing more up- and downregulated genes
than the spring cultivar. Similarly, in another pair of wheat cultivars (Glenlea;
sensitive and Norstar; tolerant), 65 cold-regulated genes were found differentially
regulated after 1–36 days of cold acclimation [116].

In a comparison between three populations of Sitka spruce (Picea sitchensis) with a
central population from British Columbia and northern and southern peripheral
populations fromAlaska and California that markedly differed in freezing tolerance,
a substantial differential gene expression among populations was reported [124]. In
the northern and central populations, 326 genes showed higher expression than in
the southern population. Among these genes were several that encode proteins that
are presumably directly involved in freezing tolerance and also several that encode
regulators of gene expression. In the light of future climate change predictions, the
search for markers characterizing the local adaptation of a species will become
increasingly important for molecular breeding especially of long-lived woody
plants [124].

11.3
Metabolomic Studies of Plant Cold Acclimation

Recently developed metabolic profiling tools such as GC-MS and LC-MS methods
have been used to study global changes in metabolite content of Arabidopsis in
response to low temperature and have led to a detailed description of the massive
metabolic reprogramming occurring after a shift of plants from ambient conditions
to cold [25, 57, 59, 131, 152]. The functional role of these complex metabolic changes
during cold acclimation is not clear. However, it can be assumed that they are in part
related to the strong reduction in growth rate at low temperatures, which is an active
regulatory process rather than a passive result of temperature reduction [72]. Equally,
it is very likely that many molecules synthesized during cold acclimation contribute
directly to increased freezing tolerance. They could have cryoprotective effects, such
as soluble sugars, sugar alcohols, and some amino acids. In addition, some are likely
to function, for example, as antioxidants.

To obtain a broader overview of the influence of cold acclimation on metabolic
regulation, we recently performedmetabolic network analysis using time courseGC-
MS metabolic profiling data [115]. Figure 11.1 presents the metabolic networks
reconstructed from these data for Arabidopsis plants grown either at 20 �C or at 4 �C.
In these undirected metabolic networks, the nodes represent metabolites and the
edges (i.e., the lines connecting the nodes) represent highly significant correlations
in the amounts of the two respectivemetabolites over time. Visual comparison of the
two networks indicates significant differences. Topological network analysis indi-
cates a higher network density with a higher number of edges (i.e., connections
betweenmetabolites) at 4 �C (205 edges) than at 20 �C (121 edges). Also, the number
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Figure 11.1 Effect of low temperature on the
metabolite–metabolite correlation network.
Networks were constructed on the basis of
Spearman metabolite–metabolite correlations,
with nodes (colored dots) representing the
measured metabolites. Undirected edges
(lines) indicate highly significant (Bonferroni
corrected p-value < 0.001, corresponding to a
correlation coefficient R of about 0.54 for the

given sample size) positive (blue) and negative
(red) pairwise correlations between metabolite
pool sizes. Massive metabolic changes
occurring at low temperature are indicated by
the higher number of significant correlations
observed at 4 �C, compared to 20 �C. These
additional correlations mainly involve
molecules acting as compatible solutes.
Reproduced from Ref. [115].

270j 11 Transcriptomic and Metabolomic Approaches to the Analysis of Plant Freezing Tolerance



of connected pairs significantly increased from 1434 at 20 �C to 2462 at 4 �C [115].
These and other parameters clearly indicate that the metabolic reprogramming
during cold acclimation is a tightly regulated process and not simply the result of
metabolic dysfunction due to low-temperature stress.

The three cold-induced CBF transcription factors have a prominent role in this
metabolic reconfiguration, with around 80% overlap betweenmetabolic responses to
the constitutive overexpression of CBF3 and cold acclimation [57]. However, it is
widely recognized that cold acclimation is a highly complex process not only at the
level of gene expression but also at the metabolic level. Consequently, it could be
shown that metabolic reconfiguration at low temperature is strongly influenced by
stress duration [152] and the developmental state of the plants [152, 153]. Another
factor contributing to the complexity of the plant response to low temperature is the
widely recognized diurnal regulation of many metabolic pathways in plants, such as
starch and sugarmetabolism [154, 155]. This can lead to the superposition of diurnal
changes in metabolite pools on changes induced by low temperature [131, 152].
Therefore, both diurnal and circadian regulation of metabolism can affect the
identification of cold-responsive metabolites [115] similar to the situation with
transcripts described above [115, 145]. Nevertheless, many metabolic pathways have
clearly been shown to be influenced by cold acclimation.

11.3.1
Primary Metabolism

The reconfiguration of the metabolome of Arabidopsis during cold acclimation
involves dramatic changes in central metabolism. These changes include
modifications in the pool sizes of amino acids such as alanine, citrulline, glutamine,
and O-acetylserine [57]. Moreover, due to the increase in aspartate, ornithine, and
citrulline, an upregulation of the urea cycle has been suggested and the increased
levels of several intermediates of the TCA cycle, such as a-ketoglutarate, fumarate,
malate, and citrate, also support an upregulation of this central metabolic
process [131].

Changes in the size of hexose phosphate pools and the free hexose pools that occur
at low temperature suggest a modification of carbon metabolism in photosynthetic
tissues toward the accumulation of a variety of sugar phosphates and simple
sugars [156]. In particular, photosynthesis is negatively affected by low temperature,
leading to an accumulation of phosphorylated intermediates with a concomitant
decrease in inorganic phosphate levels [157, 158]. Changes in central carbohydrate
metabolism are also subject to temporal regulation during acclimation. For instance,
at early stages of low-temperature exposure, compounds such as maltose, fructose,
fructose-6-phosphate, glucose, glucose-6-phosphate, and glycerol-3-phosphate seem
to have a relevant role, while after longer acclimation times the accumulation of
sorbitol and galactinol becomes significant [152].

The analysis of changes in approximately 200 metabolites by GC-MS during cold
acclimation in nine Arabidopsis accessions has not revealed a clear correlation
between global metabolic changes and acclimation capacity. Nevertheless, the pool
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sizes of metabolites such as glucose, fructose, galactinol, raffinose, xylose, and
sucrose were significantly correlated with acclimated freezing tolerance, reflecting
the importance of carbohydrate metabolism [25]. Similar correlations or a lack
thereof has previously been reported in many plant species (see Ref. [1] for a review
of the older literature in this field), casting doubt on the functional relevance of
particular sugars for freezing tolerance. More recent work on Arabidopsis suggested
that it may not be a specific sugar that is important for plant freezing tolerance, but
that sugars may constitute a highly redundant cryoprotective system [105, 159].
However, an increase in total sugar content is also not sufficient to significantly
increase leaf freezing tolerance [20]. These data suggest that several metabolites may
act together with other factors such as cold-induced proteins [2] to increase cellular
freezing tolerance. Metabolite profiling together with more sophisticated statistical
data analysis tools is uniquely capable of providing solutions for such complex
problems. For a panel of Arabidopsis genotypes (accessions and F1 crosses), this
approach led to the identification of a small group of metabolites that allowed to
predict both acclimated and nonacclimated freezing tolerance with high accura-
cy [160]. This group contained not only sugars, amino acids, and organic acids but
also someunidentifiedmetabolites. The latterfinding indicates that theremay still be
important metabolites even in a well-studied species such as Arabidopsis that play
important physiological roles but have not been characterized yet.

In addition, such analyses can provide evidence for novel functions of already well-
characterized metabolites. For example, it was found that increased freezing toler-
ance during cold acclimation is preceded bymaltose accumulation [161].Maltose, as a
starch degradation product, has usually not been considered a compatible solute,
although it is able to stabilize membranes during desiccation [162] and was shown to
contribute, either alone or by increasing other soluble sugars, to the protection of
photosynthetic electron transport during freezing stress [161]. Moreover, maltose
could act as a carbon source as the process of cold acclimation requires considerable
energy supply. Experimental data point to a key role for starch breakdown during the
process of cold acclimation [163]. This finding is well validated by the demonstration
that two mutants that are impaired in starch breakdown have reduced ability to cold
acclimate [161, 164].

11.3.2
Secondary Metabolism

While there is large interest in the biosynthesis and properties of flavonoids and
isoflavonoids in plants, both from the perspective of plant biology and that of their
potentialmedical applications, very little clear information on the specific roles of any
of these compounds is available (see Ref. [165] for a recent review). The effect of low
temperatures on secondary metabolism has been widely recognized and flavonoid
biosynthesis is strongly upregulated during cold acclimation [25, 105, 114, 166].

Flavonoids constitute a family of aromatic compounds synthesized from L-phe-
nylalanine andmalonyl-coenzyme A, through the phenylpropanoid pathway. Several
of the genes encoding key enzymes in this pathway have been identified as cold
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responsive, including, for example, L-phenylalanine ammonialyase (PAL) and chal-
cone synthase (CHS) [133, 167]. Flavonoids comprise the chalcones, flavones,
flavonols, flavandiols, anthocyanins, and condensed tannins. Anthocyanins are
strongly accumulated in response to different environmental factors, such as low
temperature, drought, and high light. One of the main properties of flavonoids is
their ability to absorb ultraviolet (UV) light and together with the fact that they are
often present in tissues highly exposed to light (epidermal cell layers in leaves, pollen,
and apical meristem), it has been proposed that the main role of flavonoids is
protection against UV-light [133]. Cold acclimation has a major influence on the
amount and composition of flavonols [105]. Even when cold stress induces the
synthesis of anthocyanins and flavonoids, glucosinolates, terpenoids, and phenyl-
propanoids [113], the biological significance of this remains to be demonstrated.
However, the positive correlation between flavonol content and leaf freezing toler-
ance strongly suggests that flavonols can play a role in plant acclimation and freezing
tolerance [105]. Putative physiological functions suggested for flavonoids during cold
and freezing include scavenging of reactive oxygen species [132] or their function as a
carbon sink during cold stress [168, 169]. In addition, flavonols may also have direct
effects on membrane stability. Some flavonols can partition into the lipid phase of
membranes [170]. Under freezing conditions, when a large part of the water is
removed from the cells to intercellular ice crystals, it can be expected that amphi-
philes such as flavonoids will partition even more strongly into the hydrophobic
phase of membranes [171]. While there is as yet no experimental evidence for a
membrane stabilizing function of plant flavonoids, it has been shown that the
glucosylated phenol arbutin (4-hydroxyphenol-b-D-glucopyranoside) that is found in
some extremely frost- or desiccation-tolerant plants is able to specifically stabilize
membranes that contain nonbilayer lipids [172, 173]. Similar functions could be
envisaged for flavonoids, but this needs to be experimentally tested.

11.3.3
Lipid Metabolism

A decrease in temperature reduces the fluidity of membranes and can in extreme
cases lead to a phase transition of the lipids from the liquid-crystalline to the gel state
(thermotropic phase transition). Owing to the crystallization of ice, freezing also
leads to dehydration, which further increases the lipid-phase transition temperature
and the propensity of the lipids to enter the gel state (lyotropic-phase transition). Such
a phase transition can cause the segregation and aggregation of membrane proteins
into a remaining liquid–crystalline phase with the consequent inactivation of the
proteins. Furthermore,membranes can become leaky at the phase boundaries due to
nonideal packing, leading to the loss of semipermeability of cellular membranes and
loss of compartimentation [174]. In addition, chilling-sensitive plants and cyano-
bacteria show an inhibition of photosynthesis [175] that could be related by muta-
tional and transgenic approaches to the ratio of saturated to unsaturated phospha-
tidylglycerol in chloroplast membranes [176–178]. In chilling-tolerant plants such as
Arabidopsis, a high content of polyunsaturated lipids is required for growth and
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development at low temperatures (e.g., [135, 179, 180]) and cereals increase the
content of unsaturated fatty acids in their membrane lipids during cold acclima-
tion [4]. Fatty acid analysis has also revealed increases in polyunsaturated molecules
inArabidopsis in response to cold (C18 : 2; C18 : 3; andC16 : 3), while less unsaturated
fatty acids decrease in their content (C16 : 2 and C16 : 1) [114]. Cold acclimation and
mild freezing (i.e., subzero acclimation) can also increase the proportion of bilayer
lipids, such as phosphatidylcholine and digalactosyldiacylglycerol, and decrease the
proportion of nonbilayer lipids such as cerebrosides, phosphatidylethanolamine, and
monogalactosyldiacylglycerol (e.g., [181, 182]), thus reducing the incidence of fatal
interbilayer fusion events.

11.3.4
Sulfur and Nitrogen Metabolism

The pool size of O-acetylserine (OAS) in Arabidopsis leaves is strongly increased in
response to low temperature [115]. OAS, a direct precursor of cysteine, is synthesized
by the activity of serine acetyltransferase (SAT) from serine. OAS is then converted to
cysteine by O-acetylserine (thiol) lyase (OASTL). It has been proposed that OAS acts
as part of the regulatory network signaling metabolic demand for sulfur-containing
compounds [183]. Glutathione is the most abundant thiol compound in plant cells,
playing amajor role as an antioxidant during stress [183]. It is, therefore, possible that
the increase in OAS levels during cold acclimation is related to an increased freezing
tolerance through the antioxidant defense system. Consistent with this, many genes
encoding enzymes involved in ROS scavenging are also cold responsive.

Nitrogen metabolism plays a key role in plant physiology. Glutamic acid and
glutamine act as ammonium donors in the synthesis of all other amino acids.
Aspartic acid and asparagine further act as active ammonium donors or transport/
storage compounds, respectively [184]. Both glutamine and asparagine are accumu-
lated at low temperatures [57]. GABA (c-aminobutyric acid) levels highly increase
after plants are exposed to cold. GABA is synthesized in the cytosol from glutamine
and is an important amine-containing metabolite with cryoprotective properties and
with a putative role in stress signaling [185–187].

11.4
Both Transcriptional and Posttranscriptional Regulation ofMetabolism are Important
During Cold Acclimation

As already briefly discussed in Section 11.1, interpretation of changes observed in
transcript abundance during cold acclimation in profiling studies assumes that
mRNA amounts are the limiting factor that determines physiological responses. We
will briefly discuss two recent studies that have shed some light on the limitations of
this assumption.

One studyused expression profiling combinedwith enzyme activitymeasurements
and metabolite profiling to investigate the responses of Arabidopsis 6 and 78h after
transfer from 20 �C to a progressively lower temperature between 17 and 8 �C [114].
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Transcript abundances showed stronger changes as the temperature difference
increased and the changes were generally larger after 6 h than after 78h. Changes
in enzyme activities and metabolite pool sizes showed a similar dependence on
temperature, but here the changes were larger after 78h than after 6 h. The correla-
tions between the abundance of specific transcripts and the encoded enzyme activities
were very poor after 6 h of cold treatment and significantly improved after 78h.
However, also after 78 h of cold treatment, a considerable part of the changes in gene
expression and enzyme activitywere unrelated, pointing to important contributions of
translational regulation and/or protein stability to the observed changes in enzyme
activities. In addition, discrepancies between changes in extractable enzyme activity
and changes inmetabolite pool sizes were noted, indicating the importance of further
regulatorymechanisms that influence enzyme activity in vivo. Interestingly, this study
suggests that a large part of the transcriptional responses to small changes in
temperature were driven by the observed increases in CBF expression.

In another study [115], transcripts and primarymetabolites were quantified during
diurnal time courses at either 20 �C or at 4 �C. These data provide a comprehensive

Figure 11.2 Coordinated transcriptional
regulationof the raffinose biosynthesis pathway.
Summary of the metabolic pathway, transcript,
and metabolite profiles of the raffinose
biosynthesis pathway. For transcripts, relative
expression (log2) estimates from Affymetrix
ATH1 microarrays are indicated. Metabolite

accumulation (log2) was measured by
GC-TOF-MS and it is expressed as the
normalized mean peak apex intensities from
five biological replicates. GOLS3: galactinol
synthase 3 (At1g09350); SIP1: raffinose
synthase (At5g40390). Reproduced from
Ref. [115].
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analysis of the diurnal regulation of both gene expression and primary metabolism
that interact with the cold regulation of both processes. A previous study had shown
that the diurnal cycling of clock genes becomes strongly dampened in the cold [145]
and this extends to the diurnal cycling of metabolites. However, 80% of those

Figure 11.3 Coordinated transcriptional
regulation of the polyamine biosynthesis
pathway. Summary of the metabolic pathway,
transcript, and metabolite profiles of the
polyamine biosynthesis pathway leading to
putrescine. For transcripts, relative expression
(log2) estimates from Affymetrix ATH1
microarrays are indicated. Metabolite

accumulation (log2) wasmeasured by GC-TOF-
MS and it is expressed as the normalized mean
peak apex intensities from five biological
replicates. ADC: arginine decarboxylase 1
(At2g16500) or 2 (At4g34710); At-AIH:
agmatine iminohydrolase; At-NLP1:
N-carbamoylputrescine amidohydrolase.
Reproduced from Ref. [115].
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metabolites that show cycles at 20 �C still do so at 4 �C [115]. The transcripts encoding
enzymes for biosynthesis of well-known cold-induced metabolites such as raffinose
and putrescine also cycled at 20 �C and diurnal cycling was maintained in the cold
(Figures 11.2 and 11.3). Also, in both cases, increased transcript abundance preceded
the cold induction of the related metabolites, in agreement with a predominantly
transcriptional regulation of these pathways.

Interestingly, in the raffinose pathwayGOLS3 expression was rapidly induced and
stayed high until the end of the experiment, while SIP1was also rapidly induced, but
here the induction was transient and the expression level approached control values
after 2 days at 4 �C (Figure 11.2). Nevertheless, a continuous increase in raffinose
content was observed indicating additional regulatorymechanisms even in this case.
Another regulatorymechanism is illustrated in Figure 11.3. InArabidopsis, two genes
encode the enzyme arginine decarboxylase and while ADC1 expression is only
slightly influenced by cold, ADC2 is more strongly upregulated, pointing to the
specific role of only one of the genes in stress adaptation. In addition, in many cases
no correlation between changes in transcript abundance and metabolite pool sizes
could be observed [115], emphasizing the importance of translational and posttrans-
lational mechanisms in metabolic regulation.
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12
Omics Techniques in Crop Research: An Overview
Bashasab Fakrudin, Roberto Tuberosa, and Rajeev K. Varshney

12.1
Introduction

Omics is a collective, broad discipline largely referring to analysis of the interactions
of biological information obtained from the profiling of the genome, transcriptome,
proteome, metabolome, and several other relevant -omes. While phase one of omics
technologies aims at nontargeted identification of transcripts, proteins, and meta-
bolites (essentially gene products) in a given biological sample, phase two deals with a
very challenging analysis of data eventually leading to the dissection of the qualitative
and quantitative dynamics of biological systems. Essentially, the omics science is
enabled by a host of diverse, high-throughput technologies and platforms [1]. The full
range of omics technologies cannowbe applied to understand the same fundamental
biological processes [2]. Mapping and defining the relationships among genes,
proteins, andmetabolites require relative comparison of the networks that eventually
help in understanding the regulatory mechanisms. A diverse but converging
approaches such as forward and reverse genetics and transgenics (overexpression
and knockdowns) can define the function of a gene to the specific phenotype, the
omic technologies aim at revealing the function of each and every gene in the
genome, which collectively contribute toward elucidating the networks and better
understanding thewhole plant phenotype [3–5]. Access to omics tools at an affordable
price is becoming a reality, which together with a large inventory of candidate genes,
proteins, and metabolites and their databases deduced from profiling efforts in
model systems and crop plants have speeded up the analysis of biological functions
operating in various plant stress responses [2, 6]. These new strategies have begun to
piece together the physiological and phenotypic observations with information on
transcription and transcript regulation, the behavior of proteins, protein complexes
and pathways, and the metabolites and metabolite fluxes, finally shedding light on
evolutionary adaptive diversifications of organisms.
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12.2
Transcriptomics

Transcriptomics, a global mRNA expression profiling of a particular tissue, is
essentially genome wide, yielding information about the transcriptional differences
between defined states of tissues. Elucidated global differences in gene expression
are expected to help in the understanding of genes and pathways involved in
biological processes: gene statements showing similarity in quantitative and qual-
itative expression are functionally related and would be the result of possible
common genetic regulation [2, 7]. Rapid sequencing of many eukaryotic genomes
has provided unprecedented opportunities to understand gene function, genome
structure, and genomeevolution [8].However, an accurate annotation of all expressed
genes in the sequenced genomes remains one of the most challenging tasks.
Therefore, genomic resources and platforms provide new opportunities for crop
research and breeding programs [8–10].

Transcriptomics can be used to understand taxonomic position to gain a deeper
understanding of molecular and physiological bases of complex phenotypes such as
crop response to abiotic stresses. Common platform technologies used for genome-
wide or high-throughput analysis of gene expression aremicroarrays, serial analysis of
gene expression (SAGE), massively parallel signature sequencing (MPSS), and next-
generation sequencing platforms (NGSPs) [11–13].High-throughput quantitative real-
timePCRhasproven to beaplatformof choice for validationof a largenumberof genes
elucidated through omics approaches in the tissue and treatment of choice [14].

12.2.1
Closed Omics Technologies

Microarray technology represents a �closed� profiling strategy limited by the target
genes/gene statements imprinted on gene chips.Microarray technology has become a
useful tool for the analysis of genome-scale gene expression. This technology was first
demonstrated by analyzing 48Arabidopsis genes for differential expression in roots and
shoots [15]. Microarrays are artificially constructed grids of knownDNA samples such
that each element of the grid probes a specific RNA sequence wherein the RNA
transcripts from the target sample are captured and quantified. To date,many different
protocols and types of microarrays such as oligonucleotide and cDNA arrays, com-
mercially available whole-genome arrays and custom-made, tissue-specific arrays have
beendeveloped.All these invariably require (a) isolationofRNA fromtarget sample, (b)
conversion of RNA to either cDNAor cRNA, (c) a simultaneous incorporation of either
fluorescent nucleotides or a tag that is later used for fluorescent labeling, (d)
hybridization to a chosen microchip, (e) washing and labeling (depending on the
protocol adopted), (f) scanning under laser light and image processing to extract data,
and (g) data analysis [16, 17]. Bioinformatic clustering tools are required for delineation
of closely related expression patterns of genes [17]. The sources for cDNA arrays are
generally PCR products from expressed sequence tags (ESTs) or from cell (tissue)-
specific sources, which are �spotted� on glass slides. In the case of oligonucleotide
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arrays, relatively short, 25-mer, oligonucleotides specific for transcripts of interest are
generated by photolithography and solid-phase DNA synthesis [18]. Variousmodifica-
tions to these approaches and the use offluorophore dyes have allowed amore accurate
and reliable expression profiling.

Microarrays have been extensively used in most of the experimental systems
including major crop plants [19–22]. For instance, in Arabidopsis, full-length cDNA
libraries from plants under different conditions, such as drought-treated and cold-
treated plants, have been developed [23, 24] and a set of 1300 full-length cDNAs were
monitored for the expression patterns under drought and cold stresses [25]. This
platformhasbeenwidelyused incropresearch forelucidationofdifferentially expressed
genes in crop plants as a result of biotic and abiotic stress interactions [7, 21, 26].

There are two microarray-based methods for genotyping in crop research: (a) one
involves arraying thousands of short oligonucleotides on glass slides for detection of
many single-nucleotide polymorphism (SNP) loci in target DNA, which is particularly
well suited for genotyping thousands of markers, and the other (b) involves arraying
amplifiedPCRproducts onglass slides to detect a fewSNPs.The latter isuseful to detect
limited number of SNPs in large number of samples [27, 28]. Biotin-terminated, allele-
specific PCR products are spotted unpurified on glass slides coated with streptavidin
and visualized through fluorescent oligonucleotides attached to the allele-specific PCR
primers. These approaches of genotyping hold great promise in high-throughput
genotyping the candidate genes and their trait association in crop plants. A maize
expression array containing 57 452 genes has been developed and used in the context of
maize nitrogen utilization, root growth under drought, water, and phosphate stress,
seeddevelopment, photosynthesis, pathogen response, aluminumstress in roots, tassel
development, and hybrid vigor (www.maizearray.org). Furthermore, microarray-based
gene expression technology is a powerful tool to alsomonitor changes in the expression
of a large number of genes simultaneously and provide new insights into physiological
and biochemical pathways of abiotic and biotic stress tolerance and identify novel
candidate genes that can be used in plant breeding programs [6, 17, 29].

12.2.2
Open Omics Technologies

In the past decade, various sequencing-based strategies, such as ESTs [30], full-length
cDNA [24], SAGE [31, 32], and MPSS have been developed for transcriptome
studies [33, 34]. These approaches have contributed valuable resources for gene
discovery and genome annotation, but their application in most molecular studies
has been limited. In contrast to microarray technology, these technologies are of
�open� architectural systems that can be used to identify novel genes and to quantify
differentially expressed mRNAs.

12.2.2.1 ESTs, SAGE, and MPSS
Single-pass sequencing of cDNAs to generate ESTs has been amuch-usedmethod of
elucidation of genes and has contributed a lot of entries to public DNAdatabases. The
error-proneESTshave remained not only a powerfulmeans of gene discovery but also
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a source of biologically informative probes in genomemapping and cloning studies.
ESTs have become an invaluable resource for gene discovery, genome annotation,
alternative splicing, SNP discovery, molecular markers for population analysis, and
expression analysis in animal, plant, and microbial species [16, 35]. Generally, EST
and full-length cDNA sequencing techniques are not deep enough to isolate rare
transcripts responsible for complex traits or address transcript variability that persists
within and between closely related pathways and phenotypic traits. Sequencing
millions of cDNA clones from various tissues can sample only about 60% of the
expressed genes [36]. Although various computer-based gene prediction methods
play a role in genome annotation, experimental data are an essential evidence for
determination of gene structure and function [12]. This limitation has been
addressed through high-throughput and short tag-based approaches such as SAGE
and MPSS, and much recently employing NGSP. Notably, these technologies are
most useful for gene expression analysis in plant species whose genome has been
sequenced [11, 37].

The SAGE library construction involves several tedious steps before tags can be
cloned into a plasmid vector. The process includes isolation of short tags (14–26 bp)
from the 30 or 50 ends of transcripts, ditag formation, and concatenation and
sequencing of SAGE clones. Taking advantage of the high-throughputmade possible
by the classical SAGE technology [32], new approaches for cloning of 50-end-specific
sequencing tags from mRNA-cap analysis gene expression (CAGE), trans-spliced
exon-coupled RNA-end determination (TEC-RED), and 50 serial analysis of gene
expression (50SAGE), gene identification signatures (GIS), the tags comprising
information from both terminal ends, were developed [12, 31]. However, the
time-consuming procedure of colony picking and storage and the high cost of
sequencing individual clones in SAGE library construction have discouraged the
use of this approach in many biological studies [31, 38].

The MPSS strategy involves in vitro cloning of cDNA molecules on the surface of
microbeads and nongel-based sequencing of millions of tags (17–20 bp). It is
considered to be more sensitive over SAGE technology [36, 38]. The multiple
location-matching of 17–21 bp tags from SAGE or MPSS libraries in a sequenced
genome is problematic when mapping tags to the EST or genomic sequence. To
obtain accurate matches for positive tags in the genome, longer transcripts are
required. This is usually accomplished using techniques such as rapid amplification
of cDNA ends (RACE) or generation of longer cDNA fragments using the GLGI
method. Integration of pyrosequencing in sequencing technology with SAGE tags
has resulted in an increased sensitivity for deep transcript profiling: robust analysis of
50 gene expression (50RATE), which involves the use of pyrosequencing of ditag
libraries, achieves higher sensitivity of transcript profiling. It consists of three major
steps including 50-oligocapping of mRNA, NlaIII tag and ditag generation, and
pyrosequencing ofNlaIII tags. Complicated steps such as purification and cloning of
concatemers, colony picking, and plasmid DNA purification are eliminated and the
conventional Sanger sequencing method is replaced with the newly developed
pyrosequencing method [39]. Taken together, these techniques provide a panoramic
profile of the entire pool of mRNA transcripts that make up the transcriptome.
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12.2.2.2 Next-Generation Sequencing
At present, numerous strategies and platforms are under development including
sequencing by synthesis (SBS), sequencing by hybridization, and nanopore sequenc-
ing. In 2005, two new sequencing technologies were introduced. Both are based on
sequencing by synthesis: the 454 system (http://www.454.com) using pyrosequen-
cing technology and the Solexa/Illumina system (http://www.illumina.com) that
depends on detection of fluorescence signals [40]. These methods employ parallel
sequencing in millions of reactions that generate a very large number of data points.
The read lengths are averaging 100–230 bp and 300–400 bp for 454FLX and
454Titanium, respectively, and 35–105 bp for Illumina Solexa platforms. TheApplied
Biosystems SOLiD (http://www3.appliedbiosystems.com) is another addition with a
greater potential in transcriptome sequencing and gene discovery approaches. These
platforms offer a variety of experimental approaches for characterizing a transcrip-
tome, discovering genes, small RNAs, and variations in homologues [8, 11, 41].
These sequencing technologies collectively are referred to as next-generation
sequencing (NGS) technologies. Potential applications of NGS technologies in gene
expression analysis and crop breeding research have been accounted and compared
in detail [8, 9, 13, 42, 43]. In addition, several organizations are working on third-
generation sequencing technology mainly based on single-molecule synthesis [44].
Furthermore, both the nanopore sequencing and the transmission electron micros-
copy-based sequencing hold greater promise as third-generation sequencing tech-
nologies [41, 45, 46]. The generation of millions of tags at low cost makes these
technologies the system of choice for gene expression analysis. A reduction in the
cost of sequencing services, which is expected tohappen in thenear future, will have a
major positive impact not only on gene expression studies but also on molecular
breeding in agri-hort crops and tree species.

12.3
Metabolomics

Metabolomics is considered the ultimate level of postgenomic analysis as it can reveal
changes in metabolite fluxes that are controlled by only minor changes within gene
expression measured using transcriptomics and/or by analyzing the proteome that
elucidates posttranslational control over enzyme activity [47, 48]. Metabolome refers
to a set of metabolites that are formed within a biological system and their types and
levels can be regarded as the ultimate response of biological systems to genetic or
environmental changes [47]. Central to metabolomics is a range of metabolite
fingerprinting and profiling technologies and extraction methods, which profile an
entire extract without bias; the richestmetabolite profiles willmost easily be obtained
by employing a range of extractionmethods and analytical instruments due to the fact
that none iswithout bias toward certain groups of compounds.Hence,metabolomics
is the study of final downstream product of a genomic response as the total
quantitative collection of small molecular weight compounds (metabolites) present
in a cell/tissue type to whole organism [49]. Metabolomics as of now is considered a
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technically demanding interdisciplinary research field that requires expertise in the
fields of biology, analytical chemistry, organic chemistry, chemometrics, and infor-
matics sciences. Metabolomic analysis consists of three distinct experimental parts:
(a) preparation of the sample, (b) acquisition of data using analytical chemical
methods, and (c) data mining using appropriate chemometric methods [47]. Essen-
tially, all these steps are strongly interrelated and interdependent.

Two main metabolite profiling strategies are (i) mass spectrometry (MS) and (ii)
nuclear magnetic resonance (NMR). The gas chromatography–mass spectrometry
(GC-MS), gas chromatography–time-of-flightmass spectrometry (GC-TOF-MS), and
liquid chromatography–mass spectrometry (LC-MS) are extensively used MS-based
techniques inmetabolite analyses. The GC-MS technology enables the identification
and quantification of over a few hundred primary metabolites within a single
extract [47, 50]. The GC-TOF-MS offers fast scan times, resulting in an improved
peak deconvolution and higher sample throughput. On the other hand, LC-MS
measures a far broader range of metabolites including primary and secondary
metabolites [51]. In addition to this, capillary electrophoresis–mass spectrometry
(CE-MS) and fourier-transformation cyclotron resonance–mass spectrometry (FT-
ICR-MS) are also used. CE-MS is considered a highly sensitivemethodology to detect
low-abundance metabolites in plant samples [47]. The FT-ICR-MS relies solely on
very high-resolution mass analysis, which potentially enables the measurement of
the empirical formula for thousands of metabolites, although it is somewhat limited
by the lack of chromatographic separation. NMR approaches rely on the detection of
magnetic nuclei of atoms after application of a constantmagnetic field formetabolite
profiling [52]. NMR can provide subcellular information and it is easier to derive
atomic information for flux modeling from NMR than from MS-based
approaches [47]. In plant systems, metabolomics approach has already been used
to study metabolomic changes during a variety of stresses, for example, tempera-
ture [53], water and salinity [54], sulfur [55], phosphorus [56], and oxidative [57] and
heavy metals [58]. These tools have recently been turned to evaluation of the natural
variance apparent in metabolite composition. Metabolomics approaches have great
value in both phenotyping and diagnostic analyses in plants that might eventually
enable metabolomics-assisted breeding in crop plants [59].

12.4
Proteomics

Proteomics is the qualitative and quantitative comparison of proteomes under
different conditions to further unravel biological processes. The term proteome
refers to all proteins expressed by a genome in the targeted tissues at a defined time
point. It encompasses a broad range of tools and techniques in determining the
identity and quantity of the expressed proteins in cells/tissues, their 3D structure,
and other interacting partners that help to disclose gene function. Changes that occur
at the protein level can be traced to genetic sequences, thus forming a unique cross
reference to the complex biological phenomenon being investigated. This involves
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separation, identification, determination of function, and its interactions with other
proteins and biological molecules [60]. Protein profiling techniques allow a rapid
comparison of complex samples and direct investigation of tissue specimens. In
addition, proteomics has been complemented by the analysis of posttranslational
modifications and techniques for the quantitative comparison of different pro-
teomes [60, 61].

Techniques such asmatrix-assisted laser desorption/ionization (MALDI) has been
employed for rapid determination of proteins in particular mixtures besides electro-
spray ionization (ESI). Most proteins function in collaboration with other proteins,
and one goal of proteomics is to identify which proteins interact. This is especially
useful in determining potential partners in cell signaling cascades [60]. There has
been extensive research over the last few years to study the technical aspects of
proteomics in plants [62] and studies have been conducted in Arabidopsis, rice [63]),
maize [64], barley [65], and chickpea [66]. Proteomics not only enables the study of
protein–protein interaction but also helps in identification of multisubunit com-
plexes [67]. Furthermore, proteomics can act as a powerful approach to organize and
identify the proteome through development of 2DE gel protein reference maps of
subproteomes in different plant species.

12.5
Interactomics

The complexity of an organism or even a complex trait of an organism cannot be
completely explained by mere total number of genes alone. The organism would
utilize combinatorial complexity to manifest required form of growth and/or
resources in time and space [5, 68]. Therefore, to elucidate the complete functioning
of an organism, one not only need to learn the biochemical function(s) of every
protein and every domain but also need to discover all protein–protein interactions:
developing an interactome is a prerequisite to understand the complex web of
interactions that link biological molecules in a cell [3, 4, 69]. The network of all
interactions is called the interactome that thus aims to compare such networks
of interactions. The interactome maps are important in defining gene function and
understanding the function of macromolecular complexes. Various experimental
approaches for creating large-scale protein–protein interaction maps in plants have
been reviewed by Morsy et al. [70].

The study of the interactome requires collection of a large amount of data from a
single organism under a small number of perturbations. The two-hybrid screening
(Y2H), tandem affinity purification, X-ray tomography, and optical fluorescence
microscopy are generally employed for this purpose [71]. High-throughput versions
of some of these methods have already been developed, although there is room for
further improvement. It is envisaged to combinemicroarrays andmass spectrometry
to enhance throughput of the technique. Tandem affinity purification (TAP) is a
technique for studying protein–protein interactions. It involves creating a fusion
proteinwith a designedpiece, the TAP tag, on the end. The protein of interest with the

12.5 Interactomics j295



TAP tag first binds to beads coated with IgG, the TAP tag is then broken apart by an
enzyme, and finally a different part of the TAP tag binds reversibly to beads of a
different type [72]. After the protein of interest has been washed through two affinity
columns, it can be examined for binding partners. Interactomic approaches are
increasingly becoming relevant to gain a comprehensive understanding of both basic
and applied aspects of complex plant–environment interactions [35, 73].

12.6
Genomics (or High-Throughput Genotyping) and Phenomics

The omic strategies, asmentioned above, can highlight candidate genes,metabolites,
proteins, and so on that are responsible for a particular phenotype [74, 75].
Importantly, this information can be used in applied breeding programs through
molecular marker technologies [8, 76]. Althoughmany kinds of marker technologies
have been developed, at present, simple sequence repeats (SSRs) or microsatellite,
diversity array technologies (DArT), and SNPs are the marker systems of choice [37,
77–80]. Among these systems, SNP and DArTmarker systems can be used for very
high-throughput genotyping.

Several high-throughput SNP genotyping platforms are available with varying levels
of suitability in practical use. Two platforms, namely, Illumina�sGoldenGate assay and
whole-genome genotyping Infinium assay, hold practical significance. In the former
platform, the genomic DNA is activated using paramagnetic particles and PCR-
amplified using three oligos and a universal PCR primer pair for each SNP. Two of
the oligos used are allele-specific oligos that, upon ligation to the target allele, extends
and ligates to the third locus-specific oligo (LSO) that contains SNP-specific tag and
sequence complementary to the universal primer. The universal primer carries allele-
specific fluorescent label and contains an address sequence that helps in binding the
amplifiedproduct to thebeads offiber optic array.Genotyping is done inmultiple of 96.
GoldenGate assays have been developed for several crop species such as barley [81],
wheat [82], maize [83], and common bean [84]. SNP genotyping based on GoldenGate
assay has been very successful in constructing a geneticmap and traitmapping [81, 84].
Crop-specific efforts are at different levels of success in developing first-generation
GoldenGate assays for SNPgenotypingworldwide. It is expected that in thenext couple
of years, theSNPGoldenGate assayswouldbeavailable and large-scale use of SNPswill
become integral to genetics and breeding efforts in most of the crop plants [9, 43].

The whole-genome profiling Infinium assay is done through comparative genomic
hybridization. The change in the allele composition is measured through varying
signal intensities. This assay includes whole-genome amplification to increase the
amount of DNA followed by fragmentation and capturing onto bead array through
SNP-specific primer. The primer anneals adjacent to a SNP and extension takes place
that involves incorporation of hapten-labeled nucleotide corresponding to the SNP
allele. Incorporated hapten-labeled nucleotides are detected by adding fluorescent-
labeled antibodies during various steps to amplify the signal.Development of Infinium
assays is in progress for some crop species such as soybean, maize, and so on.
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The advent of a number of omics technologies and especially high-throughput
genotyping has now made phenotyping the priority in crop research. Phenotypes
that can be studied across species are more attractive, particularly given the rapid
development in transgenic modeling. With advances in high-throughput genotyp-
ing technologies, the rate-limiting step of large-scale genetic investigations has
been the accurate high-throughput phenotyping in a large number of samples.
Phenomics is an emerging transdiscipline dedicated to the systematic study of
phenotypes on a genome-wide scale. It is the systematicmeasurement and analysis
of qualitative and quantitative traits, including clinical, biochemical, and imaging
methods, for the refinement and characterization of a phenotype. Phenomics
require deep phenotyping, the collection of a wide breadth of phenotypes with fine
resolution, and phenomic analysis composed of constructing heat maps, cluster
analysis, text mining, and pathway analysis (Figure 12.1). Many technologies have
been developed to help explain the phenotypic consequences of genetic and/or
environmental modifications in areas such as functional genomics, pharmaceu-
tical research, and metabolic engineering [85–87]. The advances in metabolomics

Figure 12.1 An overview of omics
technologies and their applications in crop
research and breeding. The omics platforms
have potential to generate large-scale genomic
resources, protein, andmetabolite profiles from
specific tissues that on their own and in
combination with parallel but converging
platforms can aid in pinning down the superior
alleles, QTL, and candidate genes, besides

contributing towards a deeper understanding of
complex traits for crop improvement. Recent
advances in these platform technologies and
the bioinformatic pipelines have led to an
accelerated development of robust and high-
throughput marker systems. These
advancements have ushered in new
opportunities and strategies in crop research
and breeding of even orphan crops.
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and proteomics have a direct bearing on the large-scale phenotyping with a greater
sensitivity in a high-throughput manner.

12.7
Integrated Omics Technology Approach

Availability of a number of omics technologies coupled with the vast quantity of
genotyping data and volumes of precise phenotyping data opens an opportunity for
displaying these techniques in an integrated approach in crop research and breed-
ing [8, 10, 37, 42, 88]. This approach is expected to aid in gaining a better
understanding of complex traits and environmental interactions [6]. This would be
true both at cellular and whole-plant/crop level. Single-cell analysis was once
considered beyond the capacity of omics technologies, but the recent examples of
single-cell genomics, transcriptomics, proteomics, and metabolomics indicate an
accelerated change largely owing to the rapidly emerging technologies that range
from micro/nanofluidics to microfabricated interfaces for mass spectrometry to
second- and third-generation automated, high-precision DNA sequencers. Such
integration will enable the identification of genes and gene products, and can
elucidate the functional relationships between genotype and observed phenotype,
thereby permitting a system-wide analysis from genome to phenome, enabling
accurate trait mapping, introgression of superior alleles, and in some cases the
cloning of major QTL [88] for hitherto considered complex characters such as abiotic
and biotic stress tolerance (Figure 12.1; see also Refs [89, 90]). Results of such an
integration of omics technologies in model systems and selected crops is highly
encouraging.Within next half a decade or so, omics technologies should be available
for crop research and breeding in most of the crop plants.
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13
The Use of �Omics� Approaches in Arabidopsis
for the Improvement of Abiotic Stress Tolerance
Aleksandra Skirycz and Matthew A. Hannah

The recent progress in �omics� approaches, which allow the identification and
quantification of hundreds to thousands of biological molecules in a single sample,
has allowed their wide application in the plant sciences. Their use has permitted the
detailed characterization of the developmental and environmental factors that control
plant responses to abiotic stress and provided a basis upon which to base approaches
to improve plant stress tolerance. This chapter reviews relevant aspects of the �omics�
technologies themselves and highlights the main considerations in getting from a
plant sample to analyzed data. As the majority of fundamental plant research uses
Arabidopsis as a model plant, we restrict this chapter to review examples of how the
application of �omics� approaches has allowed the characterization of abiotic stress
responses and the use of these data to support early discovery research to engineer
plants with improved stress tolerance.

13.1
Introduction

Over the past decade, there has been an unprecedented progress in technologies to
allow a detailed molecular characterization of organisms. These so-called �omics�
approaches, including, to name but a few, transcriptomics, proteomics, and meta-
bolomics, have been applied on a broad scale to numerous aspects of plant biology
and have fueled the development of plant systems biology. These technologies allow
identification or quantification of hundreds to thousands of molecules in a single
biological sample. While previous approaches studied single or a few molecules,
analysis on a much more detailed level has now become possible. The biological
questions (or samples) to which these have been applied are familiar from the fields
of developmental biology and environmental responses, and have increasingly
incorporated genetic, temporal, and spatial resolutions.

Plants must survive and reproduce in the environment in which they grow, yet
these environments are changeable and thus may often become suboptimal. These
so-called abiotic stress conditions, such as drought or temperature extremes,
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substantially affect plant growth and development and lead tomajor crop yield losses.
Therefore, there is a considerable interest in improving fundamental knowledge of
plant–environment interactions and leveraging of this knowledge to generate crops
with improved yield under abiotic stress conditions in the field. As with most basic
plant science, Arabidopsis is the model plant of choice for most laboratories and
additionally can represent an intermediate testing phase in the process to improve
abiotic stress tolerance in crop species.

The combination of the technological advances in �omics� approaches and the
considerable interest in plant abiotic stress tolerance means there is an increasing
body of knowledge that is of potential direct or indirect relevance to efforts to improve
plant abiotic stress tolerance. While other chapters consider crop species directly, we
will restrict ourselves to review the relevant progress and knowledge in Arabidopsis.
We will thus briefly review relevant aspects of available �omics� technologies and the
resulting data analysis before describing the application of these technologies in
fundamental Arabidopsis abiotic stress research and finally discussing how this
knowledge can be used in applied early discovery research to improve plant tolerance
to abiotic stress.

13.2
�Omics� Approaches

13.2.1
Genomics

Genomics should be regarded as the enabler and namesake of those technologies
that (rightly or wrongly) today have �omics� as a suffix and that will be discussed in
this chapter. In plant science, the completion of the Arabidopsis genome
sequence [1] allowed the emergence of the era of �postgenomics� whereby theo-
retically the entire catalog of transcripts, proteins, and (indirectly via encoded
enzymes) metabolites could be discovered. It was upon this base that subsequent
technological developments in �omics� approaches became possible. Furthermore,
�omics� approaches are often described as the analysis of subsequent layers of
information with respect to the fields of genomics, transcriptomics, proteomics,
and metabolomics, as they become closer to the observed whole-plant phenotype
(also called �phenomics�). Although it is these �postgenomic� technologies that are
predominantly being referred to as �omics� approaches, genomics is worth
highlighting here due to its integral place in the overall field of plant systems
biology and the fact that with the advent of new-generation sequencing tools its
importance is set to increase further. The increase in sequencing capabilities is well
known and described [2], and for the purpose of this chapter it is sufficient to say
that the sequencing of DNA (or RNA (transcriptomics) or modified DNA (epige-
nomics)) is becomingmuch faster andmuch cheaper than ever before. This makes
the sequencing of genomes (species, accessions, cultivars, mutants, etc.), previ-
ously taking years of effort for a worldwide consortium, possible in days for a single
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researcher to accomplish. In this context, approaches that will likely have a
particular impact in the field of plant abiotic stress research will include the
mapping of mutations [3], comparative genomics of Arabidopsis accessions,
stress-tolerant relatives, and diverse plant species.

13.2.2
Transcriptomics

Of all �omics� approaches, transcriptomics has been by far the most widely
applied. This was predominantly because of the availability of microarray tech-
nology that was best able to leverage the completed genome sequence, although
high-throughput quantitative PCR (QPCR) and increasingly direct sequencing are
also important. Microarrays are essentially glass slides that have thousands of
DNA spots attached to them allowing the detection of the corresponding tran-
scripts within a given sample. As knowledge on all known or predicted transcripts
became available, they were able to be rapidly included in in-house or commercial
microarrays making the �genome-wide� quantification of transcripts routine.
Historically, the most popular platform has been the Affymetrix ATH1 array, for
which there are now data from more than 10 000 biological samples in the public
domain [4], while for other platforms, for example, the commercial Agilent and
the academic CATMA array [5], there are thousands more deposited in public
databases. Microarrays are still in common use, aided by the development of
more sophisticated and comprehensive microarrays such as the AGRONOMICS1
Tiling array [6], but their dominance is already being challenged by sequencing-
based approaches.

It should be noted that microarrays, common to any sequence hybridization-
based technology, have technical limitations relating to sensitivity and specificity. It
is therefore possible to detect only �known� transcripts (i.e., those sequences
included in the array), which are within the dynamic (quantifiable) range of the
microarray, and it may not be possible to distinguish closely related transcripts.
QPCR is more sensitive and was the method of choice for the validation of
microarray results; however, due to technical robustness of commercial micro-
arrays, it is now viewed to be better to have biological validation of results
(i.e., independent experiments) rather than technical repetitions (i.e., duplicate
arrays) or validation (via QPCR, Northern, etc.) on the same RNA samples.
Combined with automation, QPCR has also emerged as a useful platform to
quantify focused subsets of genes, for example, transcription factors [7]. Other
technical platforms have recently emerged that offer similar sensitivity to QPCR,
notably the nanostring technology [8], although these have not yet been adopted on
a broad scale. All of these technologies have in common the need for a priori
knowledge on transcript identity. As sequencing costs have come down, it is
therefore becoming increasingly attractive to directly sequence transcripts in a
given biological sample. Themost notable benefits are that knowledge on transcript
identity is not required and the discrimination of closely related transcripts or
splice variants can be improved. It should nonetheless be noted that without a
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genome sequence the downstream data analysis may be prohibitively difficult or
even not possible in the case of some �tag�-based methods (i.e., cutting a specific
sequence) that require sequence information. Furthermore, the discussion on
sequence bias is still relevant as because most sequencing technologies utilize an
amplification step (i.e., requiring sequence hybridization) they will have sequence
bias in transcript detection, although it is hoped that direct sequencing [9] may in
the future overcome this. In summary, transcriptomics has become a routine part
of plant molecular biology through the application of microarrays and QPCR, and
the advent of new-generation sequencing-based methods means that there will
likely be further interesting developments in the near future.

13.2.3
Proteomics

Proteomics not only refers to the measurement of cellular protein but may also
encompass the study of modifications (notwithstanding, other terms may be
used, for example, phosphoproteomics). Protein analysis is more challenging
than for transcripts due to the more diverse structural properties of proteins
(e.g., membrane bound, chemically modified, or resistant to trypsin digestion) in
comparison to mRNA. Methodologies generally use some form of chro-
matographic separation, followed by protein identification by on- or offline mass
spectrometry (MS), usually of peptides derived from proteolytic digestion
(reviewed by Wienkoop et al. [10]). The measured peptides are mapped to the
corresponding proteins using sequence information, and there are different
approaches that can be used for the (semi)quantification of the corresponding
proteins. In general, the peptides that map to a specific gene can be counted and
the total count can indicate the abundance of the corresponding protein. Alter-
natively, and more quantitatively, differential labeling of the proteins contained in
different biological samples may be used. This can be utilized at the level of the
biological samples before harvest by supplying isotopically labeled metabolites
during their growth [11], but the need to fully label samples should be considered
as this can present limitations or difficulties in experimental design and plant
growth conditions. For example, most labs favor the use of liquid culture as few
have the specialized equipment necessary to control the CO2 atmosphere, or the
use of young seedlings may be compromised by the presence of unlabeled
isotopes in seed reserves. It is therefore unsurprising that methods have been
developed to allow differential labeling of samples postharvest using isotope-
coded covalent tags (e.g., iTRAQ). In either approach, samples can be combined
and analyzed in parallel and the differential mass of the resulting peptides can be
determined via MS and used to derive accurate ratios of protein abundance in the
samples. Despite such methodological and technological advances, proteomics
remains challenging and time consuming meaning that it is the �omics� approach
that is least frequently applied. However, despite this the importance of studying
changes at the protein level is becoming increasingly recognized and no doubt its
use will become more widespread.
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13.2.4
Metabolomics

Metabolite profilingwas adopted early with respect to the plant sciences and there are
many excellent reviews [12, 13]. Generally, metabolomics refers to the simultaneous
quantification of multiple metabolic compounds (e.g., primary and secondary
metabolites, plant hormones, etc.) in a given biological sample. Owing to the diverse
chemical nature of the substances and the greater dynamic range of their abundance,
it is more technically difficult to quantify them (at a global level) than transcripts or
proteins. In common to proteins, approaches usually couple chromatography-based
separation followed by MS. The most widely used is gas chromatography MS
(GC-MS) that routinely allows the detection of a few hundred metabolites, mostly
from primary metabolism. Liquid chromatography has been mostly applied to
secondary metabolites or to specific classes of metabolites, such as amino acids.
Recently, advances in technology based on Fourier transform MS (FT-MS), which
allow very high mass accuracy (i.e., sufficient to determine the atoms comprising a
molecule), have enabled broader profiling of several metabolite classes [14]. In
addition to improvements inMS technologies, the chromatographyhas also improved
with the availability of nano-HPLC and UPLC allowing shorter run times and better
resolution. Similar to proteomics, differential isotopic labeling can be used to quantify
ratios of metabolites between samples, although it is more common to use chro-
matographic peak area or height to determine abundance [13]. Metabolic profiling is
affected by �ion suppression,� whereby the presence of one molecule interferes with
the detection/quantification of another, which increases in relevance when little or no
chromatographic separation is used. An elegant methodology to overcome this
has been the use of an istopically labeled full metabolome as a �standard� that is
included in each sample and against which accurate ratios can be derived to compare
biological samples [14]. Taken together, metabolic profiling technologies are today a
powerful approach able, in combination, tomeasure several hundredmetabolites in a
biological sample of interest; however, limitations in sample quantity, time, and
resources mean that often only a subset of these possible metabolites is measured.

13.2.5
Other �Omics� Approaches

The general term �-ome� and the derived �omics� can seemingly be suffixed to any
and all biological entities; however, for the purpose of this chapter, we will limit the
scope to those more broadly adopted or studied by the community. There are several
�omics� approaches that are based on adapted forms of those technologies already
described for genomics or transcriptomics, that is, they measure modified DNA or
noncoding RNAs/DNA/RNA associated with a certain protein. There are several
relevant �omics�-type approaches in thefield of epigenetics, which is important in the
context of abiotic stress [15] and relates to the direct (e.g., methylation) or indirect
(e.g., histone acetylation) modifications of DNA and the small RNA molecules that
influence them. Several methodologies have been applied to study small RNAs,
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including microRNAs, where their abundance can be measured in approaches
analogous to those described for transcriptomics [16]. Second, genomic DNA can
be treated with bisulfite or digested with methylation-sensitive restriction enzymes
and combined with microarrays or sequencing to characterize DNA methylation
(methylome) [16]. The next group of approaches uses chromatin immunoprecipi-
tation (ChIP), which via the precipitation of specific proteins (or modified proteins)
can be used to isolate DNAor RNAmolecules that are associated with them [17]. This
can be done using antibodies specific tomodified histones to further characterize the
�epigenome,� or can be applied either to transcription factors (or any other nucleic
acid binding protein), where the DNA binding sites can be identified [18], or to a
specific ribosome (possibly expressed in a specific tissue) to identify transcripts being
translated (i.e., �translatome�) [19]. The �translatome� can also be identified by using
density-based separation of polysomes and then characterizing the bound mRNA.
Similarly, sequencing or microarrays can be directly applied to other RNA species, not
just mRNA transcripts to detect their changes in response to stress. Other possibilities
include the inhibition of transcription or translation combined with �omics�
approaches in order to follow transcript turnover times or to see if a specific change
occurs directly or rather indirectly via the synthesis of an intermediate protein [20].

If instead proteins are isolated rather than nucleic acid, then obviously proteomic
approaches can be used to identify interacting proteins. This has been successfully
applied on a large scale to obtain comprehensive interaction networks. Other
methods have also been adapted to obtain protein–protein interaction data sets such
as large-scale yeast two-hybrid screens or bimolecularflorescence interaction that can
yield large data sets. Collectively, such protein–protein data sets are increasingly
referred to as the �interactome� [21].

Although the proliferation of �omics� has been most noticeable with respect to
nucleic acids and proteins, there have been relevant developments in the study of
small molecules. The most prominent of these has been the measurement of
inorganic molecules that are important plant micro- or macronutrients, for which
the term �ionomics� has been coined [22]. In summary, there are many �omics�
approaches for the multilevel analysis of biological systems, which may be used
either independently or in combination (i.e., integrated approaches) to investigate
plant abiotic stress responses at the systems level.

13.3
Data Analysis

�Omics� approaches move beyond the study of single molecules as they generally
quantify hundreds to thousands of molecules in parallel. However, as common to all
biological experimentation, it is essential to note that their application and success are
nonetheless based on good experimental design and appropriate data analysis. Many
of these factors are well known and common tomore classical experiments; however,
there are also unique factors relating to the preprocessing and analysis of �omics�
data that are unique and also worth highlighting in the following sections.
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Top of the list for any biologist is good experimental design, for which random-
ization, blocking, and replication are essential considerations [23]. The variation in all
factors beyond those being studied should be limited and controlled for at all stages of
the experiment. Particularly, common sources of variation from environmental
conditions such as temperature or light or temporal differences such as those across
the day or following treatment should be closely monitored, minimized, and
controlled for using appropriate experiment designs. It should be realized that
variation in these factors can easily obscure the identification of themolecular basis of
even seemingly drastic phenotypes or treatments. Furthermore, even if molecular
changes are identified, their biological validity is ensured only by having independent
biological repeats. Therefore, while pooling of plant material can help increase the
number of sampled individuals, it is essential to have appropriate and sufficient
biological replication from spatial or temporal repeats for statistical evaluation. The
inclusion of �technical replicates� into classical statistical tests will always lead to
overestimation of the significance of the observed changes.

Thegeneral approaches for primary data analysiswill be covered in the following two
sections either looking directly atmolecular changes or considering �network analysis�
based on correlation or association between molecules. The other two sections deal
with the key steps of preprocessing (including normalization) of data prior to analysis
and the visualization and analysis of the results from the primary analyses.

13.3.1
Data Preprocessing

Prior to analysis, all raw data from �omics� approaches require some form of
preprocessing and/or normalization. The more intricate details of the diverse
methods available for the various technologies are far beyond the scope of this
chapter, but there are a few key considerations that are important to understand
�omics� data and their limitations. First is the link between thedata for a given sample
and the biological molecules in that sample, that is, the �omics� data must be
associated with the corresponding molecules. This is evidently relatively simple for
transcriptomics but increases in complexity for proteomics and particularly meta-
bolomics. However, even for transcriptomics, genome annotation can change over
time and so the latest annotations should be sought and the potential ambiguities
realized. The second key point is to ensure that different samples are comparable to
each other – a process that additionally requires normalization. This is usually
performed by using an algorithm that basically adjusts the �mean measurement
signal� of all samples to the same value. This is very effective at removing technical
variation that results from sample-to-sample variation in the labeling or detection of
molecules. However, it is important to note that there can be actual biological
variation in the total quantity of transcripts, proteins, or metabolites that will
inevitably be removed by this process. This is best conceptualized by considering
the effect on the total mRNA pool when a treatment causes a global inhibition of
transcription [24], and while the absolute quantity of �all transcripts� will decline, a
conventional microarray experiment assumes it does not. The only way to overcome
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this is to include standards or �spiked� controls into the biological samples and to use
these for normalization. Such approaches are not used in the vast majority of
experiments and the possibility of such global changes are generally overlooked,
although methods have been developed to control for this, particularly in transcrip-
tomics [24, 25]. In general, the inclusion of appropriate external controls in �omics�
experiments and the underlying assumption in data interpretation in their absence
should be considered, particularly where a large proportion (e.g., >25%) of the
measured molecules are described as changing.

13.3.2
Differential Abundance

The most common biological question addressed using �omics� approaches is to
identify which molecules are changed in abundance in response to a given experi-
mental factor; for example, which genes are induced by cold or drought? There is
perhaps a surprising diversity ofmethods for how this question can be answered even
for a single �omic� technology, let alone for diverse technologies. Although fold change
and rank-based methods have and can be used, the most common and appropriate
approaches are based on statistical evaluation of the comparisons of interest. This can
be viewed similarly to the widely known t-test or ANOVA for comparison of two or
more groups, respectively. However, mixed models have become the favored method
for comparison due to their flexibility in evaluating experiments from the simplest
design considering just a single factor (e.g., genotype A versus B) to complex designs
incorporating several factors (e.g., genotype, þ treatment across time) [23]. These
models allow comparisons of biological interest to be easily made, such as the
treatment or genotype effects, and allow a valid statistical comparison of the
�interaction term� between two factors (rather than comparing lists from two tests).
This area ismost advanced for transcript analysis and there aremany algorithms in the
literature, the most favored of which �borrow� information across all molecules to
increase statistical power over conventional statistics when only few replicates are
used [26], an approach that has also been applied to proteomics data [27].

As generally �omics� approaches result in hundreds or thousands of tests being
conducted simultaneously, the resulting p-values should be corrected for multiple
testing. Methods that control the false discovery rate (fdr) are most popular as they
allow biological conclusions to be drawn by accepting that a small (e.g., 0.01 or 0.05)
proportion of the list of significant molecules will be wrong. Another often over-
looked fact is that due to the low replication in many �omics� studies, the number of
false negatives can be very high, which means that perhaps hundreds of molecules
that are truly differentially abundant are not identified as significant.

13.3.3
Correlation and Network Analysis

Rather than comparing groups, it is also possible to use correlation-based (univariate
or multivariate) approaches to identify transcripts, proteins, or metabolites of
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biological interest. In general, this can be performedwithin a single �omics� data set,
for example, looking at transcriptional correlation networks, or between multiple
layers of information, such as between metabolites and transcripts or between
�omics� data and an experimental (e.g., time) or physiological parameter of interest
such as biomass or freezing tolerance [28]. Such approaches can be used to visualize
molecules as �networks� or to group them into �modules� for further analysis. The
use of correlation-based approaches, fueled by the large amount of data available, has
been particularly evident for transcriptomics. Further developments have also
incorporated other �omics� data such as interactome (protein–protein interactions)
or transcription factor binding sites (cis-elements) in order to include othermolecular
relationships in such a �network.� Additional information can also be utilized in
various software algorithms to predict regulatory interactions (i.e., transcription
factor – target gene relationships) to prioritize genes for functional studies [29, 30].
Similar correlation approaches have been used to associate metabolites and tran-
scripts either to predict gene function [31, 32] or to reveal candidate metabolite
signals [33]. The use of network approaches is an area of increasing interest and will
no doubt lead to additional applications of relevance for the application of �omics�
approaches.

13.3.4
Visualization and Comparative Analysis

The analysis of �omics� data usually results in the identification of a list ofmolecules of
biological interest. For genes and proteins, it is useful to identify the associated
molecular function or biological process, often referred to as gene ontology (GO)
analysis or functional testing. In a more specific context, it is also useful to associate
genes, proteins, andmetaboliteswith themetabolic pathways inwhich theyparticipate.
There are many tools that are useful for GO analysis including BINGO [34] and
MapMan [35] andPageMan [36].MapManandother tools suchasKAPPA-view [37] and
Aracyc [38] are able to visualizemolecular changes displayed on biological pathways (or
diagrams) of interest, which can be very useful for biological interpretation of complex
sets of changes. Visualization of the regulation of specific genes is also aided by the
development of comprehensive online tools such as the Botany Array Resource (BAR)
with its popular Electronic Florescent Protein (eFP Browser) that allows tissue-, cell-,
and treatment-specific gene expression changes to be visualized [39]. Furthermore,
Genevestigator [40] allows a similar analysis where such differences can be visualized
in graphs and heatmaps for desired genes of interest. Such tools are based on the
growing abundance of public data sets, and it should be regarded that one of the main
benefits of �omics� approaches has been the dissemination of thousands of data sets
and the rise of computational biology. As mentioned in the preceding section,
coexpression �network� analysis has been particularly successful and has benefited
from data and numerous tools available online. The reader may refer to recent
comprehensive reviews for both the applications (and limitations) of coexpression
analysis [41] and the more general online data sources [42] on which they are mainly
based. Finally, as online tools become increasingly comprehensive and integrate
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multiple levels of �omics� data and allow the user to upload their own data and analyze
them in the context of other data sets, for example, VirtualPlant [43], these tools will
likely become more powerful for their biological application.

13.4
Characterization of Environmental Responses

Since plants are unable to escape a changing environment, plants reprogram their
metabolism, growth, and development. Abiotic stress is defined as a nonliving
environmental factor such as cold, drought, and heat of a potentially harmful nature.
Such stressful conditions are rapidly perceived and trigger adaptation responses in
plants tominimize the damage and eventually secure reproduction. In the literature,
plant stress responses are often characterized using �avoidance–tolerance� mod-
els [44]. For example, osmotic stress that is common to freezing, salinity, or drought
conditions will trigger osmolyte production helping plants to maintain low water
potential and thus avoid dehydration while minimizing the effects of harmful
reactive oxygen species (ROS) by producing protective proteins and antioxidants.
These often vast physiological alterations are mediated by complex signaling path-
ways and are associatedwith changes on every �-ome� level (reviewed, for example, in
Refs [45, 46]. During the last decade, functional genomics technologies have been
used extensively to understand this complexity, and despite a significant progress it
has become clear that stress responses are more intricate than initially expected. At
first, many of the experiments focused on whole plants or mature organs and using
rather severe or lethal stress conditions [47–50]. The obtained data provided a glimpse
into stress expression profiles revealing hundreds of responsive genes, including key
regulators, for example, class of DREB transcription factors and downstream genes
such as those encoding (LEA) proteins, heat shock proteins, glutathione-S-trans-
ferases, and the biosynthetic enzymes of compatible solutes. The intricate hormonal
regulation, including a central role for abscisic acid, became obvious. Metabolite
profiling delineated a set of stress-responsive compounds, for example, galactinol
and amino acid proline (reviewed by Seki et al. [51]), whereas proteomics studies
revealed major changes in primary plant metabolism [52–55]. As expected, while
some of the responses, for example, activation of ROS scavenging and repair
mechanisms [48, 56], are shared between different stresses, others such as accu-
mulation of heat stress proteins are condition specific [57]. It also became clear that
stress severity, duration, timeof theday, or tissue specificity canhave a dramatic effect
on molecular responses [19, 58–62], consistent with the fact that physiological
outcome has to be precisely tailored to the surrounding environment. For example,
severe drought stress is often accompanied by a collapse of photosynthesis and
carbon starvation, which is in sharp contrast tomoderate drought that, in fact, results
in a favorable carbon balance, leading to very different molecular profiles [63]. In this
chapter, we will focus on a number of recent -omics studies to demonstrate how the
use of genetic variation, temporal and cellular resolution, and stress combination can
help better understand plant stress responses.
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13.4.1
The Use of Temporal Resolution

In a simplified view, stress imposition triggers a sequence of molecular events that
will eventually translate into a new steady state and associated phenotype. Obviously,
how this new steady state is reached is extremely interesting and can be addressed by
introducing time component into study of interest. A comprehensive abiotic stress
transcriptomedata set obtained as part of theAtGeneExpress consortiumwill be used
as an example [56]. Two weeks old plants grown in hydroponics were subjected to
heat, cold, drought, salt, high osmolarity, UV-B light, and wounding. Roots and
shoots of these plants were subsequently harvested at multiple time points (30min,
1 h, 3 h, 6 h, 12 h, and 24) following stress imposition. Importantly, all treatments
were done in parallel allowing direct comparison. Assisted by temporal resolution the
authors could, for example, delineate an initial stress regulon that was common to all
abiotic stimuli, whereas condition-specific responses developed only at the later time
points. Transcripts that changed only transiently and those that stayed high or low
across different time points could be identified. The obtained data were used by the
authors and many other groups to generate hypotheses about causative relations
between stress-responsive genes. For instance, theCERMTtoolwas developed taking
into account the assumption that changes in transcription factor expression would
precede those of downstream target genes [29]. Using simulated and real data, the
authors could demonstrate that using multiple expression time series can provide
reliable target gene lists for stress-responsive transcription factors. Time resolution
was also successfully applied to dissect short- and long-term metabolic responses to
salt stress using Arabidopsis cell cultures in combination with GC/MS and LC/MS
technologies [64]. It is likely that predictions could be further improved by increasing
the resolution of sampled time points, although this is at the moment hampered by
the relatively high cost of profiling techniques.

13.4.2
The Use of Genetic Variation

Using genetic variation together with �omics� approaches is a powerful approach to
dissect plant abiotic stress responses and several example caseswill be given below. In
the majority of cases, genetic variation is represented by loss- or gain-of-function
mutants in genes associated with stress tolerance, which are then characterized
alongside the corresponding wild-type plants under control and/or stress conditions.
In this way, for instance, mutants in ABA synthesis and signaling assisted in
discriminating between ABA-dependent and -independent transcripts and metabo-
lites associated with drought stress [65]. Among other findings, the authors dem-
onstrated that accumulation of proline, but not raffinose or galactinol, required
functional ABA signaling. Omics approaches, particularly transcript profiling, have
been also widely used to identify target genes of transcription factors central to stress
responses such as CBF1–3, DREB2A, or ZAT12 [66–68]. In addition to mutants,
another source of genetic variation inArabidopsis is a natural variation encompassing
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hundreds of different accessions that through evolution have adapted to specific,
often very extreme environments. Thus, in contrast to mutant studies that are
restricted to single or few genes, natural variation has the potential to provide
information on how whole networks are adapted to particular stress stimuli.
Significant variation in many phenotypic characteristics of Arabidopsis accessions
including stress performance has been described in the literature and together with
genetic information has provided the basis for the identification of genetic loci (QTL)
responsible for the observed phenotypes (see Ref. [69] and references therein).
Obviously, the underlying molecular basis of phenotypic variation can also be
indirectly examined usingmolecular profiling. In an example study, natural variation
in freezing tolerance among nine Arabidopsis accessions was correlated with metab-
olite and transcript changes to identifymolecular changes thatmay be causally linked
to differences in freezing tolerance [28]. Although only relatively few accession were
used, the authors were able to delineate biological processes associated with freezing
tolerance such as flavonoid biosynthesis, the CBF pathways, and downstream
metabolites. A similar approach was used to identify candidate genes underlying
physiological differences in drought adaptation between two extreme accessions Tsu-
1 and Kas-1 [70]. Similar to the previous study, transcript profiling identified vast
constitutive differences between accessions, as well as a set of genes exhibiting
differential response to relatively mild drought treatment. Another example,
although not directly linked to abiotic stress, indicates the power of using large
numbers of contrasting lines to identify direct links between observed phenotype and
molecular profiles [71]. Rather than using many different accessions, phenotypic
variation in plant biomass was captured in a collection of recombinant inbred lines
(RILs) obtained from Col-0�C24 cross. Using multivariate correlation, metabolite
profiles obtained for more than 200 RILs, and biomass information was sufficient to
identify combinations of metabolites that significantly correlated with plant size.
Surprisingly, the number of primary metabolites including energy sources such as
sucrose and fumaratewas negatively correlatedwith growth suggesting that in contrast
to the former dogma that it is notmetabolism that drives growth but it is rather growth
that drives metabolism. In a subsequent study, the obtained data were used to
successfully overlay QTL for biomass and metabolite concentrations providing list of
candidate target genes such as those involved in myo-inositol metabolism [72].

13.4.3
The Use of Tissue and Cell-Specific Analysis

It is obvious that physiological responses to stress vary between the plant organs and
the underlying cell types, with some of the effects being restricted to only certain cell
types, while other responses aremore general. Thiswas elegantly demonstrated to also
apply at themolecular level via a transcript profiling study ofArabidopsis roots subjected
to high salt concentration, which showed that transcriptional stress responses
depended highly on the cell type [60]. More specifically, roots were divided into four
longitudinal regions corresponding to their developmental fate (meristematic, elon-
gation, andmature) and six different GFP-marker lines were used to capture different
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cell types present in the root. Remarkably, only a small proportion of the genes showed
significant transcriptional changes inmultiple developmental zones and tissue layers,
whereasmost of the responseswere development or tissue specific.Whencompared to
whole-root profiles, many of the specific effects were masked and thus not reported
previously. Moreover, the observed changes made logical connections to the observed
root phenotypes and physiology. For example, inhibition of root hair outgrowth, which
prevents salt uptake into the vasculature, could be linked to downregulation of genes
involved in root hair initiation in epidermis [60]. Similar conclusions could be drawn
from the consequentworkof Skirycz et al. (2010) comparing expression andmetabolite
profiles of growing (fully proliferating and fully expanding) versus mature Arabidopsis
leaves harvested fromplants subjected to prolongedmild osmotic stress [61]. Only very
few genes and metabolites responded to stress at all leaf stages, and mature and
proliferating leaves were particularly distinct. While the �classical� abscisic acid-
mediated stress response was prevalent at the mature stage, ethylene and gibberellin
signaling played amore prominent role in the growing leaves, and effector genes were
proliferation or expansion specific. These two studies highlight the importance of
tissue- or even cell-specific profiling of stress responses in order to understand the
molecular basis of stress phenotypes.

13.4.4
The Use of Stress Combinations

In their natural habitats, in contrast to lab conditions, plants are usually subjected to a
combination of abiotic stresses that will interact with each other (reviewed by
Mittler [73]). For example, drought is often combined with heat, and while drought
promotes the closure of stomata, this will lead to an increase in leaf temperature that
is not optimal if combined with heat stress. In agreement, themolecular response to
the combination of drought and heat stress was found to be distinct from that of
plants subjected to drought or heat stress alone. Several hundred transcripts and a
number of metabolites specific to the combination could be identified. For instance,
plants subjected to heat and drought combination accumulated sugars rather than
proline as the major osmoprotectants, as proline aggravated deleterious effects of
heat. Analogous findings were also reported for other stress combinations empha-
sizing the importance of optimizing lab testing conditions in a way that they more
resemble field conditions of interest.

13.5
Applications of �Omics� Data in the Improvement of Stress Tolerance

13.5.1
Lead Gene Discovery

�Omics� approaches are powerful tools for hypothesis generationwith respect to lead
discovery in the context of applied research. In the simplest sense, genes that respond
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to a certain abiotic stimulus can be interesting direct or indirect candidate genes to
direct approaches for engineering a specific trait including abiotic stress tolerance.
This concept was demonstrated even before the adoption of �omics� approaches
using the strongly cold-induced transcription factors C-repeat binding factor1
(CBF1), CBF2, and CBF3 [74], also known as dehydration-responsive element
binding1b (DREB1b), DREB1c, and DREB1a, respectively [75], to engineer Arabi-
dopsis plants with increased freezing tolerance [75, 76]. Subsequently, the CBFgenes
have been shown to be among thosemost consistently observed to be cold induced in
expression profiling studies (reviewed inRef. [77]) and theywere also genes identified
by regression analysis that were significantly correlated with acclimated freezing
tolerance [28], validating that �omics� approaches can, in principle, be used to select
candidate genes that are likely to give positive abiotic stress phenotypes.

Although a positive phenotypic effect is clearly desired from an applied perspective,
negative phenotypes are arguablymore informative in the characterization of intrinsic
plant stress responses. For example, a broad comparison of transcript profiles obtained
from plants exposed to 2 heat stress regimes, which led to different heat acclimation
phenotypes, allowed the identification of 8 genes (fromapproximately 30 tested)where
heat acclimation was perturbed in loss-of-function mutants [57]. Besides identifying
genes relevant to stress response pathways, such negative loss-of-function phenotypes
can also indicate an increased likelihood that the overexpression of those same genes
may lead to improved stress tolerance. For example, the double loss-of-functionmutant
for two hypoxia-responsive ERF genes, HRE1 and HRE2, had increased susceptibility
to anoxia, whereas the overexpression of HRE1 increased tolerance [78]. Obviously, it
can also be the case that genes identified through �omics� approaches can be negative
regulators and thus have a positive phenotype for loss of function. Thiswas the case for
the cold-induced cytokinin nuclear response regulator ARR7, where the arr7 mutant
had increased freezing tolerance [79].

As mentioned in the earlier sections, �whole-plant� analyses using �omics�
approaches can have a low resolution and potentially miss genes that are essential
components of the stress response. The utility of cell- or tissue-specific analyses for the
discoveryof genes affectingplant abiotic stress tolerancehas been investigatedonly ina
few cases, but has yielded promising results. For example, using cell-specific analysis,
POPEYE, a bHLHtranscription factor,was identified tobe induced in rootpericyle cells
by iron deficiency and to be necessary for iron homeostasis [80].With respect to tissue-
specific differences, the analysis of different leaf stages identified alternative oxidase1a
(AOX1a) as being responsive tomild osmotic stress specifically in growing tissues and
that its overexpression conferred increased drought tolerance [61]. Another consider-
ation, whichhas similarly been demonstrated to beuseful for gene discovery, is the use
of �omics� approaches in combination with exposure to a combination of abiotic
stresses. For instance, analysis of the response of Arabidopsis seedlings to heat, anoxia,
and combined heat and anoxia stress identified heat shock factor A2 (HsfA2) as a
candidate gene and that loss-of-function lines were impaired in heat-dependent
acclimation to anoxia, while overexpression lines were more tolerant to anoxia [81].

Given that transcriptomics data can be generally useful for gene discovery and
there is an increasing body of publicly available data sets, it is perhaps not surprising
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that the combined analysis of multiple data sets is gaining increasing attention. The
utility of such an approach was demonstrated by Kant et al. who performed a meta-
analysis of multiple data sets, including their own, for the most consistent stress-
responsive genes. After filtering these genes for those annotated with �regulatory�
functions (e.g., transcription factors or kinases), they ended up with a large number
of candidate genes [82]. Among the first genes they tested, they showed reduced
tolerance for a loss-of-functionmutant in the clock component genesCCA1/LHY [82]
and enhanced stress tolerance in loss-of-function mutants of two RNA helicases
named stress-responsive suppressor1 and 2 (STRS) [83].

Metabolomics data and combined analysis of transcripts and metabolites have also
proven auseful strategy for directing functional characterization efforts for determining
the contributions of key metabolic pathways to plant abiotic stress responses. The
observed accumulation of galactinol and raffinose and the concomitant increases in
transcripts for galactinol synthase led to the demonstration that its overexpression could
increase galactinol and raffinose and confer increased tolerance to drought [84]. Such
approaches are not always so clear; for example, although similar increases in galactinol
synthase transcripts and galactinol and raffinose are seen during cold acclimation,
raffinosewas demonstrated to beneither necessarynor sufficient for increased freezing
tolerance [85].On the other hand, other similar approaches investigating cold responses
inArabidopsishavebeensuccessful.Theuseofparallel transcriptandmetaboliteprofiling
identifiedmaltoseandbeta-amylase transcripts asbeing strongly induced, and theRNAi
downregulation of beta-amylase reduced cold acclimation [86]. Similarly, the cold
induction of polyamines and their biosynthetic enzymes directed efforts to characterize
their role inplant cold acclimation.Here, theadc1andadc2 loss-of-functionbiosynthetic
mutants had reduced freezing tolerance, although in this case the effect seemed to be at
least partially indirect due to interaction with ABA signaling pathway [87].

Most of these examples are based on candidate genes that were identified using data
analysis approaches essentially as described in detail in Section 13.3.2. It was already
noted that correlation or network approaches and more advanced software allowing
data integration and visualization are becoming more important for hypothesis
generation. In the context of plant environmental responses, an interesting approach
was recently described inwhich the authors used network-based approaches including
coexpression analysis to identify ELF3 as the best candidate gene for a shade-avoidance
QTL they had identified [88]. In the future, it is likely that such approaches will be
increasingly used, and become sophisticated, for the identification of lead genes or
gene combinations for applied discovery research programs.

13.5.2
Promoter Discovery

Theneed for inducible or specific promoters canbe akey tool inplant biotechnology and
their need will increase as more complex and refined approaches are utilized in trait
engineering. The potential for such approaches has been demonstrated for engineering
drought tolerance via stress-inducible expression of a transcription factor [89] or for
improving salt tolerance via specific expression of a sodium transporter in the root
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stele [90]. Although the promoters in these two exampleswerenot identified via �omics�
approaches, specific experiments or publicly available microarray data can be a useful
tool with which to identify genes from which to isolate such tissue- or cell-specific
promoters. This approach is elegantly demonstrated by Yang et al., who used a
combination of public microarray data and their own experiments to identify genes
that were highly expressed in stomata guard cells but lowly expressed in leaves, from
which they isolated a specific promoter [91]. Several other cell-specific promoters
isolated either individually or from GFP enhancer-trap screens [92] are available and
have been used to characterize cell-specific responses to stress either at the transcrip-
tome [60] or at the translatome [19] level. Although there are at present few examples of
engineered cell-specific stress tolerance, it is likely that the availability of these lines and
the genes identified via such cell-specific �omics� approaches will prove useful for
future efforts to engineer abiotic stress tolerance via cell-specific approaches. Equally,
the use of stress-specific promoterswill also be of high value, and although the potential
for cell� environment-specific promoters is clear, the obvious complexity is daunting
and will likely require several years before their application becomes routine.

13.5.3
Mode-of-Action Characterization

The other main use of �omics� approaches is for the functional characterization of
candidate loss- or gain-of-function lines with altered phenotype. This is somewhat
analogous to the characterization ofmutants described in Section 13.4.2; however, it is
distinct as in this case that it is specifically directed at understanding themodeof action
underlying candidate genes/events already being examined in an applied context. In
Arabidopsis, detailed characterization using �omics� approaches ismainly used to drive
additional rounds of discovery research by directly or indirectly providing additional
candidate genes. One such example is the characterization of Arabidopsis plants with
RNAi downregulation of poly-ADP-ribose polymerase 2 (PARP2), which provided new
insight into how stress tolerance may be conferred through the activation of a known
stress signaling pathway. Transcript profiling showed that ABA-responsive genes were
upregulated and directed subsequent analysis demonstrating that ABA levels were
increased [93]. However, such analysis is not always informative as either few genes
maybealteredor those that changemaynotprovide any insight into themodeof action,
particularly if it is previously unknown or is beyond the cell, tissue, or time resolution
investigated – this proved to be the case in the characterization of the transcriptome in
Arabidopsis lines overexpressing nuclear factor B subunits [94], where no particular
molecular basis could be observed.

13.6
Conclusions and Prospects

The application of �omics� approaches in plant sciences in general and in abiotic
stress research in particular has become increasingly routine over the past decade.
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Although they offer unique coverage of molecular changes, these approaches are
useful provided good experimental design is applied, data are appropriately analyzed,
and the underlying technical limitations and assumptions are kept in mind when
biologically interpreting results. Despite these caveats, their use has greatly accel-
erated the characterization of plant abiotic stress responses and provided a wealth of
data for hypothesis generation. Their utility has been demonstrated in the context of
applied research for candidate gene and promoter discovery and the characterization
of plants in which improved abiotic stress tolerance has been engineered. However,
given the complexity of plant stress responses it can be anticipated that we are only at
an early phase in terms of engineering plants with improved stress tolerance when
the complexities such as cell and tissue specificity, stress combinations, and inter-
action between them are considered. There is no doubt that considering the advances
alreadymade in these aspects, we will see in the future increasingly elegant solutions
to improve plant stress tolerance, often driven by expert knowledge on plant
physiology.However, given the potential search space that is available in this potential
matrix, it is likely that computational approaches, based on the increasing availability
of �omics� data, will become ever more important in order to generate hypotheses
and predict which combinations to test.
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14
Functional Genomics and Computational Biology Tools
for Gene Discovery for Abiotic Stress Tolerance
Kailash C. Bansal, Amit Katiyar, Shuchi Smita, and Viswanathan Chinnusamy

Unraveling the molecular details of plant response and defense against abiotic
stress factors such as drought, salt, and temperature extremes is a crucial and
challenging issue in plant research. Functional genomics and computational
biology have enhanced the pace of molecular dissection of abiotic stress response
mechanisms. In the past two decades, significant progress has been made in
identification of genes involved in abiotic stress responses in model plants
Arabidopsis and rice through forward and reverse genetic analyses. Besides, QTL
analysis is a powerful complementary technology with functional genomics to
discover and isolate the genes of agronomic importance. Several QTL associated
with abiotic stress responses of plants have been mapped. The availability of
complete genome sequence of important model plants, namely, Arabidopsis and
rice, QTL databases, and mapping tools facilitates genomics-based strategies for
gene discovery, coupled with high-throughput techniques, for abiotic stress toler-
ance. Fine mapping of these QTL will help the identification of major genes and
development of tightly linked molecular markers that can be employed to genet-
ically improve crops through genetic engineering and marker-assisted selection
(MAS) breeding.

14.1
Introduction

Burgeoning population imposes huge pressure on agriculture to produce more food
from shrinking land and other natural resources. Hence, development of high-yield
and input use-efficient crops is necessary tomeet the growing food, fiber, fodder, and
fuel demand. Unfortunately, plants are constantly exposed to a variety of environ-
mental factors such as biotic and abiotic stresses, causing deleterious effects on
growth, development, and thus productivity of crops [1]. Biotic stress includes insect
and pathogen infection, while abiotic stresses include extremes of temperature (low/
high), water availability (drought/water logging), light (low/high), and minerals

Improving Crop Resistance to Abiotic Stress, First Edition.
Edited by Narendra Tuteja, Sarvajeet Singh Gill, Antonio F. Tiburcio, and Renu Tuteja
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(deficiency and toxicity). To overcome the yield losses due to biotic and abiotic
stresses, plants have evolved different strategies to avoid or manage with the stress
conditions. Higher plants have evolved multiple interconnected strategies that
enable them to survive under stress conditions. Plants exhibit various responses
to these stresses at the molecular, cellular, and whole-plant levels [2–7]. Plants
respond to stresses partly by activating the expression of stress-responsive genes
that leads to adaptation atmorphophysiological and cellular levels. Besidesmolecular
genetic approaches, quantitative trait loci (QTL) mapping is an important approach
for genetic dissection of complex agronomic traits for plants and thus key to the
improvement of crop yield. QTL cloning by high-resolution mapping enables
identification of gene(s) underlying the QTL [8]. Stress-responsive genes/expressed
sequence tags (ESTs) provide a valuable source for development of gene-based
markers for fine mapping of QTL. For instance, �200 SNP markers have been
developed and mapped in barley, on the basis of their differential transcription
response to abiotic stresses [9]. The availability of complete genome sequence of the
model plantArabidopsis [10] and rice [11, 12] spp. indica [13] and japonica [14] was the
first step toward theunderstanding the genetic complexity of abiotic stress responses.
These genome sequencing programs have been complemented by rapid gene
discovery from large-scale EST sequencing in Arabidopsis [15–18] and rice [19, 20].
In important crops that have not been sequenced or their sequencing is in progress,
large-scale EST sequencing initiatives provide a cost-effective source of obtaining
information about the transcribed genes of individual species [21]. Complete genome
sequence and ESTs provide the necessary prerequisite for high-throughput, large-
scale gene expression profiling. EST resources generated by large-scale transcript
profiling reveal differential expression patterns that can often provide clues to gene
function [22]. The publicly available ESTs are growing rapidly and can be obtained
from NCBI-dbEST (http://www.ncbi.nlm.nih.gov/dbEST/). The recently emerged
�omics� technologies (e.g., genomics, proteomics, transcriptomics, and metabolo-
mics) have enhanced the power of deciphering the functional information at the gene
level in a shorter period of time [23]. Gene characterization by forward and reverse
genetics under stress conditions has significantly boosted transgenic development.
Functional genomics and computational biology tools (e.g., QTL mapping and trait
viewer) provide precious support to decipher genetic determinants of abiotic stress
tolerance, accelerating the ongoing research onQTL/gene discovery. The objective of
QTL mapping is to determine candidate genes that are responsible for variation in
complex, quantitative traits [24]. They also open up new opportunities to improve
stress tolerance by incorporating genes involved in stress protection from any source
into agriculturally important crop traits. The availability of genomic information
provides systematic candidate gene discoverywith the help of various bioinformatics-
based QTL mapping tools. Recently, three QTL genes have been successfully
identified as candidate genes in rice, which help to understand plants� response to
abiotic stresses [25–27]. Understanding the mechanisms of regulation of stress-
responsive genes will help us to breed or engineer stress-tolerant crop plants. For a
sustainable development of agriculture, future crops should have abiotic stress-
resistant traits.
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14.2
Gene Discovery in Model Organism

Agriculturally important traits such as yield, quality, and disease resistance are
controlled by many genes and are known as quantitative traits (also known as
�polygenic,� �multifactorial,� or �complex� traits). The regions within genomes that
contain genes associated with a particular quantitative trait are known as quantitative
trait loci. DNA (ormolecular) markers are used to construct linkagemaps, which are
useful for gene and QTL mapping [28]. The process of QTL analysis – to identify
genomic regions associated with traits – is known as QTL mapping (also called
�genetic,� �gene,� or �genome�mapping) [28–30].Mapping agronomically important
genes can provide useful information to plant breeders. The QTL approach will
facilitate gene discovery and will focus on the mechanisms that allow plants to adapt
to harsh environments. As plants experience stress at different stages of growth and
development, it would be useful if the genes/QTL are identified with a specific role at
a given growth stage in model plant species. Discovery of genes controlling
economically important traits can be used for applications in marker-assisted
selection (MAS) breeding and improving crops using transgenic approaches. Gene
identification from model organisms was successfully used to demonstrate their
possible use in improving stress tolerance of transgenic crop plants [31–33]. Past
efforts to improve plant tolerance to drought, high salinity, and low temperature
through breeding and genetic engineering have had limited success owing to the
genetic complexity of stress responses. The discovery of novel genes and functional
variation in their roles in stress adaptation is fundamental to effective engineering
strategies to impart plants greater stress tolerance. A large number of genes
involved in abiotic stress responses have been cloned and characterized in recent
years. Rice and Arabidopsis model plants have played an important role in
understanding abiotic stress tolerance mechanisms [34]. Identification of abiotic
stress-responsive cis-regulatory elements helped unravel stress signaling mechan-
isms, for example, dehydration-responsive element (DRE)/C-repeat (CRT) (A/
GCCGAC) binding transcription factors and DRE binding protein (DREB)/
C-repeat binding factor (CBF) [35, 36]. The future of crop improvement through
genetic improvements can be accomplished in three major phases: First, identi-
fication of loci involved in the environmental stress tolerance at reproductive stage.
Forward and reverse genetics in model plants, such as Arabidopsis and rice, and
their tolerant relatives will play a key role in this process in years to come. Second,
the appropriate alleles for the major loci will need to be identified. Association
(linkage disequilibrium) mapping with genome-wide association studies will help
identify useful alleles. Wild relatives of each crop will be essential for this. Finally,
the translational research to develop stress-tolerant genotype by MAS and/or
transgenic approach is necessary. The completion of several plant genome
sequencing projects has provided public resources of genomic data for forward
and reverse genetics, comparative genomics, in silico predictions, QTL mapping,
and cloning. Some genome sequence and annotation databases for plant species
are listed in Table 14.1.
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14.3
High-Throughput Gene Expression Analysis

The availability of complete genome sequence of Arabidopsis thaliana and Oryza
sativa model plants and other important crops has provided sufficient genomic
information to perform high-throughput genome-wide functional analysis.
Functional annotation and measurement of expression level of genes under
various abiotic stresses are accomplished by various molecular biology techni-
ques [37]. cDNA-AFLP (cDNA-amplified fragment length polymorphism), MPSS
(massively parallel signature sequencing), and especially SAGE (serial analysis
of gene expression) have been successfully used to quantify transcript abun-
dance for different kinds of tissues or developmental stages in higher plants
[38–43]. However, these techniques are time consuming and labor-intensive.
High-throughput gene expression measurements have the potential to provide
clues to many important biological questions involving stress response and
tolerance [37]. Microarray and real-time polymerase chain reaction (RT-PCR) are

Table 14.1 Sequence and annotation databases for plant genome.

Plant genome database URL

Arabidopsis (PlantGDB) http://www.plantgdb.org/AtGDB/
Arabidopsis (TAIR) http://www.arabidopsis.org/
Arabidopsis (NCBI) ftp://ftp.ncbi.nih.gov/genomes/Arabidopsis_thaliana/
Rice (PlantGDB) http://www.plantgdb.org/OsGDB/
Rice (TIGR) http://rice.plantbiology.msu.edu/
Rice (NCBI) ftp://ftp.ncbi.nih.gov/genomes/Oryza_sativa/
Soybean (PlantGDB) http://www.plantgdb.org/GmGDB/
Soybean (NCBI) ftp://ftp.ncbi.nih.gov/genomes/PLANTS/Glycine_max/
Sorghum (PlantGDB) http://www.plantgdb.org/SbGDB/
Sorghum (NCBI) ftp://ftp.ncbi.nih.gov/genomes/PLANTS/Sorghum_bicolor/
Maize (PlantGDB) http://www.plantgdb.org/ZmGDB/
Maize (TIGR) http://maize.jcvi.org/
Maize (NCBI) ftp://ftp.ncbi.nih.gov/genomes/PLANTS/Zea_mays/
Wine grapes (PlantGDB) http://www.plantgdb.org/VvGDB/
Wine grapes (NRCPB) ftp://ftp.ncbi.nih.gov/genomes/Vitis_vinifera/
Medicago (PlantGDB) http://www.plantgdb.org/MtGDB/
Medicago (TIGR) http://www.jcvi.org/cgi-bin/medicago/overview.cgi
Medicago (NCBI) ftp://ftp.ncbi.nih.gov/genomes/PLANTS/Medicago_truncatula/
Wheat (PlantGDB) http://www.plantgdb.org/TaGDB/
Wheat (TIGR) http://blast.jcvi.org/euk-blast/index.cgi?project¼tae1
Wheat (NCBI) ftp://ftp.ncbi.nih.gov/genomes/PLANTS/Triticum_aestivum/
Tomato (PlantGDB) http://www.plantgdb.org/SlGDB/
Tomato (NCBI) ftp://ftp.ncbi.nih.gov/genomes/PLANTS/Solanum_lycopersicum/
EST Database http://compbio.dfci.harvard.edu/tgi/plant.html
dbEST (NCBI) http://www.ncbi.nlm.nih.gov/dbEST/
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powerful functional genomics tools widely used in gene expression analysis in
plants [44–51]. Microarray experiments provide significant information about
stress-related genes to improve biotic and abiotic stress tolerance in plants.
SAGE is another useful technique that allows rapid and detailed analysis of
thousands of transcripts. The important fact about SAGE is that this technique
does not require a preexisting clone; thus, it can be used to identify and
quantitate both new genes and known genes [52–54]. Digital gene expression
(DGE) is another approach to study transcriptome of plant crops taking less
time and in a cost-effective manner [55–59]. Over the past 5 years, a new
technique known as tiling array is being widely used and has become a powerful
tool for the whole-genome transcriptome analysis. Tiling array technology is
derived from microarray technology. In tiling array, whole genome is tiled on
the chip that allows identification of noncoding RNAs. mRNA processing
(intron retention/alternate splicing) is useful for ChIP-Chip to identify
DNA–protein interaction. The recently developed rapid genome sequencing
technology, the next-generation sequencing (NGS), has changed the way a
biological problem is studied. NGS-based transcriptome analysis is superior
to other available techniques since sequencing-based method is digital, highly
accurate, and easy-to-perform and is capable of identifying allele-specific
expression. ChIP-Chip (chromatin immunoprecipitation-on-chip), also known
as location analysis (LA), is a high-throughput genome-wide identification
and analysis of DNA fragments that are bound by specific proteins such as
histones and transcriptional factors [60–67]. ChIP is a well-established proce-
dure to investigate interactions between proteins and DNA. This strategy may
be used to annotate functional elements, such as promoters, enhancers,
repressor elements, and insulators, in genomes by mapping the locations of
protein markers associated with these sites. ChIP-Sequencing, also known as
ChIP-Seq, is used to analyze protein interactions with DNA. ChIP-Seq com-
bines chromatin immunoprecipitation (ChIP) with massively parallel DNA
sequencing to identify the cistrome of DNA-associated proteins. It can be used
to precisely map global binding sites for any protein of interest. Chip-Seq is
used primarily to determine how transcription factors and other chromatin-
associated proteins influence phenotype-affecting mechanisms. Determining
how proteins interact with DNA to regulate gene expression is essential for fully
understanding many biological processes and disease states. CLIP-Seq [68], also
called RIP-Seq [69] or HITS-CLIP [70], is a method in molecular biology used
for finding which RNA species interact with a particular RNA binding protein or
an RNA [71]. It employs cross-linking between the RNA and the protein,
followed by immunoprecipitation with antibodies for the protein, fragmenta-
tion, high-throughput sequencing, and bioinformatics. Recently, CLIP-Seq has
been applied to decode microRNA–target interaction maps [72–74].
The application of CLIP-Seq methods has significantly reduced the rate of
false-positive predictions of miRNA binding sites and has also reduced the size
of the search space for miRNA target sites [72, 73]. Frequently used techniques
for gene expression analysis are listed in Table 14.2.
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14.4
Computational Resources: Databases and Software

Rapid genome sequencing and development of high-throughput �omics� technolo-
gies such as genomics, transcriptomics, proteomics, and metabolomics have gener-
ated a huge amount of biological data. To fully understand biological processes,
researchers require to process and analyze the huge volume of data that requires high
computational power. Bioinformatics is increasingly becoming an essential tool for
many biological areas including systems biology [80] and plays an important role in
processing and extracting biologically relevant information from this vast data.
Leadingbioinformatics companies aredeveloping software to allow research scientists

Table 14.2 Frequently used techniques for gene expression analysis in plants.

Techniques Application References

Microarrays Microarray analysis has enabled the measurement of
thousands of genes in a single RNA sample

[75]

Tiling arrays Tiling arrays are an improved technology of microarray
chips and basically used for the whole-genome transcrip-
tome analysis

ChIP-Chip (or ChIP-
on-chip)

ChIP is a well-established procedure for identification and
analysis of DNA fragments that are bound by specific
proteins such as histones and transcriptional factors

ChIP-Seq ChIP-Seq is a powerful method to identify genome-wide
DNA binding sites for proteins of interest

CLIP-Seq (RIP-Seq
or HITS-CLIP)

CLIP-Seq is a method in molecular biology, used to find
which RNA species interact with a particular RNA binding
protein or RNA

[68–71]

Real-time PCR PCR is a method that allows exponential amplification of
short DNA sequences (usually 100–600 bases) within a
longer double-stranded DNA molecule

[76]

cDNA-AFLP cDNA-amplified fragment length polymorphism is a PCR-
basedmethod that starts with cDNA synthesis from total or
mRNA using random hexamers as primers

[77]

SAGE SAGE is an experimental technique that allows a rapid and
detailed analysis of thousands of transcripts

[52, 54, 78]

MPSS Massively parallel signature sequencing is a sequencing-
based technology that uses a unique method to quantify
gene expression level, generating millions of short-
sequence tags per library

[79]

EST Analysis of expression sequence tags is an efficient way to
obtain information about gene expression and coding
sequences of uncharacterized genomes. It also gives us
clue about transcripts coming from different tissues, cell
types, and developmental stages
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to integrate their diverse data and tools under common Graphical User Interfaces
(GUIs). Scientists from various organizations are continually submitting biological
information in databases, which significantly contributes toward the availability of the
same data sets for a wide group of researchers and thus permit rapid analysis of data.
Recently, new genomic resources (e.g., QlicRice, Gramene-QTL, etc.) and tools (QTL
Cartographer, MapCharts, etc.), facilitating QTL mapping and cloning, have been
developed andaremaintainedby various laboratories. Identificationof the responsible
genes and their allelic variation underlying, or associated with, phenotypic trait is
desired for an effectivemarker-assistedbreeding to enhance tolerance to abiotic stress.
Some handy databases and tools useful in stress biology, QTL mapping, and plant
genomics are listed in Tables 14.3–14.5.

Table 14.3 Databases dedicated to abiotic stress in plants.

Database Description Web Reference

QlicRice Platform for abiotic stress-
responsive QTL in rice.
Database also provides
information on gene ontolo-
gy, biochemical pathway, and
3D structure of proteins
related to abiotic stress

http://202.141.12.200/

PLANT STRESS Dedicated to plant environ-
mental stress in agriculture
and biology

http://www.plantstress.
com/

STIFDB (Stress
Responsive Transcription
Factor Database)

Collection of abiotic stress
responsive genes in A. thali-
ana, including transcription
factor binding sites in their
promoters. Abiotic stress
(drought, cold, salinity, high
light, heat, etc.) responsive
transcription factors have
been included in this
database

http://caps.ncbs.res.in/
stifdb/index.html

[81]

PSGD (Plant Stress
Gene Database)

Database contains �259
biotic and abiotic stress-
related genes of 11 species
(A. thaliana, Arachis hypo-
gaea, Glycine max, Hordeum
vulgare, O. sativa, Pennisetum
glaucum, Phaseolus vulgaris,
Saccharum officinarum, Sola-
num lycopersicum, Triticum
aestivum, and Zea mays).
Orthologue and paralogue of
stress-related genes product
have also been incorporated
in this database

http://ccbb.jnu.ac.in/
stressgenes/
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Table 14.4 Software�s for QTL mapping.

Tool Description URL References

RiceGene
Thresher

RiceGeneThresher is a powerful web-based
server for mining genes underlying QTL in
rice genome. It provides biologically sup-
ported evidence essential for targeting
groups or networks of genes involved in
controlling traits underlying QTL. It also
contains information on genetic markers,
genome annotation, ESTs, protein domains,
gene ontology, plant stress-responsive
genes, metabolic pathways and protein–
protein interactions

http://rice.kps.ku.ac.
th/Site/index.html

[82]

MapChart Computer package that produces charts of
genetic linkage maps and QTL data. It reads
the linkage information (i.e., the locus and
QTL names and their positions) from text
files. MapChart program is freely available,
but license is required before use. It can run
on MS-Windows (95/98/ME/NT4.0/2000/
XP) platform

http://www.biome-
tris.wur.nl/UK/Soft-
ware/MapChart/
download/

[83]

QTL
Cartographer

Suite of programs for mapping QTL on
genetic linkage map. The programs use
linear regression and composite and mul-
tiple interval mapping methods to dissect
the underlying genetics of the quantitative
traits. QTL Cartographer program is freely
available and can run on MS-Windows,
UNIX, and Mac platforms

ftp://statgen.ncsu.
edu/pub/qtlcart/

[84]

PLABQTL PLABQTL is a program written for the
detection of loci that affect the variation in
quantitative traits. Its main purpose is to
localize and characterize QTL. The program
employs the interval mapping approach.
PLABQTL program is freely available and
can run on MS-Windows, UNIX, and Mac
platforms

https://www.uniho-
henheim.de/plant-
breeding/software/

QTL Network
2.0

QTLNetwork-2.0 is a user-friendly software
for mapping QTL. The software is pro-
grammed by Cþþ programming language
under Microsoft Visual Cþþ 6.0 environ-
ment. QTLNetwork-2.0 program is freely
available and can run onWindowsNT, 2000,
XP, and 2003server

http://ibi.zju.edu.cn/
software/qtlnetwork/

[85, 86]
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14.5
Case Study: Development of QlicRice: a Web Interface for Abiotic Stress-Responsive
QTL and Loci Interaction Channel in Rice

QlicRice database assists researchers to identify genes/QTL associated with abiotic
stress tolerance and agricultural productivity. QlicRice provides a convenient nav-
igation of QTL related to abiotic stress tolerance and its genomic, proteomic, and
other information in a very user-friendlymanner. QTL, their corresponding loci, and
other details were collected from various biological databases such as Gramene
(http://www.gramene.org/), TIGR (http://rice.plantbiology.msu.edu/), and other
public repositories for having all information together in a single storehouse.
QlicRice has a vibrant search page �Qlic Browser� with multiple search options in
three query types: (i) Abiotic stress: detailed information on abiotic stresses affecting
rice production; (ii) QTLAccession ID: complete details of QTL governing the abiotic
stresses; and (iii) Locus ID: exploration of related loci. Autocomplete function in the
search text area has been provided for easy and fast navigation by users by querying

Table 14.4 (Continued)

Tool Description URL References

GridQTL
(QTL
Express)

QTL Express is a freely accessible web
server. QTL Express is a user-friendly soft-
ware for the analysis of quantitative trait data
from outbred populations. This server is
used for awide variety of pedigree structures
involving outbred populations, some of
which are also relevant for crosses between
inbred lines. The database contains tools for
permutation analysis to set significance
levels and bootstrap analysis to estimate
confidence regions for the QTL location

http://www.gridqtl.
org.uk/index.htm

[87]

MCQTL The aim of MCQTL software package is to
perform QTL mapping in a multicross
design. MCQTL package is composed of
three software. The first component reads
the data from MAPMAKER files. The sec-
ond component, ProbaPop, computes QTL
genotype probabilities at specific chromo-
some location giving multiple marker data
on each family, and stores them in XML-
formatted files. The last component, Mul-
tipop, builds the pooled model and fits the
observations on genotype probabilities.
MCQTL program is freely available, but
license is required before use, and can run
on UNIX platform

http://carlit.toulouse.
inra.fr/MCQTL/

[88]
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without any accidental mistakes. It is a compendium of 974 QTL and 460 TIGR loci
on different rice chromosomes related to abiotic stress. These QTL and their
corresponding loci that are dispersed on different rice chromosomes have been
provided in the database through 12 pie charts and physical map developed with
R-statistical package (http://www.r-project.org/). Tissue-specific expression analysis
can be sited to know the tissue-specific expression analysis of the QTL that are highly
expressed in a particular tissue. Data on tissue-specific expression of various abiotic
stress-related QTL have also been given, and it will be really useful particularly to
researchers looking for promoters that are inducible but at the same time responsible
for driving tissue-specific expression of the abiotic stress tolerance gene(s). The
tandem repeats with their consensus sequences have also been provided in

Table 14.5 Some helpful tools and databases for plant genomics.

Type Description Web address References

NCBI National resource for molecular biology
information

http://www.ncbi.nlm.
nih.gov/

Gramene QTL Database contains a number of identified
QTL from various plant crops

http://gramene.agri-
nome.org/qtl/

[89, 90]

TIGR Database for rice model plant http://rice.plantbiol-
ogy.msu.edu/

[91]

TAIR Database for Arabidopsis model plant http://www.arabidop-
sis.org/

PLACE cis-acting regulatory DNA element finder
in plants

http://www.dna.affrc.
go.jp/PLACE/

[92]

Plant Transcrip-
tion Factor
Database

Comprehensive annotations for TF, such
as functional domains, 3D structures,
gene ontology, and expression informa-
tion derived from ESTs and microarray

http://planttfdb.cbi.
pku.edu.cn/

Eukaryotic Pro-
moter Database
(EPD)

Annotated nonredundant collection of
eukaryotic promoters, for which the
transcription start site has been deter-
mined experimentally

http://www.epd.isb-
sib.ch/

[93]

BLAST Sequence alignment tool http://blast.ncbi.nlm.
nih.gov/Blast.cgi

FASTA Sequence alignment tool http://www.ebi.ac.
uk/Tools/fasta/

Motif finder A tool for identification of functional
motifs

http://motif.genome.
jp/

MEME A tool for identification of functional
motifs

http://meme.sdsc.
edu/meme/

[94]

Gene Evaluator
(ChemGenome
1.1)

Gene identification tool http://www.scfbio-
iitd.res.in/chemgen-
ome/index.jsp

[95]
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the database, which is helpful to determine an individual�s inherited traits and in the
context of genomic loci/QTL evolution. Understanding the molecular functions of
QTL and their role in biochemical pathways that finally determine plant phenotype
during various abiotic stresses is an essential prerequisite [96]. Gene ontology
analyses (http://rice.plantbiology.msu.edu/GO.retrieval.shtml) and biochemical
pathway analyses by KEGG Automatic Annotation Server (http://www.genome.jp/
kegg/kaas/) that assigns KEGG pathway has been used to identify the GO and KO
ontologies. This information tells us about the role of the underlying genes in a
metabolic pathway, in addition to the nature of their interaction with other loci. 3D
structures have been included, and users can download the template structure and
model, integrated in QlicRice, which have been modeled by Swiss Modeller (http://
swissmodel.expasy.org/). To bridge the gap between available sequences and their
unknown structure, protein structure prediction methods are important tools; thus,
it is an important technique to build 3D model for further functional annotation
[97–99]. As the plants experience stress at different stages of growth and develop-
ment, it would be useful if the genes/QTL are identified with a specific role at a given
growth stage. Several laboratories are aiming to identify such robust QTL as will
remain unchanged across growth stages. Such information will be added when the
database is updated on a regular basis. Moreover, owing to the global environmental
changes, rise in temperature is likely to add to the existing problem of the drought
affecting rice production. Hence, a deep understanding of the abiotic stress
responses in crop plants on a genome-wide scale is vital for developing improved
stress-tolerant crop plants [100, 101]. Overall, the QlicRice is a step forward in
communicating some excellent information collected and put together in a useful
database on QTL related to abiotic stresses in rice.

14.6
Conclusions and Prospects

Farmers regularly suffer from loss of crop yields due to biotic and abiotic stress
factors. Development of stress-tolerant crops is a step forward in providing a
tangible solution. Identification of stress-responsive genes underlying QTL is a
fundamental requirement to enhanced plant tolerance to abiotic stresses. Evenwith
rapid genome sequencing of important agricultural crops during the past decade,
the execution of truthful, high-throughput phenotyping for abiotic stress tolerance
traits remains a big challenge for QTL mapping studies. In recent years, a number
of quantitative traits in rice (8646), sorghum (136), wheat (23), and maize (1447)
have been discovered by QTL mapping and are listed at Gramene QTL database
released in November 2010 (http://www.gramene.org/qtl/index.html). Scientist
could enhance the progress of gene discovery for abiotic stress tolerance by
effectively using the advanced genomics techniques. Through expression profiling
ofmany genes ormakingwhole-transcriptome chip, researchers can analyze stress-
responsive gene networks, providing significant information about the role of the
stress-responsive genes and their interactions with other genes. Development of
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genetically improved stress-tolerant crop genotypes might be facilitated with
precision by the combined use of QTL mapping and high-throughput �omics�
data as discussed in this chapter.
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15
Understanding Stress-Responsive Mechanisms in Plants:
An Overview of Transcriptomics and Proteomics Approaches
Naser A. Anjum, Sarvajeet Singh Gill, Iqbal Ahmad, Narendra Tuteja,
Praveen Soni, Ashwani Pareek, Shahid Umar, Muhammad Iqbal,
M�ario Pacheco, Armando C. Duarte, and Eduarda Pereira

Plants are static in nature and, therefore, they encounter a number of biotic and
abiotic stress factors during their life cycle. Plants� responses to these stress factors
are differential and complex. Since the past decade, �omics� technologies are
providing the major clues for understanding plant stress response mechanisms
important for crop improvement. This chapter will critically evaluate the current
literature on the plant transcriptomics and proteomics for understanding plant stress
responses in detail in addition to the basic concept, principles, and procedure
outlines of these approaches, and will also suggest important future perspectives.

15.1
Introduction

Abiotic stresses negatively impact plant growth and development and hence are the
primary cause of crop loss worldwide. Plants� adaptation to these stresses is very
differential and complex and depends on the activation of cascades of molecular
networks involved in stress perception, signal transduction, and expression of
specific stress-related genes and metabolites [1]. Although the development of
�omics� technologies including transcriptomics and proteomics is in its infancy, it
indeed has helped, to a great extent, unravel the possible mechanism of plant
responses to a number of stress factors. The following sections will present
introduction, principle and advantages, and limitations of, first, the transcriptomic
and, subsequently, of the proteomic approaches in detail.
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15.2
Transcriptomic Approaches and Plant Stress Responses

In the layman�s language, the transcriptome refers to the pools of RNA transcripts in
a cell and the transcriptomics is the global analysis of gene expression at the RNA
level and provides tools for the study of gene function. In fact, transcriptomics
provides information on the presence and relative abundance of RNA transcripts and
thus offers a better view of the active components in the cell than a genomic
approach [2].

Transcriptomic approaches can be divided into two broad categories, hybridiza-
tion-based approaches and sequencing-based approaches.

15.2.1
Hybridization-Based Approaches

15.2.1.1 Suppression Subtractive Hybridization
A detailed study involving identification and cloning of the relevant subsets of
differentially expressed genes of interest is required to understand the molecular
regulation of the major biological processes such as cellular growth and organo-
genesis. The subtractive cDNA hybridization has been a powerful approach in this
regard to identify and isolate cDNAs of differentially expressed genes. This technique
can be used to compare two mRNA populations and obtain cDNAs representing
genes that are either overexpressed or exclusively expressed in one population
compared to another. It can also be used for comparison of genomic DNA popula-
tions. In general, cDNA subtraction methods involve hybridization of cDNA from
one population (tester) to excess ofmRNA (cDNA) fromother population (driver) and
then separation of the unhybridized fraction (target) from hybridized common
sequences. However, these subtraction techniques are labor-intensive, involve
multiple or repeated subtraction steps, and often require more than 20mg of poly
(A)þ RNA. In fact, suppression subtractive hybridization (SSH) is a PCR-
based cDNA subtraction method that is used to selectively amplify target cDNA
fragments (differentially expressed) and simultaneously suppress nontarget DNA
amplification.

15.2.1.1.1 Principle The SSH method is based on a suppression PCR effect,
introduced by Lukyanov et al. [3]. In this method, the normalization and subtraction
steps are simultaneously performed, where the normalization step equalizes the
abundance of DNA fragments within the target population and the subtraction
step excludes sequences that are common to the two populations being compared [4].
It is pertinent to mention here that SSH eliminates any intermediate steps
demanding the physical separation of single-stranded (ss) and double-stranded (ds)
DNAs, requires only one round of subtractive hybridization, and can achieve a
more than 1000-fold enrichment for differentially presented DNA fragments [5]
(Figure 15.1).
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15.2.1.2 Serial Analysis of Gene Expression
Serial Analysis of Gene Expression (SAGE) is a method developed by Velculescu
et al. [6] for a comprehensive analysis of gene expression patterns where it allows a
rapid and detailed analysis of thousands of transcripts. SAGE technology is the
second most popular high-throughput gene expression technology after microarray
and does not require preexisting knowledge of the genome that is being examined
and therefore SAGE can be applied to many different model systems.

Although SAGE has the capability of producing large amounts of gene expression
data with the potential of providing novel insights into fundamental processes
underlying (a) plant–pathogen, (b) plant–diseases, and (c) plant–stresses interac-
tions, it has been found very effective for small-scale sequencing. Most importantly,
SAGE provides an affordable and fast comparison of many experiments, stages, and
so on and altogether it requires a very small amount of starting material (single-cell
studies are possible).

15.2.1.2.1 Principle SAGE is based on three major principles: (a) a short oligonu-
cleotide sequence, defined by a specific restriction endonuclease (anchoring enzyme,
AE) at a fixed distance from the poly(A) tail, contains sufficient information to
uniquely identify a mRNA transcript. As there are four nitrogen bases (A, T, G, and
C), a 10 bp tag theoretically can give 410 different possible sequence combinations. (b)
End-to-end concatenation of short oligonucleotides form the long serial molecules
that can be cloned and sequenced. (c) Quantization of the number of times a
particular tag observed provides the expression level of the corresponding tran-
script [7] (Figure 15.2).

15.2.1.3 Microarrays
This is one of the hybridization-based approaches. Amicroarray is a glassmicroscopy
slide onto which gene fragments are spotted, in the form of cDNA fragments (cDNA
microarray) or in-situ-synthesized oligonucleotides (oligonucleotide microarray).
Therefore, the microarray technology employing cDNAs or oligonucleotides is
a powerful tool for analyzing gene expression profiles of plants exposed to
various environmental stress factors. In fact, depending on the target nucleic acid

conventional/SMARTof TM cDNASynthesis TM cDNA

I digestionRsa

ligationAdapter

Subtractive hybridization

PCR amplification

[→MOS hydridization → PCR amplification]

Differentially expressed cDNAs

Figure 15.1 Schematic representation of the SSH procedure.
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components, cDNA microarray-based technologies have been subdivided into
following two formats:

i) Oligonucleotide array
ii) cDNA microarray

15.2.1.3.1 Oligonucleotide Array The oligonucleotide type of array consists of
oligonucleotide targets, generally less than 25 mer in length, which are generated
in situ on a solid surface by light-directed synthesis [8, 9]. Synthetic linkers modified
with photochemically removable protecting groups are attached to the glass sub-
strate. Light is thendirected through aphotolithographicmask to specific areas on the
surface to produce localized photodeprotection. Hydroxyl-protected deoxynucleo-
tides are incubated with the surface so that chemical coupling occurs at the sites that
have been illuminated in the preceding step. By repeating these procedures with new
masks, hundreds of thousands of oligonucleotides can be synthesized in a very small
area [9, 10]. Alternatively, oligonucleotide arrays can be constructed by spotting
presynthesized oligonucleotides on the solid surface [11–13].

Because oligonucleotide arrays are designed and synthesized on the basis of
sequence information, physical intermediates such as cloning and polymerase chain
reaction (PCR) are not required. Specific sequences, which are nonoverlapping if
possible or minimally overlapping if necessary, can be designed to increase the
hybridization sensitivity, even through their shorter sequences [10]. The oligonu-
cleotide array is applied when more precise analysis, including the detection of
single-nucleotide polymorphisms, is required [14].

Extraction of RNA

Immobilization of mRNA (present in a sample of total RNA) onto poly T beads

Synthesis of double-stranded cDNA by reverse transcription using universal oligo dT primers

Anchoring enzyme digestion of cDNA

Division of digested cDNA into two fractions

digestionenzymetaggingbyfollowedLinker ligation digestion

Synthesis of ditags

Amplification of ditags by PCR

Release of the ditags from the linkers by digestion with the anchoring enzyme

Separation of the released ditags on a gel

Cutting and serial ligation of the bands formed

Cloning and subsequent sequencing of the resultant serial tags into an appropriate vector

Figure 15.2 Schematic overview of major events in SAGE.
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15.2.1.3.2 cDNA Microarray The principle of microarray studies is based on the
ability of anmRNAmolecule to hybridize to its originalDNA sequence spotted on the
array. Messenger RNA is extracted from samples such as control organisms and test
organisms. ThemRNA is reverse transcribed to cDNA and labeled with a fluorescent
label. One sample is labeled with a green fluorescent dye (Cy3), whereas the cDNA
from the other sample is labeled with a red fluorescent dye (Cy5). Cy3- and Cy5-
labeled samples are mixed together in equal quantities and hybridized to the
microarray. The array is then scanned using laser emission. A software is used to
visualize the expression levels ofmRNAs of the genes and the amount of each labeled
target bound to each spot on the array is quantified. Now, it has become possible to
identify induced, repressed, or unchanged mRNA expression by determining the
ratio of signal intensities between control and test cDNA. However, readers may
consult review article byHegde et al. [15] for insights into themajor technical aspects
of microarray fabrication, hybridization, and analysis; in addition, an article by
Lettieri [16] may be useful on the applications of the microarray technique in a
toxicological context.

The cDNA microarray can also be differentiated on some other ground such as
the fabrication of cDNA microarray by printing cloned and amplified cDNAs onto
the solid surface. Furthermore, the advantages of the cDNA microarray compared
to the oligonucleotide array include less susceptibility and higher specificity due to
the longer sequences of the targets [17, 18]. However, cDNA may contain repetitive
sequences that are often observed in various genes, or similar sequences that are
found in family member genes. These nonspecific sequences may affect the
sensitivity of the cDNA microarray. The cDNA microarray can be easily used for
screening steady-state mRNA expression levels [14] (Figure 15.3).

Cloning and subsequent amplification of target cDNAs

Printing of purified PCR products onto glass microscope 

microarrayerroboticawithslides

Synthesis of cDNA probes (test or reference) labeled with different 

fluorescent dyes (Cy3-dUTP and Cy5-dUTP) from total RNA or 

mRNA derived from test and reference samples

Hybridization of the pooled probes to the microarray

Detection of the hybridized fluorescent signals 

with a dual-wavelength laser scanner

Separate scanning of images  combined and pseudocolored 

by means of specialized computer software

genestargetindividualforCy3/Cy5ofratiosnormalizedtheofCalculation

Figure 15.3 Outline of the principle of the cDNA microarray analysis system.
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Advantages of Microarray Technology

. Microarray technology has largely helped in the global gene expression analysis.

. Analyses of plant defense responses.

. Microarray has been used in genomic-wide research, mutational analyses,
pharmacology, toxicology, aging research, and molecular analyses of fatal
diseases.

Disadvantages of Microarray Technology In addition to the significant advantages
listed above, several weaknesses of microarray technology can be summarized as
follows:

. High cost and time consumption, and necessity of special devices.

. Difficulty of data interchanges between individual microarrays.

. Microarray is difficult for the expression levels between individual targets to be
compared in the same RNA sample (because of different hybridization rates due
to variations in melting temperature depending on sequence and length of target
gene fragments).

15.2.2
Sequencing-Based Approaches

Sequencing-based approaches have largely replaced the hybridization-based
approaches and significantly helped gene expression analysis over the past 5 years.
For the study point of view, sequencing-based approaches can be divided into two:
(a) DNA sequencing of expressed sequence tag (EST) libraries and (b) next-
generation sequencing (NGS).

15.2.2.1 DNA Sequencing of Expressed Sequence Tag Libraries
Expressed sequence tags represent short, unedited, and randomly selected single-
pass sequence reads derived from cDNA libraries, providing a low-cost alternative
(also called �poorman�s genome) towhole genome sequencing, with a glimpse of the
transcriptome of an organism at various stages of development. EST sequences are
generated by single-pass DNA sequencing of clones randomly selected from cDNA
libraries and represent partial descriptions of the transcribed portions of gen-
omes [19]. EST sequences are widely used for a rapid and cost-effective discovery
of new genes, verification of the exon–intron structure of predicted genes, and as
resources for genemapping and cDNAarray construction [20]. ESTs are used as a fast
and efficient method of profiling genes expressed in various tissues, cell types, or
development stages [21]. One of the many interesting applications of EST database
(dbEST) is gene discovery where many new genes can be found by querying the
dbEST with a protein or DNA sequence.

ESTs have become an invaluable resource for gene discovery, genome annotation,
alternative splicing, SNP discovery, molecular markers for population analysis,
and expression analysis in animal, plant, and microbial species [22]. Although
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several alternatives have been described since the emergence of EST sequencing
projects, none has yet totally supplanted the use of bacterial vectors and Sanger
sequencing [23].

15.2.2.2 Next-Generation Sequencing
Next-generation sequencing technologies are a set of new, state-of-the art, high-
throughput sequencing technologies that came into existence after the dramatic
progress in sequencing instrumentations, from Sanger-based methods, using slab
gels, to capillary electrophoresis (CE). In fact, the NGS technologies differ from
conventional capillary-based sequencing in that NGS has departed from Sanger
sequencing chemistry and sequencing is often performed on templates formed as
beads or spots ofDNA [24].NGSplatformsare beingutilized for targetedsequencingof
candidate genes or genomic intervals to perform sequence-based association studies.

Several NGS technologies have recently emerged that can be discussed under
following subheadings:

. Pyrosequencing

. Fluorescent-labeled sequencing by synthesis

. Sequencing by hybridization and ligation, and microchip-based CE

15.2.2.2.1 Pyrosequencing The pyrosequencing technique is based on the process
of sequencing by synthesis. It was developed by 454 Life Sciences and Roche Applied
Science.

Principle Pyrosequencing is based on the principle that when a nucleotide is incor-
porated into the growing DNA strand, the pyrophosphate is released, which is
subsequently converted to ATP by enzyme; a light is produced when ATP comes in
contactwithenzymeluciferase(Luc). IndividualandsequentialadditionofdNTPsto the
growingDNAmoleculestakesplace.Theincorporationofanucleotideemits theflashof
light signals that can be easily correlated with the incorporation of specific nucleotide.

454 Life Sciences has developed several machines for pyrosequencing. Genome
Sequencer (GS)-20 was the first next-generation DNA sequencer on the market
released in 2005. Margulies et al. [25] reported that GS-20 was able to read up to 25
million bases of bacterial genome in a single 4 h run. The Genome Sequencer FLX
(GS-FLX) was released in 2007. This instrument is able to read lengths of 250 bases
and is able to performmate-paired reads. In addition, an average of 100millionDNA
bases can be sequenced in a 7.5 h run [26]. In 2008, 454 Life Sciences launched the
GS-FLX Titanium series reagents for use on the present instrument, with the ability
to sequence 400–600million base pairs with 400–500 base pair read lengths.With its
high accuracy, low cost, and long reads, many researchers have switched from
traditional Sanger capillary sequencing instruments over to the 454 sequencing
platform for a variety of genome projects.

15.2.2.2.2 Fluorescent-Labeled Sequencing by Synthesis Genome Analyzer (GA)
system developed by Illumina uses a polymerase-based sequencing-by-synthesis
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(SBS) chemistry. This platform utilizes fluorescent-labeled and reversible terminator
chemistry, unlike the instrument by 454 Life Sciences, but produces read lengths of
approximately 50 bp and >2000 Mb of sequence data per run over the course of
approximately 4 days [24]. In addition, Illumina�s GA system can be used in gene
expression, SNP discovery, base resequencing, and ChIP experiments (ChIP-seq).

15.2.2.2.3 Sequencing by Hybridization and Ligation, and Microchip-Based Capillary
Electrophoresis The instrument based on the method of sequencing by hybridiza-
tion followed by ligation was developed by Applied Biosystems (ABI) generally called
sequencing by oligonucleotide ligation and detection (SOLiD) [27]. In fact, The
SOLiD technology platform uses emulsion PCR and sequencing by oligonucleotide
ligation and detection. SOLiD technology can be potentially used in gene expression
analysis and other approaches. The overall accuracy rate for the SOLiD system is
greater than 99.94% and this applies to paired end runs that produce 50 bp reads.

The microchip-based capillary electrophoresis-based sequencing systems involve
the separation of fluorescent-labeled sequencing samples on hair-thin, 30–50 cm
long capillary gels. CE array chips have been fabricated on the basis of the well-
understood behavior of a single-channel chip system. Different materials, for
example, silicon [28], glass [29], and plastics [30, 31] have been used. A variety of
different fabrication processes have also been developed to accommodate the
complicated requirements and materials used for making such a device. Micro-
chip-based CE systems have demonstrated use in diverse applications such as the
separation of amino acids [32], analysis of blood serum cortisol [33], examination of
polymerase chain reaction amplicons [34], and analysis of metal–ion complexes [35].
However, readers are advised to consult recent, excellent reviews by Hert et al. [26]
and Simon et al. [24] for a detailed working principle and application of ABI-SOLiD
and CE array-based sequencing.

Almost all the instruments for next-generation sequencing are able to generate
three to four orders of magnitude more sequences and are considerably less
expensive than the Sanger method on the ABI 3730xL platform (hereafter referred
to as ABI Sanger) [36–39]. These next-generation sequencing methods promise a
cost-effective means of either deeply sampling or fully sequencing an organism�s
transcriptome, with even small experiments tagging a very large number of
expressed genes.

15.3
Proteomic Approaches in Plant Stress Responses

The study of complex biological questions through comparative proteomics is
becoming increasingly attractive to plant biologists. Since the past few decades, the
major aim of proteomic studies is to decipher the constituents of a proteome, thus to
reveal the basic mechanism of plant responses to various environmental stresses by
analyzing changes and the dynamics of changes on the protein level. It is pertinent to
mention here that attention has been focused on the determination of the function
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and functional network of proteins by proteome analysis after the completion of
genome sequences of several organisms. Although sequence analysis of genomic
DNA started in the 1990s on a full scale, developed rapidly during the past decade,
and made available the entire sequence of genomic DNA for many organisms
including higher plants, animals, and human, and the expression of genes can be
analyzed at the transcriptional level, the expression of proteins cannot always be
analyzed from gene expression because there exists a relatively low correlation
(correlation coefficient about 0.5) in quantity between mRNA and protein [40,
41]. Moreover, information on protein posttranslational modification, structure, and
protein–protein interaction cannot be provided by the DNA sequence and/or the
expression ofmRNA. In addition, almost all proteins are posttranslationallymodified
and then form specific structure and function through protein–protein (ligand)
interaction. Therefore, the analysis of proteins assumes great importance. Although
proteome research started after the genome sequence analysis was accomplished, the
developments over the last few years have been remarkable [41]. The systematic
analysis of proteins in plants has greatly helped researchers to understand gene
functions through complementation of gene and gene expression analysis in detail.
Recently, the development of advanced techniques for revealing coding genes of the
organism under study, gene annotation, and functional characterization have added
great momentum to plant proteome analysis.

Proteomic analysis is a multistep process that typically involves protein extraction,
fractionation, separation, and mass spectrometry (MS). However, a classical prote-
omics work involves the following two major steps: (i) separation of proteins step,
usually 2-dimensional gel electrophoresis (2DE), and (ii) identification of separated
proteins step, usually mass spectrometry.

The following sections will review various gel- and nongel-based approaches that
are used in a wide range of biological systems for studying differentially expressed
proteins including multidimensional protein identification and labeled or nonla-
beled approaches.

15.3.1
Gel-Based Approaches

Gel-based proteomics generates qualitative and quantitative protein behavioral data
and as such it provides a core technology to integrate information produced using
various �omic� technologies.

15.3.1.1 One- or Two-Dimensional Polyacrylamide Gel Electrophoresis
Depending on the plane of separation, the gel-based approaches for proteome
analysis may be one or two dimensional. The 1-dimensional electrophoresis (1DE)
is used for most routine protein and nucleic acid separations. The support medium
for electrophoresis can be formed into a gel within a tube or it can be layered into flat
sheets. In general, the tubes are used for easy 1DE separations.

O�Farrell in 1975 [42] first described the two-dimensional polyacrylamide gel
electrophoresis (2D-PAGE). This is the simplest, most popular, and versatile method
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of protein separation among a rapidly growing array of comparative proteomic
technologies. In fact, 2DE allows for the separation of complex protein and is
based on the orthogonal separation of proteins according to their isoelectric points
through isoelectric focusing and molecular mass separation using SDS-polyacryl-
amide gel electrophoresis (PAGE). An SDS-PAGE is run first in one direction and
then again at right angles. In the first dimension, an isoelectric focusing (IEF) gel is
run and in the second dimension the proteins are separated in SDS-PAGE. A greater
number of individually different proteins can be resolved in a highly repeatable
fingerprint-like pattern. Two-dimensional gel-based strategies separate intact pro-
teins on the basis of both charge (isoelectric point, pI) and mass, and therefore have
the ability to resolve multiple charged isoforms (that may result from phosphory-
lation or other charged posttranslational modifications) and biologically significant
proteolytic products.

Advantages of 2DE

i) Represents entire proteome.
ii) Can resolve up to 5000 different proteins simultaneously (�2000 proteins

routinely).
iii) It can detect and quantify <1 ng of protein per spot.
iv) Provides more than a raw list of proteins, and also intensities.
v) Can track posttranslational modifications.
vi) Preset conditions can bemanipulated to enhance resolution (pH ranges, size of

gel, staining methods, solubility, etc.).

vii) Delivers a map of intact proteins that can be stored and analyzed at will.

Limitations of 2DE

i) Reproducibility and sensitivity are less.
ii) Poor resolution of hydrophobic or membrane-bound and nuclear proteins.
iii) Sample loading/sample size capacity can limit experiments.
iv) Hard to resolve very acidic and/or very basic proteins (pH range from 2.5 to 12),

very small, or very large proteins.
v) Difficult to automate process or create accurate databank standards.
vi) Only highly abundant proteins from total cell lysates are visualized and low-

abundance proteins of physiological relevance, such as regulators or signaling
proteins, are difficult to detect.

The introduction of immobilized pH gradients (IPGs) has largely overcome the
major shortcomings listed above for the first dimension of 2DE [43]. A pH gradient
formed bymixtures of acrylamide buffers is covalently fixed to the acrylamidematrix
during gel polymerization. The gradient does not drift and cannot be distorted.Here,
a series of chemically well-defined acrylamide derivatives with the general structure
CH2¼CH�CO�NH�R (where, R contains either a carboxyl or an amino group) are
used that form a series of buffers with different pK values ranging between 1 and 13.
A true steady-state IEF with increased reproducibility is allowed because of the
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generation of extremely stable pHgradients due to occurrence of copolymerization of
the reactive end with the acrylamide matrix. With this improved first dimension, not
only a substantially wider spectrum of proteins can be resolved throughout the entire
pHgradient in one gel but also lower abundance proteins caused by increased sample
loading capacity can be detected.

Significant improvements to the 2DE are beingmadewith the advancement of new
technologies such as (a) the use of IPG DryStrip technology, (b) the use of
semiautomated devices such as the IPGphor in the first dimension, and (c) the use
ofmultiple SDS-PAGE apparatus for running up to 20 different samples in parallel in
the second dimension. With the application of fluorescent dyes or isobaric tags, now
we can have (a) improved solubilization and (b) separation of hydrophobic proteins,
(c) display of low abundance proteins, and (d) reliable protein quantization. In
addition, the use of multiplexed fluorescent Cy-Dye staining of different proteome
states in difference gel electrophoresis (DIGE) technology has largely eliminated the
technical irreproducibility of 2DE.

Unlu et al. [44] first introduced the two-dimensional differential gel electro-
phoresis (2D-DIGE) technology. 2D-DIGE uses three spectrally resolvable fluo-
rescent dyes (Cy2, Cy3, and Cy5) to label up to three samples to be run together
on the same 2D gel, adds an essential quantitative component to 2D-GE, and
allows for the detection of subtle changes in protein abundance with statistical
confidence. As discussed above, a classical 2DE approach lacks the intrinsic gel-
to-gel variation that requires several replicate gels of each sample that are not
directly overlapped. With the use of multiplexing methods such as fluorescent
2D-DIGE, substantial variability can be reduced by displaying two or more
complex protein mixtures labeled with different fluorescent dyes in a single 2D
gel. In addition, the use of spectrally resolvable fluorescent dyes also renders 2D-
DIGE much more quantitative than colorimetric methods. The detection of
proteins in samples in 2D-DIGE has a large dynamic range of 104–105, and here
the dye sensitivity is capable of detecting 0.25–1 ng of sample, thus enabling the
detection of relatively low copy-number proteins. Therefore, with this excellent
sensitivity, DIGE can be used to analyze relatively small amounts of even very
complex cell extracts.

It is pertinent to mention here the other gel-based approach in which metabolic
labeling of proteins is done using radioactive isotope-labeled amino acids, and 2DE
and recording are done on color negative film by radiographic exposure [45].
Spandidos and Rabbitts [46] described another gel-based subproteome differential
display method in which the radiolabelled proteins are used from one source and
silver-stained proteins from a second source, which are mixed in a gel in a 1 : 100
ratio, to allow the precise discrimination between members of each subproteome
(chromatographic fractions) using commonly available software. In the same year,
Gerner et al. [47] developed a quantitative proteome profiling method where precise
quantitation both of the protein amount and of the 35S incorporated is allowed using a
combination of radiolabeling and SYPRO ruby staining of the same gels. In addition,
this method also determines the absolute values of cell protein amounts, as well as
synthesis and turnover rates.
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15.3.2
Nongel-Based Approaches

It is evident from above discussion on gel-based approaches for proteome analysis
thatmost of the classical proteomics approaches suffer from anumber of limitations.
The identification of proteins by mass spectrometry was made possible by the
development of �soft� ionization techniques, namely, matrix-assisted laser desorp-
tion ionization (MALDI) and electrospray ionization (ESI) developed in the late 1980s
in Europe by Michael Karas and Franz Hillenkamp and in the United States by John
Fenn, respectively. MS is now firmly entrenched as the method of choice for both
protein identification and characterization of posttranslational modifications. In
addition, MS has become an increasingly attractive analytical instrument for biol-
ogists due in part to new ionization methods and major improvements in mass
accuracy, resolution, sensitivity, and ease of use. Therefore, with the introduction of
various nongel-based approaches for proteomics studies, we can achieve a dynamic
range of analysis (usually 103–105) and identify low-concentration proteins. In fact,
themost of nongel-based approaches digest complexmixtures of proteins in solution
where the resulting peptidemixture is fractionated by one or several steps of capillary
chromatography and analyzed in a data-dependent manner by MS/MS. We may
summarize themajor steps inMS as follows: MS consists of (i) an ion source, (ii) the
mass analyzer, and (iii) an ion detection system. Analysis of proteins byMS occurs in
three major steps: (a) protein ionization and generation of gas-phase ions, (b)
separation of ions according to their mass to charge ratio, and (c) detection of ions.
In nongel-based approaches such as isotope-coded affinity tag (ICAT) and multidi-
mensional protein identification technology (MudPIT), samples are directly analyzed
by MS, whereas in gel-based proteomics (2DE and 2D-DIGE), the protein spots are
first excised from the gel and then digested with trypsin. The resulting peptides are
then separated by liquid chromatography (LC) or directly analyzed by MS. The
experimentally derived peptidemasses are correlatedwith the peptide fingerprints of
known proteins in the databases using search engines (e.g., Mascot and Sequest).

15.3.2.1 One-Dimensional LC-MS/MS Technology
Identification of proteins is required for understanding the complex and highly
dynamic proteome of a cell/tissue/organ/organism. For this purpose, mass spectros-
copy has been widely used. However, mass spectrometers alone cannot resolve more
than a certain number of ion signals, therefore, before identification of proteins,
reduction of sample complexity by using an advanced separation technique is
necessary. Mass spectroscopy coupled with liquid chromatography now has become
a method of choice for identification of proteins present in a complex proteomic
sample. LC-MS/MS is an advanced technique that combines the separation capabilities
of liquid chromatography with the mass analysis capabilities of mass spectrometry.

15.3.2.1.1 Principle In LC-MS/MS, complex proteinmixtures arefirst digested into
small peptides that are separated by liquid chromatography. It is important to note
that this method is based on peptide separation, instead of protein separation,
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because peptides in complex mixtures exhibit a more uniform behavior than
individual subclasses of proteins [48]. It is also important that these small peptides
can be easily ionized in the mass spectrometer in comparison to the large proteins.

For single-dimensional separation of protein digests, i.e., peptides by liquid
chromatography, a nanocolumn packed with reverse-phase C18 resin is used.
Peptides bind to C18 chain by hydrophobic interactions. After loading onto the
reverse-phase C18 resin nanocolumn, they are directly eluted into the ionization
chamber of mass spectrometer.

For ionization, generally electrospray method is used. These ionized peptides are
first detected as charged ions that are separated by mass/charge ratio. Peptide with a
specific mass/charge is then selected and further fragmented using �collision-
induced dissociation� [49, 50]. It takes place in a collision cell filled with N2 gas
with a certain pressure. The selected peptide ion is excited by applying a certain
voltage and then it undergoes a collision-induced dissociation by energetic collision
with N2molecules. After that, they are sent through a secondmass spectrometer that
scans and detects fragmentation pattern. This CID fragmentation pattern is used to
determine the sequence of the peptide and this sequence information is then used to
search against databases using computer software for protein identification. This
approach is known asMS/MS technique or tandemmass spectroscopy (Figure 15.4).

Advantages of One-Dimensional LC-MS/MS Technology LC-MS/MS is a superior
method for protein identification. Identification of proteins in a complex mixture of
more than 50 analytes can be achieved without prior purification by this technology
(51–53). Its advantages are as follows:

i) Its sensitivity is high because of the use of nanocolumn which can concentrate
peptides many folds before detection by MS/MS.

ii) All amount of the sample loaded on a LC-MS/MS system is utilized during
ionization process, therefore for detection of a less abundant protein, more
amount of sample can be utilized.

iii) Another advantage of LC-MS/MS is its reliability. Confidence level of protein
identification is high as it is based on MS/MS sequencing of only one peptide.

Sample preparation and enzymatic digestion

resinC18phasereversewithpackagingColumn

Sample loading on prepared column

Separation and then elution of peptides into ionization 

chamber of mass spectrometer

Ionization of peptides

of a peptide ion and transfer into collision chamberbeSelection

Analysis and detection of fragmentation pattern by  MS

Collection and processing of data

Figure 15.4 Schematic representation of the one-dimensional LC-MS/MS technology.
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Limitations of One-Dimensional LC-MS/MS Technology The limitations of this
technology are as follows:

i) This technique is routinely used to identify proteins directly from complex
mixtures but its sensitivity is limitedby the separation capacity of 1D-LCtechnique.

ii) In LC-MS/MS, data acquisition, database search, and search result analysis may
take several hours which is time-consuming.

15.3.2.2 Multidimensional Protein Identification Technology
MudPITwas developed by Washburn et al. in 2001 [54]. It is an advanced technology
for large-scale analysis of proteome. In general, MudPIT is a combination of two or
multidimensional liquid chromatography systems with tandem mass spectrometer.

15.3.2.2.1 Principle In this technology, a mixture of proteins is first subjected to
reduction, alkylation, and digestion. Reduction breaks cysteine disulfide bonds,
alkylation prevents reformation of these bonds, and digestion converts the protein
mixture to a mixture of peptides. The digested sample is directly loaded onto a
nanocolumn with an internal diameter of 50–100 mm that has a tip with an inner
diameter of 2–5 mm [55–58]. The nanocolumn is packed with C18 resin followed by
strong cation exchange (SCX) resin. This is known as biphasic column. Desalting of
samples containing high salt concentration is required before loading onto this
biphasic column. Alternatively, a triphasic column containing C18 resin, SCX resin,
and C18 resin in a sequential manner is also generally used. After loading, the
column is attached to the tandem mass spectrometer. A high-performance liquid
chromatography (HPLC) pump is used to supply different buffers through the
column for separation and elution of peptides. In a triphasic column, peptides are
desalted in thefirst step byC18 resin and then they are eluted onto the SCXphase [59].
In SCX, separation is based upon charge. Peptides of similar isoelectric point are
sequentially advanced to next C18 resin where separation takes place on the basis of
size and hydrophobicity. Thus, peptides are stepwise separated using SCX and C18
resins. After separation and elution from the nanocolumn, peptides are ionized by
ESI method and then subjected to the mass spectrometer, where they are separated
on the basis of theirmass-to-charge ratio (m/z). Selected peptide ions are fragmented
via collision-induced dissociation in the tandem mass spectrometer. Tandem mass
spectra are generated and are searched against a protein database to determine the
peptide sequence and their proteins [53, 60] (Figure 15.5).

Advantages of Multidimensional Protein Identification Technology The use of Mud-
PIT has rapidly increased in proteomics research as it has revolutionized large-scale
analysis of complex proteome. It is unbiased, as proteins of extreme values of
molecular weights, pI, hydrophobicity, and abundance can be identified with equal
sensitivity. MudPIT has been used in a wide range of proteomics experiments
[61–66]. These include the following:

i) Identification of protein complexes.
ii) Profiling of organelle/membrane/cell/tissue-specific proteins.
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iii) Identification of posttranslational modifications.
iv) Quantitative comparison of protein expression level by coupling this technology

to labeling methods such as stable isotope labeling, SILAC or iTRAQ [67, 68].

Limitations of Multidimensional Protein Identification Technology The success of
MudPIT greatly depends upon the chromatographic separation of mixtures of
peptides. The limitations of MudPIT are as follows:

i) Requirement of high-quality nanocolumn and solvents of highest purity.
ii) MudPIT column is a nanocolumn; therefore, it has a limited sample loading

capacity.
iii) Successful packing of column for good reproducibility is required.
iv) MudPITanalysis of complex proteomegenerates huge amount of data. For analysis

of such data, advanced computational tools are necessary, and this analysis step can
take time from few hours to few days depending upon the sample complexity, the
size of database being searched, and the computational tools being used.

15.3.3
Labeled or Nonlabeled Approaches

Massspectrometry-basedmethodshavebecomepopularnotonly forqualitativebutalso for
quantitative analysis of a proteome. Information onwhat types of proteins are expressed in
a proteome and what is the level of expression of these proteins is also important.

In classical quantitative proteomics, proteins are separated by one-/two-dimen-
sional polyacrylamide gel electrophoresis and then identified by mass spectrome-
try [69]. Here, quantification is based upon intensity of staining of a protein. Another
technique 2D-DIGE providesmore precise quantification as samples to be compared
are run together on the same gel; therefore, errors due to separate gel runs get
removed [70]. These classical approaches have gel-based limitations such as low-

Reduction, alkylation and enzymatic digestion of protein sample

Column packing with C18 resin and SCX resin and 

bufferwithequilibration

Sample loading on column

Separation and than elution of peptides into ionization 

chamber of mass spectrometer

Ionization of peptides

chambercollisionintotransferpeptideionaofSelection and

Analysis and detection of fragmentation pattern by MS

Collection and processing of data

Figure 15.5 Schematic representation of the multidimensional protein identification technology.

15.3 Proteomic Approaches in Plant Stress Responses j351



resolution protein separation and difficulty in identification of proteins of extreme
molecular weights and pI values and that of low solubility [71–73]. These limitations
have been overcomebymodernmass spectrometry-basedmethods. Two types ofMS-
based quantification methods have been developed for extensive comparison of
multiple proteomes (Figure 15.6):

1) Labeled quantitative methods
2) Label-free quantitative methods

In labeled quantitativemethods, samples to be compared are first separately labeled
withdifferent isotopes afterwhich they arepooled together and then they are subjected
to sample preparation, separation, and analysis byMS/MS.While in case of label-free
quantitative methods, each sample is separately prepared, separated, and analyzed.

15.3.3.1 Principle of Quantification
In label-free quantitativemethods, quantification is based on �spectral counting� [74].
Spectral counting is based upon the number of times a particular peptide is identified
by MS/MS, which is directly proportional to abundance of corresponding protein
present in the sample.

In labeled quantitative methods, during separation by liquid chromatography
differentially labeled peptides elute simultaneously, but due to mass difference, two
forms of a peptide can be detected by mass spectroscopy. Quantification is done by
comparing their signal intensities [75–77]. Intensity ratio of deferentially labeled
peptides is calculated and subsequently the fold change in the ratio of peptide and
protein is calculated. Thus, relative quantification is performed by labeling approaches.

15.3.3.2 Types of Methods
Labeling approaches include15N/14N metabolic labeling [78], stable isotope labeling by
amino acids in cell culture (SILAC) [79], 18O/16O enzymatic labeling, ICAT [75], isotope-
coded protein labeling (ICPL) [80], isobaric tags for relative and absolute quantification
(iTRAQ) [81], tandemmass tags (TMTs) [82], and other chemical labeling. In case of label-
free approaches, normal LC-MS and LC-MS/MS are widely used methods [83, 84].

Although labelingmethods have provided high delectability and reproducibility of
protein quantification, they have some limitations including complexity in sample

Sample preparation

(Protein extraction, reduction of disulfide bonds, 

alkylation of free cysteine residues and digestion)

Sample separation

(By liquid chromatography LC or LC/LC)

Mass spectroscopy analysis

(by MS/MS)

Data analysis for identification and quantification 

of peptides/proteins

Figure 15.6 Outline of the procedure of the MS-based quantitative methods.
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preparation, requirement of high amount of sample, expensive reagents, increased
time span and specific computational tools, and importantly incomplete labeling of
samples. Therefore, label-free methods being cleaner and relatively cheaper are
gaining more interest [78, 85].

15.3.4
Data Mining Tools

Software is used for analysis of a large amount of data generated by modern mass
spectroscopy-based techniques. Different search methods are used for peptide
identification. These methods can be divided into three types: peptide mass finger-
print, sequence query, andMS/MS ion search. Digestion of a protein using a specific
enzyme results inmixture of peptideswhosemass spectrumprovides afingerprint of
such specificity that protein identification is possible. Therefore, it is known as
peptide mass fingerprinting. But it has one drawback that only proteins with already
known sequence can be identified. In sequence query method, molecular mass
information of peptides is combined with sequence, composition, and fragment ion
data. The source of information about sequence is the analysis of a series of peaks
of anMS/MS spectrum. Thismethodwas developed byMann andWilm in 1994 [86].
In MS/MS, ions search data are accepted in different types of peak list formats. A
singleMS/MS spectrumor amultidimensional LC-MS/MS run containing data from
many thousands of peptides may be searched.

Peptide identification algorithms fall into two broad classes: database search and
de novo search. The former search takes place against a database containing all amino
acid sequences assumed to be present in the analyzed sample, whereas the latter
infers peptide sequences without knowledge of genomic data. SEQUEST,Mascot, X!
Tandem, Phenyx, OMSSA, MyriMatch, Graylag, ByOnic, InsPecT, SIMS, and Mass-
Wiz are some database search algorithms used for identification of peptides. For de
novo sequencing, DeNoS, PEAKS, and Lutefisk algorithms are used.

15.4
Conclusions and Prospects

Advanced new technologies for proteomic analysis have accelerated biological research.
Improvement became possible because of the development of advanced separation
processes, mass spectrometers, and computer software tools. This has helped us in
making new discoveries in the field of proteomics. However, further improvement in
proteomics techniques is required in some fields such as quantitative analysis of
posttranslational modifications. It will not be wrong to say that there is a huge scope
for further improvement of proteomic technology so that the comprehensive analysis of
complex biological processes can be done. Because new techniques generate large
volume of data in exponential manner, there is need to develop new statistical tools
required forfindingout logical interpretationsof thedata.Finally, as these techniqueswill
be developed and popularized, more and more biological information will be dug out.
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16
Plant Tissue Culture and Genetic Transformation
for Crop Improvement
Satbir S. Gosal and Manjit S. Kang

Plant tissue culture methods have a wide scope for the creation, conservation, and
utilization of genetic variability for the improvement of field, fruit, vegetable, and
forest crops and medicinal/aromatic plants. Micropropagation technology, particu-
larly for vegetatively propagated plant species, ensures true-to-type, rapid, and mass
multiplication of plants for quick bulking up of new varieties and rejuvenation of old
varieties. Cellular techniques, such as anther/microspore culture, somaclonal var-
iation, embryo culture, prototoplast culture, and somatic hybridization, are being
exploited to generate useful genetic variability for incremental improvement of field
crops. Using anther culture/pollen culture, several cultivars are either under tests or
have been released in rice, wheat, barley, maize, rapeseed, and mustard in several
countries. Furthermore, the doubled haploid approach is increasingly being used for
the rapid development of populations for QTL mapping and construction of genetic
linkagemaps for traits of interest. Production of secondarymetabolites, such as food
flavors, food colors, dyes, perfumes, drugs, and scented oils used in aromatherapy,
through cell cultures/hairy root cultures, are leading examples ofmolecular farming/
pharming. Cryopreservation of germplasm at the cellular/tissue/organ level in liquid
nitrogen at �196 �C is highly rewarding for establishing germplasm banks, espe-
cially for vegetatively propagated crops and rare endangered plant species. Tissue
culture-based genetic transformation has been commercially exploited for develop-
ing transgenic crop varieties in several crops.

16.1
Introduction

Plant tissue culture is a technique of growing plant cells, tissues, and organs in
synthetic medium under closely controlled and aseptic conditions. It is based on the
concept of totipotency, which refers to the capability of a cell to give rise to a complete
plant under suitable cultural conditions. Such a property of cell has far-reaching
implications inmanipulation of plant cells for rapidmultiplication of plants, to cross
plants at the level of somatic cells by overcoming limits of crossability, and also to
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regenerate entire plants after genetic transformation. Suitable explants, that is,
organs excised from plants, such as roots, hypocotyls, cotyledons, leaves, shoot
apices, nodal segments, anthers, embryos, and seeds, are surface sterilized with a
disinfectant like sodium hypochlorite (10–50% w/v for 10–30min) or with mercuric
chloride (0.1% w/v for 5–10min), thoroughly washed with sterile water and then
aseptically cultured in a synthetic medium in culture vessels such as test tubes, jars,
and Petri dishes. The cultures incubated at 25� 1 �C exhibit growth in 1–3 weeks
depending upon the plant species, nature of explant, type of culture medium, kind
and concentration of the growth regulators (hormones) used in the medium, and
the light intensity in the incubation room.

Several media compositions have been developed for plant tissue culture, but the
most commonly used media include [1–4]. Tissue culture medium contains major
elements, microelements, vitamins, and amino acids, carbohydrates, and growth
regulators (auxins, cytokinins, etc.). Auxins, such as indole acetic acid (IAA), indole
butyric acid (IBA), and naphthalene acetic acid (NAA), at concentrations ranging
from 0.1 to 5.0mg l�1, favor cell elongation and rooting, whereas 2,4-dichloro-
phenoxyacetic acid (2,4-D) at concentrations of 0.5–4.0mg l�1 usually induces callus,
that is, homogeneousmass of undifferentiated cells. Likewise, cytokinins, such as 6-
furfuryl amino purine (kinetin) and benzyl amino purine (BAP) at concentrations of
0.1–2.0mg l�1 cause rapid cell divisions and development of shoot buds/shoots.
Solidification of the medium is achieved by adding chemically inert, powdered
gelling agents, such as agar, agarose, and gelrite before autoclaving. The medium is
poured into culture vessels and sterilized in an autoclave at 121 �C, 15 lb inch�2

pressure for 20–25min. Inoculation of explants in the culture vessels is done in
Laminar Air Flow Cabinet fitted with HEPA filters (pore size 0.2–0.3mm) under
aseptic conditions. Placement of explants in suitable growth medium under appro-
priate conditions leads to dedifferentiation, that is, mature cells revert to meriste-
matic state through enhancedDNA/RNAandprotein synthesis. The renewed growth
in agar-gelled medium gives an unorganized mass of cells, that is, callus. The cells
may be cultured in liquid medium that gives a suspension of individual cells called
suspension culture. An increased number of cells or calli leads to depletion of
medium and thus the growing tissue needs to be transferred after every 3–4 weeks to
fresh medium through subculturing. Ultimately, such cells/tissues are to be used to
obtain organized structures such as roots, shoots,flower buds, and so on, through the
process of organogenesis. Plant tissue and protoplast culture methods offer a rich
scope for the creation, conservation, and utilization of genetic variability for the
improvement of field crops [5, 6] (see Table 16.1). Various aspects of plant tissue
culture in relation to crop improvement are given in Table 16.2.

16.2
Micropropagation

Micropropagation of plants is now one of the best and most successful examples of
commercial application of tissue culture technology. Propagation of plants from very

358j 16 Plant Tissue Culture and Genetic Transformation for Crop Improvement



Ta
bl
e
16
.1

Pl
an

t
tis
su
e
an

d
pr
ot
op

la
st

cu
ltu

re
te
ch
ni
qu

es
in

re
la
tio

n
to

cr
op

im
pr
ov
em

en
t.

Te
ch
ni
qu

e
Pl
an

t
m
at
er
ia
l

R
em

ar
ks

R
ef
er
en
ce
s

M
ic
ro
pr
op

ag
at
io
n

B
an

an
a
M
us
a
sp
p.

(P
h
ili
pp

in
e

La
ca
ta
n
an

d
G
ra
n
de

N
ai
n
e)

pl
an

ta
in

(P
el
ip
it
a
an

d
Sa
ba
)

R
ap
id
ly
m
u
lti
pl
yi
n
g
cu
ltu

re
s
fr
om

ex
ci
se
d
sh
oo
t
ti
ps

[1
2,

13
]

St
ra
w
be
rr
y
Fr
ag
ar
ia

an
an

as
sa

E
ffi
ci
en

t
m
et
h
od

fo
r
m
as
s
pr
od

u
ct
io
n
of

pl
an

ti
n
g
m
at
er
ia
l

[2
1]

E
uc
al
yp
tu
s
te
re
ti
co
rn
is

In
vi
tr
o
cl
on

al
pr
op

ag
at
io
n
th
ro
u
gh

n
od

al
se
gm

en
ts

[2
3]

R
ic
e
O
ry
za

sa
ti
va

L.
va
r.
Ja
ya

C
lo
n
al

pr
op

ag
at
io
n
of

in
di
ca

ri
ce

th
ro
u
gh

pr
ol
if
er
at
io
n
of

ax
ill
ar
y
sh
oo

ts
[3
4]

D
al
be
rg
ia

si
ss
oo

R
ox
b.

R
ap
id

in
vi
tr
o
pr
op

ag
at
io
n
fr
om

m
at
u
re

tr
ee
s

[2
4]

B
an

an
a
M
us
a
sp
p
cv
.G

ra
n
de

N
ai
n
e

Su
n
lig

h
t
fo
r
m
ic
ro
pr
op

ag
at
io
n
sy
st
em

s
is
a
w
ay

of
re
du

ci
n
g
ti
ss
u
e
cu
ltu

re
co
st
s

[1
4]

P
ot
at
o
S.

tu
be
ro
su
m

In
vi
tr
o
pr
op

ag
at
io
n
th
ro
ug

h
m
ic
ro
tu
be
rs

[1
77
]

D
ia
nt
hu

s
ca
ry
op
hy
llu

s
L.

(c
ar
n
a-

ti
on

)
cv
.s
ca
n
ia

In
vi
tr
o
pr
op

ag
at
io
n
th
ro
ug

h
ax
ill
ar
y
sh
oo

t
pr
ol
if
er
at
io
n

[2
5]

Su
ga
rc
an

e
Sa

cc
ha

ru
m

of
fi
ci
-

na
ru
m

L.
M
ic
ro
pr
op

ag
at
io
n
pr
ot
oc
ol

fo
r
m
as
s
pl
an

t
pr
od

u
ct
io
n

[7
–
9,

11
]

P
op

la
r
P
op
ul
us

de
lto
id
es

P
ro
to
co
lf
or

m
as
s
pr
od

u
ct
io
n
of

tw
o
im

po
rt
an

tc
lo
n
es
,n

am
el
y,
G
3
an

d
G
4
8
th
ro
u
gh

in
du

ce
d
sh
oo
t
di
ff
er
en

ti
at
io
n
of

le
af
,s
te
m
,a
n
d
ro
ot

ex
pl
an

ts
co
lle
ct
ed

fr
om

ad
u
lt

tr
ee
s

[2
6]

B
ra
h
m
i
B
ac
op
a
m
on
ni
er
i

E
ffi
ci
en

t
pr
ot
oc
ol

fo
r
m
ic
ro
pr
op

ag
at
io
n
th
ro
u
gh

ax
ill
ar
y
sh
oo
t
pr
ol
if
er
at
io
n

[2
7]

R
ic
e
O
.s
at
iv
a
L.

va
r.
M
oc
oi

F
C
A
,

It
ap
� e
P
.A
.,
Fo

rt
u
n
a
IN

TA
,

E
M
B
R
A
P
A
7-
Ta
im

,a
n
d
C
T
69

19
an

d
B
R
IR

G
A
40

9

C
lo
n
al
pr
op

ag
at
io
n
pr
ot
oc
ol

us
in
g
sh
oo
tt
ip

cu
ltu

re
s,
an

d
th
e
ge
n
et
ic
st
ab
ili
ty
of

th
e

m
ic
ro
pr
op

ag
at
ed

pl
an

ts
w
as

ve
ri
fi
ed

by
is
oz
ym

e
an

al
ys
is

[3
5]

P
ot
at
o
S.

tu
be
ro
su
m

L.
A
pr
ot
oc
ol
fo
rp

ro
du

ct
io
n
of
pr
eb
as
ic
po

ta
to
m
at
er
ia
lb
y
m
ic
ro
cu
tt
in
gs
,o
bt
ai
n
ed

fr
om

pl
an

ts
w
it
h
a
sh
or
t
pe
ri
od

of
ac
cl
im

at
iz
at
io
n

[1
8]

N
ee
m

A
.i
nd

ic
a

M
ac
ro
-
an

d
m
ic
ro
pr
op

ag
at
io
n
pr
ot
oc
ol
s

[2
9]

(C
on
ti
nu

ed
)

16.2 Micropropagation j359



Ta
bl
e
16
.1

(C
on
tin

ue
d
)

Te
ch
ni
qu

e
Pl
an

t
m
at
er
ia
l

R
em

ar
ks

R
ef
er
en
ce
s

P
ot
at
o
(S
.t
ub
er
os
um

L.
)
N
if
,

C
lo
n
e
12

2,
A
gr
ia

an
d
R
es
y

T
h
e
h
ig
h
es
t
m
ic
ro
tu
be
r
n
u
m
be
r
(2
.8
),
m
ic
ro
tu
be
r
yi
el
d
(2
78
.1

m
g)

an
d
si
n
gl
e

m
ic
ro
tu
be
r
w
ei
gh

t
(9
2.
2
m
g)

w
er
e
ob

ta
in
ed

in
th
e
M
S
m
ed
iu
m

co
n
ta
in
in
g
2.
0
m
g

B
A
P/
la

n
d
60

g
su
cr
os
e

[1
78
]

P
ot
at
o
(S
.t
ub
er
os
um

L.
)
cv
.

M
ar
fo
n
a

T
h
e
u
se

of
co
n
ti
n
u
ou

s
an

d
se
m
ic
on

ti
n
uo

u
s
bi
or
ea
ct
or
s
an

d
th
ei
r
fu
n
ct
io
n
s
at
sh
oo
t

m
u
lti
pl
ic
at
io
n
an

d
m
ic
ro
tu
be
ri
za
ti
on

of
po

ta
to

[1
9]

B
an

an
a
M
us
a
sa
pi
en
tu
m

P
ro
to
co
lf
or

m
ic
ro
pr
op

ag
at
io
n
of

M
.s
ap
ie
nt
um

u
si
n
g
sh
oo
t
m
er
is
te
m
s

[1
5]

G
ra
pe
vi
n
e
(V
it
is
vi
ni
fe
ra
)

B
es
t
sh
oo
t
de
ve
lo
pm

en
t
fo
r
th
e
in
it
ia
l
cu
ltu

re
of

ro
ot
st
oc
k
V
R
04

3-
43

in
vi
tr
o
us
in
g

n
od

al
se
gm

en
ts

an
d
be
st

m
ic
ro
cu
tt
in
g
m
ul
ti
pl
ic
at
io
n
u
si
n
g
Q
L
m
ed
iu
m

[3
0]

St
ra
w
be
rr
y
F.

an
an

as
sa

M
as
s
pr
op

ag
at
io
n
vi
a
m
er
is
te
m

ti
p
cu
ltu

re
[2
2]

Su
ga
rc
an

e
S.

of
fi
ci
na

ru
m

L.
cv
.

C
oS

99
25

9
Sp

ac
in
g
of

90
cm

�
60

cm
w
as

m
os
t
su
it
ab
le

fo
r
tr
an

sp
la
n
ti
n
g
ti
ss
u
e-
cu
ltu

re
d

pl
an

tle
ts

[1
79
]

B
an

an
a
M
us
a
sp
p.

In
fl
or
es
ce
n
ce

ap
ic
es

w
er
e
fo
u
n
d
m
or
e
su
it
ab
le

fo
r
ra
pi
d
in

vi
tr
o
pr
op

ag
at
io
n

[1
6]

G
ra
pe
vi
n
e
(V
.v
in
ife
ra
)
cv
.B

id
a-

n
eh

Se
fi
d

M
ic
ro
pr
op

ag
at
io
n
pr
ot
oc
ol

fo
r
qu

ic
k
m
u
lti
pl
ic
at
io
n

[1
80
]

Su
ga
rc
an

e
S.
of
fi
ci
na

ru
m
L.
cv
.C

o
86

03
2

Se
tt
s
ob

ta
in
ed

fr
om

m
ic
ro
pr
op

ag
at
ed

pl
an

tle
ts

re
su
lte

d
in

h
ig
h
er

se
ed

yi
el
ds

[1
81
]

A
lo
e
ve
ra

M
ic
ro
pr
op

ag
at
ed

pl
an

ts
ex
h
ib
it
ed

el
ev
at
ed

le
ve
ls
of

bi
oa
ct
iv
e
co
m
po

u
n
ds

[3
2]

C
hr
ys
an

th
em

um
ci
ne
ra
ri
ifo
liu

m
(T
re
v.
)

R
ap
id

pr
op

ag
at
io
n
te
ch
n
ol
og
y
w
as

es
ta
bl
is
h
ed

an
d
op

ti
m
iz
ed

in
vi
tr
o

[3
3]

B
an

an
a
M
us
a
sp
p.

cv
.C

av
en

di
sh

D
w
ar
f
an

d
V
al
er
y

E
ffi
ci
en

tm
ed
iu
m

fo
r
cl
on

al
m
as
s
pr
op

ag
at
io
n
(M

S
þ

30
gl

�
1
of

su
cr
os
e,
N
-p
h
en

yl
-

N
-
1,
2,
3-
th
id
ia
zo
l
5-
yl
U
re
a
(0
.5
m
gl

�
1 )
an

d
IA

A
(2
m
gl

�
1
).

[1
7]

G
ra
pe

vi
n
e
V.

vi
ni
fe
ra

L.
cv
.

P
er
le
tt
e

C
lo
n
al

pr
op

ag
at
io
n
of

gr
ap
es

fo
r
in
cr
ea
si
n
g
pl
an

t
m
at
er
ia
l
fo
r
cu
lti
va
ti
on

[3
1]

Su
ga
rc
an

e
S.

of
fi
ci
na

ru
m

L.
N
o
va
ri
at
io
n
w
as

de
te
ct
ed

am
on

g
th
e
re
ge
n
er
at
ed

pl
an

ts
of

a
pa
rt
ic
u
la
r
va
ri
et
y
on

th
e

ba
si
s
of

R
A
P
D
m
ar
ke
rs
,a
n
d
th
e
pr
ofi

le
s
of

m
ic
ro
pr
op

ag
at
ed

cl
on

es
w
er
e
co
m
pa
ra
bl
e

to
th
os
e
of

th
e
re
sp
ec
ti
ve

do
n
or

pl
an

ts

[1
82
]

P
ot
at
o

Su
cc
es
sf
u
lm

ic
ro
pr
op

ag
at
io
n
w
as

ac
h
ie
ve
d
u
si
n
g
n
od

al
se
gm

en
ts

as
ex
pl
an

ts
[2
0]

Sc
op
ar
ia

du
lc
is

A
su
it
ab
le

pr
ot
oc
ol

w
as

es
ta
bl
is
h
ed

th
ro
u
gh

m
u
lti
pl
e
sh
oo
t
in
du

ct
io
n
fr
om

n
od

al
se
gm

en
t
an

d
sh
oo

t
ti
p
ex
pl
an

ts
of

th
is
im

po
rt
an

t
m
ed
ic
in
al

h
er
b

[1
83
]

360j 16 Plant Tissue Culture and Genetic Transformation for Crop Improvement



M
er
is
te
m

cu
ltu

re
C
hr
ys
an

th
em

um
P
ro
du

ct
io
n
of

vi
ru
s
fr
ee

pl
an

ts
[3
9]

Su
ga
rc
an

e
E
lim

in
at
io
n
of

ye
llo

w
le
af

vi
ru
s
fr
om

in
fe
ct
ed

su
ga
rc
an

e
pl
an

ts
[4
0]

Su
ga
rc
an

e
E
lim

in
at
io
n
of

su
ga
rc
an

e
m
os
ai
c
vi
ru
s
us
in
g
ch
em

ot
h
er
ap
y
an

d
m
er
is
te
m

cu
ltu

re
[4
1]

B
an

an
as

an
d
pl
an

ta
in
s

E
ra
di
ca
ti
on

of
m
os
ai
c
di
se
as
e
of

ba
n
an

as
an

d
pl
an

ta
in
s

[4
2]

B
an

an
a

E
ra
di
ca
ti
on

of
ba
n
an

a
bu

n
ch
y
to
p
vi
ru
s
(B
B
T
V
)a
n
d
ba
n
an

a
m
os
ai
c
vi
ru
s
(B
M
V
)f
ro
m

di
se
as
ed

pl
an

ts
[4
3]

P
ot
at
o

P
ro
du

ct
io
n
of

vi
ru
s-
fr
ee

pl
an

tle
ts

[4
4]

P
ot
at
o

Fa
ct
or
s
af
fe
ct
in
g
in

vi
tr
o
gr
ow

th
of

m
er
is
te
m

ti
p-
de
ri
ve
d
pl
an

tle
ts

[4
5]

R
ed

ra
sp
be
rr
y
(R
ub
us

id
ae
us

L.
)

E
lim

in
at
io
n
of

ap
pl
e
m
os
ai
c
vi
ru
s
an

d
ra
sp
be
rr
y
bu

sh
y
dw

ar
f
vi
ru
s
fr
om

in
fe
ct
ed

pl
an

ts
[4
6]

So
m
at
ic

em
br
yo
ge
n
es
is

Tr
if
ol
iu
m

re
pe
n
s

Fa
ct
or
s
in
fl
u
en

ci
n
g
co
or
di
n
at
ed

be
h
av
io
r
of

ce
lls

as
an

em
br
yo
ge
n
ic

gr
ou

p
[4
7]

R
ic
e

E
ffi
ci
en

t
pl
an

t
re
ge
n
er
at
io
n
fr
om

pr
ot
op

la
st
s
th
ro
u
gh

so
m
at
ic

em
br
yo
ge
n
es
is

[4
8]

M
ai
ze

G
en

ot
yp
e
sp
ec
ifi
ci
ty

of
so
m
at
ic
em

br
yo
ge
n
es
is
an

d
pl
an

t
re
ge
n
er
at
io
n

[5
3]

C
it
ru
s
(C
it
ru
s
re
ti
cu
la
ta

B
la
n
co
)

Fa
ct
or
s
en

h
an

ci
n
g
so
m
at
ic
em

br
yo
ge
n
es
is
an

d
pl
an

tle
t
re
ge
n
er
at
io
n
in

m
an

da
ri
n

[5
7,

58
]

Su
ga
rc
an

e
Fa
ct
or
s
en

h
an

ci
n
g
so
m
at
ic
em

br
yo
ge
n
es
is
an

d
pl
an

t
re
ge
n
er
at
io
n

[5
1]

R
ic
e

In
fl
u
en

ce
of

an
ti
bi
ot
ic
ce
fo
ta
xi
m
e
on

so
m
at
ic
em

br
yo
ge
n
es
is
an

d
pl
an

tr
eg
en

er
at
io
n

[4
9]

W
h
ea
t

A
m
m
on

iu
m

n
it
ra
te

im
pr
ov
es

di
re
ct

so
m
at
ic
em

br
yo
ge
n
es
is
an

d
bi
ol
is
ti
c
tr
an

sf
or
-

m
at
io
n
of

Tr
it
ic
um

ae
st
iv
um

[5
0]

Su
ga
rc
an

e
D
es
ic
ca
ti
on

of
ca
llu

s
en

h
an

ce
s
so
m
at
ic

em
br
yo
ge
n
es
is
an

d
su
bs
eq
u
en

t
sh
oo
t

re
ge
n
er
at
io
n

[5
2]

M
ai
ze

M
od

er
at
e
de
si
cc
at
io
n
dr
am

at
ic
al
ly
im

pr
ov
es

sh
oo
t
re
ge
n
er
at
io
n
fr
om

ca
llu

s
[5
4]

C
ot
to
n

H
ig
h
ly
ef
fi
ci
en

t
pl
an

t
re
ge
n
er
at
io
n
th
ro
u
gh

so
m
at
ic
em

br
yo
ge
n
es
is
in

20
el
it
e

co
m
m
er
ci
al

cu
lti
va
rs

[5
5,

56
]

So
m
ac
lo
n
al

va
ri
at
io
n

P
ru
nu

s
pe
rs
ic
a
cv
s.
Su

n
h
ig
h
,R

ed
h
av
en

So
m
ac
lo
n
es

S1
56

an
d
S1

22
re
si
st
an

t
to

le
af

sp
ot
,m

od
er
at
el
y
re
si
st
an

t
to

ca
n
ke
r

[8
7]

A
pp

le
ro
ot
st
oc
ks

(M
26
,M

M
10
6)

S-
2
(M

26
)
pe
rf
or
m
ed

be
tt
er

ag
ai
n
st

P
hy
to
ph
th
or
a
ca
ct
or
um

[8
8]

B
an

an
a
G
ia
n
t
C
av
en

di
sh

Te
n
so
m
ac
lo
n
es
.G

C
T
C
V
21

5-
1
re
le
as
ed

fo
r
co
m
m
er
ci
al

pl
an

ti
n
g

[1
84
]

A
pp

le
cv
.G

re
en

sl
ee
ve
s

Si
xt
ee
n
so
m
ac
lo
n
es
;2

1%
le
ss

sy
m
pt
om

s
th
an

G
re
en

sl
ee
ve
s
ag
ai
n
st

fi
re

bl
ig
h
t

st
ra
in

T.
[8
9]

(C
on
ti
nu

ed
)

16.2 Micropropagation j361



Ta
bl
e
16
.1

(C
on
tin

ue
d
)

Te
ch
ni
qu

e
Pl
an

t
m
at
er
ia
l

R
em

ar
ks

R
ef
er
en
ce
s

Su
ga
rc
an

e
S.

of
fi
ci
na

ru
m

L.
R
es
u
lts

co
n
fi
rm

ed
th
e
su
pe
ri
or
it
y
of
tw
o
so
m
ac
lo
n
es
,o
n
e
re
si
st
an

ta
n
d
on

e
to
le
ra
n
tt
o

ey
es
po

t
di
se
as
e

[7
1]

P
ot
at
o
S.

tu
be
ro
su
m

L.
So

m
ac
lo
n
es

fo
r
he

at
to
le
ra
n
ce

[7
7]

P
ot
at
o
S.

tu
be
ro
su
m

L
cv
.D

es
ir
ee

So
m
ac
lo
n
es

IB
P
-1
0,

IB
P
-2
7,

an
d
IB
P
-3
0,

in
fe
ct
ed

w
it
h
A
lte
rn
ar
ia

so
la
ni

an
d
St
re
p-

to
m
yc
es
sc
ab
ie
i,
ex
h
ib
it
ed

hi
gh

er
re
si
st
an

ce
to

th
e
pa
th
og

en
,c
om

pa
re
d
to

th
e
su
s-

ce
pt
ib
le

cu
lti
va
r
D
es
ir
ee

[7
8]

P
ot
at
o
cv
.D

es
ir
ee
,t
om

at
o
cv
.

A
m
al
ia

le
av
es
,s
oy
be
an

cv
.W

il-
lia
m

82
,c
of
fe
e
cv
.R

ob
u
st
a

M
on

om
or
ph

is
m

w
as

de
te
ct
ed

in
to
m
at
o,
co
ff
ee
,a
n
d
so
yb
ea
n
,i
n
di
ca
ti
n
g
th
e
ge
n
et
ic

st
ab
ili
ty
of

th
e
cr
op

s.
P
ot
at
o
ca
lli

sh
ow

ed
va
ri
at
io
n
s
in

th
e
el
ec
tr
op

h
or
et
ic
pa
tt
er
n
s
of

pe
ro
xi
da
se

an
d
es
te
ra
se

is
oe
n
zy
m
es
,i
n
di
ca
ti
n
g
so
m
ac
lo
n
al

va
ri
at
io
n
in

th
e
cr
op

[7
9]

O
.s
at
iv
a
L.

cv
.C

IC
A
-8

Fo
u
r
so
m
ac
lo
n
es

sh
ow

ed
si
gn

ifi
ca
n
tly

h
ig
h
er

de
gr
ee

of
pa
rt
ia
lr
es
is
ta
n
ce

co
m
pa
re
d

to
th
e
pa
re
n
t
cu
lti
va
r
C
IC

A
-8

[8
1]

D
ur
u
m

w
h
ea
t
(T
ri
ti
cu
m

du
ru
m

D
es
f.
)
cv
.(
Se

lb
er
a,
Se

bo
u
,a
n
d

K
yp
er
ou

n
da
)

So
m
ac
lo
n
al

va
ri
at
io
n
th
u
s
ap
pe
ar
s
to

in
du

ce
a
w
id
e
ra
n
ge

of
m
od

ifi
ca
ti
on

s
am

on
g

in
di
vi
du

al
co
m
po

n
en

ts
of

dr
ou

gh
t-
re
si
st
an

ce
m
ec
h
an

is
m
s

[1
85
]

Su
ga
rc
an

e
S.

of
fi
ci
na

ru
m

L.
cv
.

C
P
-4
3/
33

T
h
e
so
m
ac
lo
n
es

pe
rf
or
m
ed

be
tt
er

th
an

th
e
so
u
rc
e
pl
an

t
[7
3]

M
ai
ze

(Z
ea

m
ay
s)

So
m
ac
lo
n
es

th
u
s
de
ri
ve
d
w
er
e
to
le
ra
n
t
to

N
aC

l
[8
0]

B
re
ad

w
h
ea
t
(T
ri
ti
cu
m

ae
st
iv
um

)
cv
.(
Sa
kh

a
8,

Sa
kh

a
69

,G
iz
a
15

7,
G
iz
a
16

0,
Le
rm

a
R
oj
o
64

,a
n
d

To
ba
ri
66

)

So
m
ac
lo
n
es

w
er
e
su
pe
ri
or

to
th
ei
r
or
ig
in
al

cu
lti
va
rs

[8
4]

W
h
ea
t
(T
ri
ti
cu
m

ae
st
iv
um

)
cv
.

Sa
kh

a
61

Tw
en

ty
-o
n
e
ou

t
of

th
e
tw
en

ty
-t
h
re
e
so
m
ac
lo
n
es

ou
tp
er
fo
rm

ed
th
e
or
ig
in
al

cu
lti
va
r

Sa
kh

a
61

in
te
rm

s
of

le
af

ru
st

re
si
st
an

ce
an

d
gr
ai
n
yi
el
d

[8
5]

O
.s
at
iv
a
L.

So
m
ac
lo
n
es

w
er
e
ob

ta
in
ed

fr
om

an
th
er

cu
ltu

re
of

h
yb
ri
d
co
m
bi
n
at
io
n
s
IN

C
A
LP

-1
0/

C
4
15

3,
A
m
is
ta
d-
82

/C
4
15

3,
an

d
IN

C
A
LP

-1
0,

as
w
el
l
as

fr
om

A
m
is
ta
d-
82

[8
2]

362j 16 Plant Tissue Culture and Genetic Transformation for Crop Improvement



Su
ga
rc
an

e
S.

of
fi
ci
na

ru
m

L.
Si
x
ti
ss
u
e
cu
ltu

re
-d
er
iv
ed

su
ga
rc
an

e
so
m
ac
lo
n
es

T
C
-4
34
,T

C
-4
35
,T

C
-4
36
,T

C
-2
37
,

an
d
T
C
-0
45

fr
om

C
oC

67
1
an

d
so
m
ac
lo
n
e
n
u
m
be
r
T
C
-3
38

fr
om

C
o7
21

9
w
er
e

ev
al
u
at
ed
.S
om

ac
lo
n
e
T
C
-4
35

ga
ve

h
ig
h
er

ca
n
e
yi
el
d
at
12

m
o
cr
op

ag
e
ov
er

C
oC

67
1.

So
m
ac
lo
n
e
T
C
-4
35

h
ad

si
gn

ifi
ca
n
tly

h
ig
h
er

m
ill
ab
le

ca
n
e
h
ei
gh

t
an

d
n
u
m
be
r
of

in
te
rn
od

es
th
an

th
at

of
th
e
do

n
or

pa
re
n
t
C
oC

67
1

[7
4]

Su
ga
rc
an

e
S.

of
fi
ci
na

ru
m

L.
A
n
ew

su
ga
rc
an

e
va
ri
et
y,
C
o
94

01
2,

w
as

re
le
as
ed

in
th
e
n
am

e
of

P
h
u
le

Sa
vi
tr
i
fo
r

cu
lti
va
ti
on

in
M
ah

ar
as
h
tr
a,
In
di
a,
fo
r
P
re

an
d
Su

ru
se
as
on

s.
It
is
an

ea
rl
y,
su
ga
r-
ri
ch
,

h
ig
h
-y
ie
ld
va
ri
et
y
w
it
h
hi
gh

C
C
S
yi
el
d.
C
o
94

01
2
is
a
so
m
ac
lo
n
al
va
ri
an

to
fC

oC
67

1,
w
it
h
be
tt
er

su
cr
os
e
co
n
te
n
t
an

d
m
od

er
at
e
re
si
st
an

ce
to

re
d
ro
t
(G

lo
m
er
el
la

tu
cu
m
a-

ne
ns
is
)a
n
d
sm

ut
di
se
as
es

(U
st
ila

go
sc
it
am

in
ea
).
T
h
is
is
th
e
fi
rs
ts
u
ga
rc
an

e
va
ri
et
y
to
be

re
le
as
ed

in
In
di
a
th
ro
u
gh

th
e
u
se

of
so
m
ac
lo
n
al

va
ri
at
io
n

[1
0]

A
lf
al
fa

M
ed
ic
ag
o
sa
ti
va

A
n
in
cr
ea
se

in
va
ri
ab
ili
ty

w
as

n
ot
ed

in
im

po
rt
an

t
qu

an
ti
ta
ti
ve

an
d
qu

al
it
at
iv
e
tr
ai
ts

co
m
pa
re
d
to
th
e
in
it
ia
lc
ul
ti
va
rs
,i
n
cl
u
di
n
g
pr
od

u
ct
iv
it
y
of
th
e
ab
ov
e-
gr
ou

n
d
m
as
s
an

d
se
ed
s,
re
si
st
an

ce
to

fu
n
ga
ld

is
ea
se
s,
an

d
w
in
te
r
h
ar
di
n
es
s

[8
6]

O
.s
at
iv
a
L.

cv
.P

ok
ka
li

T
h
e
gr
ai
n
yi
el
d
w
as

si
gn

ifi
ca
n
tly

h
ig
h
in

so
m
ac
lo
n
es

B
T
S
11

-1
,B
T
S
28

,B
T
S
24

,B
T
S
9-

2(
S)
,B

T
S-
17

(S
),
B
T
S
10

-2
,a
n
d
B
T
S
11

-7
,w

h
ic
h
ex
h
ib
it
ed

h
ig
h
er

fl
ag

le
af

ar
ea

an
d

m
od

er
at
e
le
af

ar
ea

in
de
x
co
m
pa
re
d
to

ot
he

r
so
m
ac
lo
n
es

[8
3]

O
liv
e
cv
.F

ra
n
gi
ve
n
to

So
m
ac
lo
n
al

va
ri
at
io
n
co
u
ld

be
fo
u
n
d
in

ol
iv
e
pl
an

ts
re
ge
n
er
at
ed

th
ro
u
gh

so
m
at
ic

em
br
yo
ge
n
es
is
;t
h
is
ap
pe
ar
s
in

m
at
u
re

pl
an

ts
in

th
e
fi
el
d

[1
86
]

B
an

an
a

In
ba
n
an

a
cu
lti
va
rs
(M

us
a
�
ac
um

in
at
a,
M
us
a
�
ba
lb
is
ia
na

),
so
m
ac
lo
n
al
va
ri
at
io
n
ca
n

be
u
se
fu
l
in

se
le
ct
in
g
cl
on

es
w
it
h
im

pr
ov
ed

ag
ro
n
om

ic
ch
ar
ac
te
ri
st
ic
s

[1
87
,1

88
]

D
ie
ffe
nb
ac
hi
a
cv
.C

am
ou

fl
ag
e,

C
am

ill
e,

St
ar

B
ri
gh

t
P
ot
en

ti
al

fo
r
n
ew

cu
lti
va
r
de
ve
lo
pm

en
t
by

se
le
ct
in
g
ca
llu

s-
de
ri
ve
d
so
m
ac
lo
n
al

va
ri
an

ts
of

D
ie
ffe
nb
ac
hi
a
w
as

de
m
on

st
ra
te
d

[1
89
]

Su
ga
rc
an

e
S.

of
fi
ci
na

ru
m

L.
D
ev
el
op

m
en

t
of

so
m
ac
lo
n
es

re
si
st
an

t
to

re
d
ro
t
di
se
as
e
us
in
g
in

vi
tr
o
an

d
fi
el
d

se
le
ct
io
n

[7
5,

76
]

In
vi
tr
o
pr
od

u
ct
io
n
of

h
ap
lo
id

W
h
ea
t

D
ou

bl
ed

h
ap
lo
id

w
he

at
va
ri
et
y
F
lo
ri
n
w
as

de
ve
lo
pe
d

[9
7]

W
h
ea
t

A
si
n
gl
e
2,
4-
D
tr
ea
tm

en
tg
iv
en

to
sp
ik
es

on
e
da
y
af
te
r
po

lli
n
at
io
n
w
it
h
m
ai
ze

en
ab
le
d

em
br
yo
s
to

be
re
co
ve
re
d
fr
om

al
l
19

va
ri
et
ie
s

[9
8]

(C
on
ti
nu

ed
)

16.2 Micropropagation j363



Ta
bl
e
16
.1

(C
on
tin

ue
d
)

Te
ch
ni
qu

e
Pl
an

t
m
at
er
ia
l

R
em

ar
ks

R
ef
er
en
ce
s

R
ic
e

R
ev
is
ed

m
ed
iu
m

w
as

u
se
d
fo
r
in
cr
ea
si
n
g
an

th
er

cu
ltu

re
ef
fi
ca
cy

an
d
im

pr
ov
ed

fe
as
ib
ili
ty
of
u
si
n
g
do

u
bl
ed

h
ap
lo
id
s
in

ge
n
et
ic
an

d
br
ee
di
n
g
re
se
ar
ch

w
it
h
in
di
ca

ri
ce

[1
04
]

R
ic
e

B
ic
ol
fi
rs
tF

1
an

th
er

cu
ltu

re
-d

er
iv
ed

lin
e
fr
om

an
in
di
ca
/i
n
di
ca

cr
os
s
in

sa
lin

e-
pr
on

e
ar
ea
s

[1
05
]

R
ic
e

A
n
im

pr
ov
ed

m
et
h
od

fo
r
po

lle
n
cu
ltu

re
in

ri
ce

[1
06
,1

07
]

D
ur
u
m

w
he

at
D
ic
am

ba
an

d
2,
4-
D
w
as

be
st
fo
ri
m
pr
ov
in
g
th
e
yi
el
d
of
h
ap
lo
id
pl
an

ts
of
du

ru
m

w
h
ea
t

th
ro
u
gh

cr
os
se
s
w
it
h
m
ai
ze

[9
9]

M
ai
ze

Z
.m

ay
s
L.

E
m
br
yo
ge
n
ic
in
du

ct
io
n
of

m
ic
ro
sp
or
es

w
it
h
in

an
th
er
s
u
n
de
r
in

vi
tr
o
co
n
di
ti
on

s
w
as

th
e
be
st

w
h
en

a
co
m
bi
n
at
io
n
of

co
ld

tr
ea
tm

en
t,
T
IB
A
(0
.1
m
g
l�

1
)
in

m
ed
ia

an
d

co
lc
hi
ci
n
e
(0
.0
2%

du
ri
n
g
fi
rs
t
3
da
ys

of
cu
ltu

re
)
w
as

ap
pl
ie
d

[1
11
]

C
it
ru
s
(C
it
ru
s
cl
em

en
ti
na

)
A
n
th
er

cu
ltu

re
as

a
ra
pi
d
an

d
at
tr
ac
ti
ve

m
et
h
od

of
ob

ta
in
in
g
n
ew

tr
ip
lo
id

va
ri
et
ie
s
in

cl
em

en
ti
n
e

[1
10
]

C
it
ru
s
(C
.c
le
m
en
ti
na

)
In
fl
u
en

ce
of

lig
h
t
qu

al
it
y
on

an
th
er

cu
ltu

re
of

C
.c
le
m
en
ti
na

H
or
t.
ex

Ta
n
.,
cu
lti
va
r

N
ul
es

w
as

re
po

rt
ed

[1
11
]

M
ai
ze

Z
.m

ay
s
L.

15
,1
0,
10

,a
n
d
3
fe
rt
ile

do
ub

le
d
h
ap
lo
id

pl
an

ts
w
er
e
ob

ta
in
ed

in
cu
ltu

re
s
tr
ea
te
d
w
it
h

pa
ra
qu

at
,t
-B
H
P
,m

et
h
io
n
in
e
co
m
bi
n
ed

w
it
h
ri
bo

fl
av
in
,a
n
d
m
en

ad
io
n
e,
re
sp
ec
ti
ve
ly

[1
02
]

W
h
ea
t

Si
m
pl
ifi
ed

w
h
ea
t�

m
ai
ze

h
ap
lo
id

pr
od

u
ct
io
n
pr
ot
oc
ol

th
at

is
10

0%
ef
fe
ct
iv
e
ac
ro
ss

al
lb
re
ad

w
h
ea
tc
u
lti
va
rs
,g
en

er
at
in
g
da
ta
m
ea
n
s
of
25

%
fo
re

m
br
yo

ex
ci
si
on

,9
0–
95

%
fo
rp

la
n
tle
tr
eg
en

er
at
io
n
,a
n
d
be
tw
ee
n
95

an
d
10
0%

fo
rd

ou
bl
ed

ha
pl
oi
d
(2
n
¼
6x

¼
42
,

A
A
B
B
D
D
)
ou

tp
ut
s

[1
00
]

M
ai
ze

Z
.m

ay
s
L.

M
ai
ze

h
ap
lo
id

pl
an

ts
by

in
vi
tr
o
cu
ltu

re
of

po
lli
n
at
ed

ov
ar
ie
s

[1
28
]

D
ur
u
m

w
he

at
T.

du
ru
m

N
ov
el
pr
et
re
at
m
en

tc
om

bi
n
in
g
m
an

n
it
ol
0.
3
M

an
d
co
ld
fo
r
7
da
ys

h
ad

a
st
ro
n
g
ef
fe
ct

on
th
e
n
u
m
be
r
of

em
br
yo
s
pr
od

u
ce
d
an

d
re
ge
n
er
at
ed

gr
ee
n
pl
an

ts
.1

1.
55

gr
ee
n

pl
an

ts
w
er
e
pr
od

uc
ed

pe
r
10

0
00

0
m
ic
ro
sp
or
es

[1
90
]

To
m
at
o
Ly
co
pe
rs
ic
on

es
cu
le
nt
um

L.
E
m
br
yo
ge
n
es
is
an

d
pl
an

tr
eg
en

er
at
io
n
by

in
vi
tr
o
cu
ltu

re
of

is
ol
at
ed

m
ic
ro
sp
or
es

an
d

w
h
ol
e
an

th
er
s
of

to
m
at
o

[1
09
]

364j 16 Plant Tissue Culture and Genetic Transformation for Crop Improvement



R
ic
e

T
h
e
9
D
H

lin
es

co
u
ld

pr
ov
id
e
th
e
ba
si
c
m
at
er
ia
ls
fo
r
br
ee
di
n
g
on

D
ia
n
-t
yp
e
h
yb
ri
d

ri
ce

w
it
h
bo

th
go

od
qu

al
it
y
an

d
h
ig
h
bl
as
t
re
si
st
an

ce
in

th
e
fu
tu
re

[1
08

]

M
ai
ze

D
ou

bl
ed

h
ap
lo
id
s
sh
ou

ld
be

in
du

ce
d
fr
om

F
2
pl
an

ts
ra
th
er

th
an

fr
om

F
1
pl
an

ts
[1
03

]
E
m
br
yo
/o
vu
le
/o
va
ry

cu
ltu

re
V
ig
na

m
un

go
�
V.

ra
di
at
a

In
te
rs
pe
ci
fi
c
hy
br
id
s
be
tw
ee
n
V.

m
un

go
an

d
V.

ra
di
at
a
w
er
e
pr
od

u
ce
d
th
ro
u
gh

em
br
yo

cu
ltu

re
[1
43

]

A
ra
ch
is

E
m
br
yo

re
sc
u
e
fr
om

w
id
e
cr
os
se
s
in

A
ra
ch
is

[1
44

]
M
or
ic
an

di
a
ar
ve
ns
is
�
B
ra
ss
ic
a

ln
te
rg
en

er
ic
(i
n
te
rs
u
bt
ri
be
)h

yb
ri
ds

be
tw
ee
n
M
.a
rv
en
si
sa
n
d
B
ra
ss
ic
a
A
an

d
B
ge
n
om

e
sp
ec
ie
s
by

ov
ar
y
cu
ltu

re
[1
40

]

V.
vi
ni
fe
ra

L
O
vu
le

cu
ltu

re
of

se
ed
le
ss

gr
ap
es

(V
.v
in
ife
ra

L.
)

[1
47

]
B
ra
ss
ic
a
�
Si
na

pi
s

P
ro
du

ct
io
n
of

in
te
rg
en

er
ic
h
yb
ri
ds

be
tw
ee
n
B
ra
ss
ic
a
an

d
Si
na

pi
ss
pe
ci
es

by
m
ea
n
s
of

em
br
yo

re
sc
u
e
te
ch
n
iq
u
es

[1
41

]

W
h
ea
t�

R
ye

In
vi
tr
o
sy
n
th
es
is
of

w
h
it
e-
gr
ai
n
ed

pr
im

ar
y
he

xa
pl
oi
d
tr
it
ic
al
es

[1
42
]

P
op
ul
us

eu
ph
ra
ti
ca

O
liv
.

In
tr
as
pe
ci
fi
c
h
yb
ri
di
za
ti
on

of
P
.e
up

hr
at
ic
a
O
liv
.u

si
n
g
in

vi
tr
o
te
ch
n
iq
u
e

[1
46

]
P
ro
to
pl
as
tc
u
ltu

re
an

d
so
m
at
ic
h
yb
ri
di
za
ti
on

P
ot
at
o
S.
br
ev
id
en
s�

S.
tu
be
ro
su
m

So
m
at
ic

h
yb
ri
ds

w
er
e
pr
od

u
ce
d
by

el
ec
tr
of
u
si
on

[1
91

]

B
ra
ss
ic
a,

B
.j
un

ce
a,

B
.n

ig
ra
,a
n
d

B
.c
ar
in
at
a
�
B
.n

ap
us

R
es
is
ta
n
ce

to
P
ho
m
a
lin

ga
m

w
as

ex
pr
es
se
d
in

al
ls
ym

m
et
ri
c
h
yb
ri
ds
,a
n
d
in

19
of

24
to
xi
n
-s
el
ec
te
d
as
ym

m
et
ri
c
h
yb
ri
ds

[1
52

]

P
ot
at
o
S.
br
ev
id
en
s�

S.
tu
be
ro
su
m

Tw
en

ty
h
yb
ri
ds

te
st
ed

ex
pr
es
se
d
a
h
ig
h
le
ve
lo

f
re
si
st
an

ce
to

P
V
Y

[1
50

]
B
ra
ss
ic
a,

B
.n

ap
us

�
B
.o
le
ra
ce
a

In
oc
u
la
ti
on

s
X
an

th
om

on
as

ca
m
pe
st
ri
s
pv

ca
m
pe
st
ri
s
le
d
to

id
en

ti
fi
ca
ti
on

of
fo
u
r

so
m
at
ic

h
yb
ri
ds

w
it
h
h
ig
h
re
si
st
an

ce
B
ra
ss
ic
a,

B
.o
le
ra
ce
a
�
B
.r
ap
a

D
is
ea
se

as
sa
ys

sh
ow

ed
th
at
m
os
ts
om

at
ic
h
yb
ri
ds

h
ad

lo
w
er

di
se
as
e
se
ve
ri
ty
ra
ti
n
gs

ag
ai
n
st

ba
ct
er
ia
l
so
ft
ro
t

[1
92

]

C
it
ru
s,
C
it
ru
s
si
ne
ns
is

L.
O
sb
ec
k
�
C
.v
ol
ka
m
er
ia
na

P
as
qu
al
e,
C
.r
et
ic
ul
at
a
B
la
nc
o

So
m
at
ic
h
yb
ri
ds

co
m
bi
n
ed

ch
ar
ac
te
ri
st
ic
s
fr
om

bo
th

so
u
rc
es

an
d
h
av
e
po

te
n
ti
al
fo
r

to
le
ra
n
ce

to
bl
ig
h
t
an

d
C
T
V

[1
53

]

B
an

an
a
M
aç
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small plant parts (0.2–10mm) under in vitro conditions in the laboratories/poly-
houses is called micropropagation. The technique of micropropagation was devel-
oped about 50 years back, but its commercial exploitation started only during the
1970swith orchids. Since then, it has seen tremendous expansion globally both in the
number of production units and in the number of plants. It is estimated that more
than 500 million plants of different plant species are now being produced annually
throughmicropropagation in different parts of theworld.Micropropagation industry
is environment-friendly and requires little raw material in the form of chemicals.
Because of higher labor costs in the developed countries, this industry is now being
expanded in developing countries, where plant multiplication can be done at much
cheaper rates for the international markets than in the developed countries.

16.2.1
Advantages of Micropropagation

1) It ensures true-to-type plants, that is, identical to mother plant (cloning).
2) Following micropropagation, selected plant species can be multiplied anywhere

in the world.
3) It results in rapid andmassmultiplication (1–10 per cycle of 2weeks each) of elite

clones/varieties that are otherwise difficult to multiply using conventional
methods.

4) It is independent of seasonal and raw material constraints. Thus, the micro-
propagation industry can function throughout the year.

Table 16.2 Various aspects of plant tissue culture.

S. No. Aspect Application

1 Micropropagation True to type, rapid andmassmultiplication of plants
2 Meristem culture Production of disease-free plants
3 Somatic embryogenesis Production of synthetic seeds and mass cloning of

plants
4 Somaclonal variation Induction of genetic variation particularly in vege-

tatively propagated species
5 In vitro production of haploids Production of haploids/doubled haploids for early

release of varieties
6 Embryo/ovule/ovary culture Production of distant hybrids/alien gene transfer

into cultivated varieties
7 Protoplast culture and somatic

hybridization
Production of somatic hybrids and cybrids

8 In vitro production of secondary
metabolites

Production of secondary metabolites (drugs,
flavors, and dyes)

9 Cryopreservation and in vitro
germplasm storage

Long-term storage of germplasm especially of
vegetatively propagated species

10 Genetic transformation Production of transgenic crop varieties/hybrids and
molecular farming
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5) Micropropagation ensures disease-free plants and thus helps in rejuvenation of
old clones or varieties.

6) It helps in the national and international exchange of germplasm, avoiding the
risk of pathogens and insects.

7) Micropropagated, field-grown plants give higher yield and exhibit better quality.

16.2.2
Steps in Micropropagation

Step-1: Establishment of Aseptic Cultures
This is a transitory step, in which in vivo-grown plants aremade to grow under in vitro
conditions in the laboratory. Thus, it requires extra care and skill. Small plant parts,
usually the shoot tips or nodal buds, are taken and disinfected with an appropriate
disinfectant such as sodiumhypochlorite ormercuric chloride for a specific period of
time, depending upon the disinfectant used and the tissue being disinfected. Plant
material is then cultured in a syntheticmedium, under aseptic laboratory conditions.
The cultures are kept in an incubation roommaintained at 25� 1 �C, with a relative
humidity of 60–80%anda light intensity of about 5000 lux, till new shoot buds/shoots
appear (3–4 weeks).
Step-2: Shoot Bud/Shoot Multiplication
This is the real multiplication phase, in which cultures from the previous cycle are cut
or divided and then recultured aseptically in freshmedium in separate culture vessels.
This step involves cytokinins. During this step, there is nearly 10 timesmultiplication
per cycle (2weeks) throughout the year. Therefore, 26 cycles canbecompleted ina year,
generating thousands of propagules. In this step, because of relatively high levels of
cytokinins in the culture medium, the roots do not develop; hence, multiplication is
generally in the form of shoot buds or shoots.
Step-3: Induction of Roots and Hardening
The shoots obtained from Step-2 are transferred to rooting medium to get the root
primordia or root formation. Subsequently, hardening of plantlets is done by taking
them out of the culture vessels and by washing them under slow-running tap water.
The plantlets are then transferred onto water-moist cotton in trays and kept in the
incubation room/polyhouse with daily change of tray water for a few days to get the
plants acclimatized (Figure 16.1).
Step-4: Transfer of Plantlets to Soil
Hardened plantlets, individually or in clumps, are transferred to soil in polythene bags
kept in the polyhouse for one and a half months before their delivery to end users.

16.2.3
Significance of Micropropagation

Micropropagation has special significance in the following areas:

1) Production of high-quality, disease-free, and superelite planting material for
further seed production, especially in the vegetatively propagated plant species.
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2) Rapid spread of new varieties of vegetatively propagated crops such as
sugarcane, potato, poplar, and medicinal/aromatic plants for crop
diversification.

3) Mass production of ornamental plants, which are otherwise difficult tomultiply
through conventional methods for domestic and international markets.

4) Rejuvenation of old varieties/clones of vegetatively propagated crops for
improving their yield and quality.

5) Mass cloning of rootstocks in horticultural plants such as citrus, peach,
and apple.

6) Mass cloning of genetically plus, cross-pollinated, and seed propagated trees.
7) Multiplication of male sterile lines for hybrid seed production or the multi-

plication of F1 hybrids and transgenic clones/varieties.
8) During genetic transformation, this technique helps in increasing the plant

number of elite events for precise characterization and efficient transfer of
regenerated plants to greenhouse.

9) During anther/pollen culture, micropropagation of regenerants helps in
minimizing the risk of losing any genotype during their hardening and transfer
to soil.

Figure 16.1 Micropropagation of sugarcane. (a) Establishment of shoot cultures in vitro. (b) Shoot
multiplication. (c) Induction of rooting in vitro. (d) Hardening of plantlets. (e) Transfer of plantlets
into soil in green house. (f) Micropropagated sugarcane in the field.
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10) Interstate/international exchange of germplasm, avoiding the risk of pathogens
and insects.

11) Itpossessestremendouspotentialinkeepingourenvironmentcleanandgreen.

Now scores of multimillion-dollar industries around the world propagate a variety
of plant species through tissue culture,which allows environment-friendly industries
to flourish. The clean planting material can certainly improve the yield potentials of
vegetatively propagated crops such as sugarcane, potato, banana, strawberry, sweet
potato, cassava, and several ornamental plant species. Micropropropagation proto-
cols for some important crop plants have been developed and are being exploited
for commercial plant production. Some of these include sugarcane [7–11],
banana [12–17], potato [18–20], strawberry [21, 22], eucalyptus [23], Dalbergia
sissoo [24], carnation [25], poplar [26], brahmi (Bacopa monnieri) [27, 28], neem
(Azadirachta indica) [29], grapevine [30, 31], Aloe vera [32], Chrysanthemum [33],
and rice [34, 35]. It is likely that automation of multiplication systems will be
commercially feasible within the next few years.

16.3
Meristem Culture

Virus infection in plants reduces both yield and quality. Replacement of virus-infected
stock with healthy stock (virus free) has shown up to 300% yield increase
[36, 37]. In most of the seed-propagated crops, the gametes serve as sieve against a
varietyofpathogensandhelpinproductionofdisease-freeseeds,whereasinvegetatively
propagated species, the pathogens keep on accumulating generation after generation,
which ultimately cause varietal decline. There are no effective chemical methods to
control viral diseases. In this regard, meristem culture [38] is a practical approach for
producingdisease-freeplants.Shootmeristems(0.2–0.4mm)excisedfrom invivo-or in
vitro-grown plants are aseptically cultured in vitro in culture medium under suitable
cultural conditions. Meristem-derived plants are screened by using electron micros-
copy/immunological methods for selecting pathogen-free plants [39]. Disease-free
plants are then micropropagated for production of superelite planting material. This
technique is well established for the production of disease-free planting material
of sugarcane [40, 41], bananas and plantains [42, 43], potato [44, 45], and apple [46].

16.4
Somatic Embryogenesis

Somatic embryogenesis is the process by which somatic cells develop into differ-
entiated plants through characteristic embryological stages without the fusion of
gametes [47]. A number of factors, such as genotype of donor plant, medium
constitution, auxins, sugars, amino acids, growth retardants, desiccation, and so
on, influence the process of somatic embryogenesis and subsequent plant regen-
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eration. Embryogenic callus/cell suspension cultures ensure high-frequency plant
regeneration upon their transfer to shoot regeneration medium. Therefore, such
cultures are preferred for genetic transformation. Furthermore, somatic embryos can
be encapsulated in a suitable matrix, containing nutrients, growth regulators,
antibiotics, and so on, needed for the development of a complete plant to make
what are known as synthetic or artificial seeds that can be stored for several years and
can be sown like natural seeds. Frequent somatic embryogenesis has been reported
in rice [48, 49], wheat [47, 50], sugarcane [51, 52], maize [53, 54], cotton [55, 56], and
citrus [57, 58]. Improvement of somatic embryogenesis [51], coupled with embryo
desiccation and encapsulation technology, may lead to the utilization of artificial
seeds for mass cloning of plants.

16.5
Somaclonal Variation

Variation among tissues or plants derived from the in vitro somatic cell cultures, that
is, callus and suspension cultures, is called somaclonal variation. It may be genetic or
may result from culture-induced epigenetic changes [59]. The epigenetic changes are
expressed at cell culture stage, but these changes usually disappear when plants are
regenerated or reproduced sexually. Variation arising out of anther/pollen culture is
more precisely known as gametoclonal variation and that through protoplast culture
is called protoclonal variation. It, therefore, provides a novel mechanism to generate
new genetic variation for crop improvement.

16.5.1
Induction of Somaclonal Variation

Callusculturesareestablished fromsuitableexplants andmultiplied throughperiodic
subculturing (Figure 16.2). Likewise, cell suspension cultures can be established by
transferring actively growing callus to constantly agitated liquid medium and can be
maintained/multiplied throughperiodic subculturing.Plants are regeneratedusually
from long-term maintained (old) callus/cell suspension cultures and transferred to
soil and screened for variation, in the glasshouse or field. In vitro selection at cellular
level can be carried out for some traits by growing cells fromcell suspensions and calli
on a medium supplemented with elevated levels of various biotic and abiotic stress
factors (only the variant cells survive). Using this technique, many million cells
(potential plants) can be screened in a single Petri dish, which is practically difficult, if
not impossible, to be adapted at whole-plant level in the field. Moreover, in vitro
selection also reduces the chances of diplontic selection, but it requires high level of
correspondencebetween the trait(s) selected in vitro andexpressed in vivo. Somaclonal
variants can be identified through screening, which involves assessment of regen-
erated plants for characters such as yield that cannot be evaluated at single-cell level
or through cell selection that involves application of suitable selection pressure like
that of some toxins to permit preferential survival of variant cells.
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16.5.2
Causes of Somaclonal Variation

Somaclonal variation may be genetic or epigenetic; the genetic variation is heritable,
whereas the epigenetic variation, caused by cultural conditions, is not heritable and
hence has no significance in sexually propagated plants. Genetic variationmay result
from the following causes:

. Chromosomal Changes
Chromosomal changes in tissue culture-derived plants have been observed with
respect to both chromosome number and structure. Besides polyploidy, aneu-
ploidy (monosomics and trisomics) has been observed in oats, ryegrass, wheat,
triticale, and potato. There have been a number of studies of modified chromo-
some structure in cultured plant cells [60]. Deletions, inversions, translocations,
and duplications have been frequently observed in barley, wheat, potato, and
maize. While large changes in chromosome structure have been detected, it is
likely that less dramatic structural changes that were not detected occur quite
frequently. Small changes in chromosome structure could alter expression and
genetic transmission of specific genes. In addition, recombination or chromo-
some breakage may occur in preferential regions or �hot spots� of particular
chromosomes, thereby affecting some regions of the genome in a dispropor-
tionally higher frequency [61].

. Mitotic Crossing Over
Mitotic crossing over may account for some of the genetic variation that leads to
the recovery of homozygous recessive single-genemutations in some regenerated
plants. Dulieu and Barbier [62] regenerated plants from Nicotiana tabacum with
specific chlorophyll deficiencymarkers present in heterozygous condition. Ahigh

Plant Explant vitro cultureIn Differentiation
Callus Cell suspension

Cell suspension cultures
Multiplication

Callus cultures

In vitro selection for 
biotic/abiotic stresses

Plant regeneration

In vitro selection for 
biotic/abiotic stresses

Selected colonies/calli

Plant Regeneration

Selected calli

Plant regeneration

Regenerants
Characterization

Variants

Multiplication and field testing

Figure 16.2 Scheme for induction and selection of somaclonal variation in crop plants.
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frequency (9.6%) of variant regenerants at the �a1� and �y� loci has been ascribed
to the combination of deletion and mitotic recombination.

. Apparent �Point� Mutations
Genetic changes resembling single-gene mutations have now been detected in
numerous crops. The recessive single-gene mutations are suspected if variant
does not express itself in the regenerant (R0) plant, but the self-fertilized R1

progeny segregates in an expected 3 : 1 Mendelian ratio for a morphological trait.
This type of analysis has been completed for several tomato somaclones and used
to map somaclones to specific loci [63]. Such a phenomenon has also been noted
in maize, tobacco, rice, and wheat.

. Cytoplasmic Genetic Changes
Cytoplasmic genetic changes involving mitochondrial DNA (mtDNA) have
been described in maize by evaluating plants for two cytoplasmic traits [64].
Sensitivity to host-specific toxin of Drechslera maydis race T, the causal agent of
southern corn leaf blight, is associated with all genotypes containing Texasmale
sterile (cms-T) cytoplasm. Such traits are tightly linked and controlled by
mitochondrial DNA. Gengenbach et al. [64] selected in vitro for resistance to
toxin and regenerated resistant plants with the aim of recovering toxin-resistant
cytoplasmic male sterile lines, but among the regenerants, resistance was
associated with reversion to male fertility. Restriction endonuclease pattern of
mtDNA revealed significant changes in mtDNA. This mutation to male fertility
and toxin insensitivity has been shown to be a frameshift mutation in mito-
chondrial DNA.

. Deamplifications and Amplifications
Deficiencies in ribosomalDNA (rDNAdeamplifications), althoughnot associated
with change in plant morphology, have been observed at the molecular level in
flax, triticale, and potato. On the other hand, gene amplifications, that is,
duplications, have been observed in Nicotiana [65] and tomato.

. Transposable Element Activation
Activation of otherwise silent controlling elements (mutator genes) has been
observed following plant cell cultures of Nicotiana, alfalfa, and maize. Chromo-
some breakage and fusion, which occur in culture, and genomic stress caused by
culture conditions are major causes of transposable element activation. Trans-
posable elements are known to cause phenotypic changes in plants and their
activation during in vitro culture induces somaclonal variation [66].

. Virus Elimination
Virus infection in several instances causes changes in the plant�s reaction to other
diseases. For example, prior infection with barley yellow dwarf virus causes
susceptibility to powderymildew in oats. Larkin and Scowcroft [59] suggested that
the virus elimination during in vitro passage could alter the plant�s susceptibility
to certain fungal diseases and the somaclones exhibited resistance.

. Methylation/Demethylation of DNA
De novo methylation and demethylation events are part of differential genomic
changes. Tissue-specific DNA methylation of different sequences has been
reported for several plants. Genome activity, that is, transcription, replication,
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rearrangement, and the structural organization of chromatin, somehow seems to
be related to DNA methylation [67, 68].

. Altered Expression of Multigene Families
It has been postulated that the cultural conditions may regulate the expression of
themultigene family in away that amember gene that previously expressed some
agronomically important genes, including those for gliadins, zeins, glutenins,
a-amylase, are coded on multigene families. Heritable somaclonal variation has
been obtained for gliadin – a storage protein – and b-amylases in wheat [69].

16.5.3
Nature of Somaclonal Variation

Somaclonal variation has been reported in several crops for both qualitative and
quantitative traits, includingmale sterility inmaize; improved protein content in rice
and triticale; high sucrose content in sugarcane; early tasseling in corn; changed plant
height, awns, tiller number, grain color, heading date, gliadin proteins, and a-amy-
lase in wheat; herbicide tolerance in tomato; disease resistance in maize, sugarcane,
mustard, and potato; and salt tolerance in rice [70]. However, such somaclonal
variations have not been frequently utilized because, in many cases, these include
either the already existing types or there were desirable changes accompanied by
several undesirable changes.

16.5.4
Significance of Somaclonal Variation in Crop Improvement

Several interesting and potentially useful traits have been recovered using
this method in sugarcane [10, 71–76], potato [77–79], maize [80], rice [81–83],
wheat [84, 85], alfalfa [86], Prunus persica [87], and apple rootstocks [88, 89]. Recovery
of novel variants that either do not exist or are rare in the natural gene pool, for
example, atrazine resistance in maize, glyphosate resistance in tobacco, improved
lysine and methionine contents in cereals, increased seedling vigor in lettuce,
jointless pedicels in tomato, and Fusarium resistance in alfalfa, are of much
significance [63, 76]. Genetic, cytogenetic, and molecular evidence for increased
recombination frequency through cell culture has now been provided [90]. Tissue
culturing of wide hybrids also helps in breaking undesirable linkages and achieving
introgression from alien sources. Several new varieties have been developed through
somaclonal variation in tomato, sugarcane, potato, celery, Brassica, and sorghum.
This simple and cost-effective technique has a huge potential for the improvement of
apomictic and vegetatively propagated plant species and, of course, seed-propagated
crop plants with a narrow genetic base. In India, a somaclonal variant of a medicinal
plant, Citronella java, has been released as a commercial variety, B-3, which
gives higher yield and oil content than original variety. Likewise, Pusa Jai Kishan
is a variety of B. juncea that has been released as a somaclonal variant of Varuna
variety. However, in several situations, low plant regeneration ability and lack of
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correspondence in expression of the trait in field-grown plants are the major
problems [91].

16.6
In Vitro Production of Haploids

In self-pollinated crops, an inordinately long period is required to assemble desirable
gene combinations from different sources in homozygous form. Generally, it takes
8–10 years to develop stable, homozygous, and ready-to-use materials from a fresh
cross of two or more parental lines. In cross-pollinated crops, because of inbreeding
depression, it becomes difficult to develop vigorous inbreds for hybrid seed pro-
duction programs. In this regard, haploids possessing gametic chromosomenumber
are very useful for producing instant homozygous true-breeding lines. In addition,
haploids constitute an important material for induction and selection of mutants,
particularly for recessive genes. In conventional breeding, the early-segregating
generation populations involve variation attributable to both additive andnonadditive
genetic effects [92], whereas doubled haploid (DH) lines exhibit variation only of
additive genetic nature, including additive� additive type of epistatis, which can be
easily fixed through a single cycle of selection. The elimination of dominance effects
leads to high narrow-sense heritability, and availability of sufficient seed of each DH
line allows for replicated testing. Thus, in contrast to relatively large segregating
populations in conventional genetic studies, fewer DH lines are required for the
purpose of selection of desired recombinants. For instance, in rice, about 150 DH
lines derived from F1, instead of 4000–5000 F2 plants, are sufficient for selecting
desirable genotypes. Production of haploids has also been exploited during wide
hybridization for the development of addition and substitution lines. Production of
haploids/doubled haploids through anther culture fromF1 rice plants results in true-
breeding plants in less than 1 year, which otherwise takes 7–8 generations in
conventional methods [93] (Figure 16.3).

16.6.1
Methods of Haploid Production

Four important methods for in vitro production of haploids are as follows:

i) Anther culture
ii) Isolated microspore culture
iii) Unpollinated ovary culture
iv) Embryo rescue from wide crosses

16.6.1.1 Anther Culture
Anther/pollen culture is an attractive alternative for developing haploids (sporo-
phytes with gametophytic chromosome number). One of the very popular methods
for production of haploids is anther or microspore culture. Incubation of cultures
under optimum conditions leads to growth of microspores into sporophytes. The
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following parameters have been recognized as particularly important for successful
anther/microspore culture: (i) growth conditions of donor plant, (ii) genotype of donor
plant, (iii) pretreatment of anthers, (iv) developmental stage of anthers/microspores,
(v) composition of culture medium, and (vi) physical conditions during culture
growth. Anthers are cultured in liquid or on semisolid agar medium [94], where
they may directly give rise to embryoids or may lead to callus formation
before differentiation. The embryoids develop into haploid plantlets or doubled
haploids in some crops (because of spontaneous doubling of chromosomes during
callus proliferation).Haploidsmay be treatedwith colchicine to obtain fertile, doubled
haploid homozygous plants for field testing and selection. The technique of anther
culturewasfirst developed inDaturabyGuha andMaheshwari [95, 96]. Flowerbuds at
an appropriate stage are collected fromhealthy greenhouse- orfield-grownplants. The
collected flower buds are usually wrapped in plastic bags and kept in a refrigerator at
4 �C for 7–10 days for cold treatment. Flower buds are surface sterilized with 0.1%
HgCl2 for 9–10min and anthers are carefully dissected out of the flower buds and
inoculated in the medium. Cultures are incubated at 25� 1 �C under diffused light
conditions. In general, the cultured anthers exhibit callusing after 2–6 weeks. About 1
month-old calli are made to regenerate into plants (Figure 16.4).

16.6.1.1.1 Significance of Anther Culture Anther culture systems (see Figure 16.5)
have been developed for several important crop plants, such as wheat [97–100],
maize [101–103], rice [104–108], tomato [109], and citrus [110, 111]. Several cultivars
are either under test or have been released for rice, wheat, maize, rapeseed, and
mustard in China, Canada, Denmark, the United States, and France [112, 113].
Furthermore, the doubled haploid approach is increasingly being used for rapid
development of populations for QTL mapping and construction of genetic linkage
maps for traits of interest.

Conventional breeding
Parent 1 x  Parent 2

Haploid breeding
Parent 1  x   Parent 2

F1 F1

HaploidsF2

F8

7 crop seasons 2 crop seasons

(Near-homozygous lines)
Doubled haploid

Doubled haploid
lines (DH2)

plants (DH1)

Figure 16.3 Period required to develop homozygous lines through conventional and haploid
breeding.
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Figure 16.4 Anther culture in indica rice.
(a) Cultured anthers showing callus initiation on
the culture medium. (b) Callus formation from
rice anthers cultured in test tube. (c) Callus
formation from rice anthers cultured in the Petri
plate. (d) Callus proliferation from cultured

anther as seen under stereomicroscope.
(e) Shoot regeneration from anther-derived
callus. (f) Shoot proliferation. (g) Regeneration
of albino shoots from anther-derived callus.
(h) Complete plantlets obtained from anther-
derived callus.

Flower bud

Anthers (containing pollen at uninucleate stage)

Anther/microspore culture

Pollen embryogenesis Haploid callus from pollen

Direct androgenesis

Germination of pollen embryos Plant regeneration

Haploid plants

Figure 16.5 Schematic representation of production of haploids through anther/microspore
culture.
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16.6.1.2 Isolated Microspore Culture
Microspore culture [114] (Figure 16.6) has several advantages over anther culture
because microspores are haploid single cells that can readily be genetically manip-
ulated. Unlike anther culture, microspore culture eliminates the participation of
diploid tissues (anther wall and connective tissues). The two methods of pollen
isolation are (a) naturally shed pollen in the culture medium after a preculture of
anthers and (b) mechanical means by crushing or magnetic stirring. The naturally
shed pollen grains are known to result in more calli and plantlets than mechanically
isolated pollen of rice, barley, and tobacco. In case of rice, large microspores
(50–58mm) with thin pink colored outer walls produced embryos, whereas the
division of small (40 mm) microspores with thick cell walls was not observed [115].
Addition of glutamine, proline at 1mM concentration, and ficoll 10% (w/v) into the
culture medium has shown beneficial effects during the isolated microspore culture
in the liquid medium. Most of the factors affecting anther culture also affect the
success in pollen culture. Microspore/pollen culture has been an attractive alterna-
tive for haploid production inBrassica napus [116–119],B. juncea [120–123],Hordeum
vulgare [124], wheat [125], oats [126], and pepper [127].

16.6.1.3 Ovary Culture
Induction of haploids from megaspores, also known as gynogenesis, was reported
by culturing unpollinated ovaries of Zea mays [128]. Subsequently, the technique

Figure 16.6 Pollen culture in indica rice. (a) Pollen cultured in liquidmedium. (b) Segmentation in
pollen cytoplasm. (c) Pollen embryoid. (d) Fully developedpollen embryo. (e) Pollen-derived callli on
filter membrane. (f) Calli obtained from pollen embedded in agar solidified medium.
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has also been extended to other crops, including barley and rice. Genotypic
differences have been observed for the development of gynogenic calli. The rate
of success also varies with species and is strongly influenced by the genotype. A
japonica type of rice genotype is far more responsive than varieties of indica types.
The success of ovary culturemainly depends on the development stage of the ovary.
Success has been reported with ovaries ranging from uninucleate to mature
embryo-sac stages. Regulation of growth regulators to enhance gynogenesis, but
to inhibit proliferation of somatic tissues, has been very critical for ovary cul-
ture [129]. Rice ovaries failed to enlarge in the absence of MCPA (2-methyl, 4-
chlorophenoxyacetic acid). An increase in MCPA concentration from 0.125 to
8mg l�1 favored ovary swelling. In contrast to anther culture, ovary culture is
inefficient because there is only one embryo sac per ovary compared to thousands of
microspores per anther. However, the rate of induced embryo sacs has generally
been higher than for microspores and the frequency of green-plant regeneration
has also been higher than from anther cultures. But ovary culture has been
successful only in a few species.

16.6.1.4 Embryo Rescue for Wide Crosses
Embryo rescuing from wide crosses in some crops serves as an alternative route to
haploidy. Moreover, the system is less prone to gametoclonal variation owing to the
absenceof redifferentiatedcallusphase.Thephenomenonisbasedontheelimination
of a full set of chromosomesof oneof theparents during in vitro embryodevelopment.

16.6.1.4.1 Bulbosum Method This method was first developed for production of
haploids in diploid barley by Kasha and Kao [130] (Figure 16.7). The haploids are
produced from interspecific crosses between Hordeum vulgare (female) and

Hordeum vulgare Hordeum bulbosumX
(2n = 2 x = 14, VV) (2n = 2 x = 14, BB)

F1 zygote
2n = 2x = 14 (7V + 7B)

Embryo culture

Haploids of H. of vulgare
(2n = x = 7V)

Elimination of bulbosum
chromosomes (-7B)

Chromosome doubling

Doubled haploids of H. vulgare
(2n = 2x = 14, VV)

Figure 16.7 Schematic representation of bulbosum method.
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H. bulbosum (male). Zygote induction is fairly high and the chromosomes of
H. bulbosum are rapidly eliminated from the developing embryos. Developing
endosperm also aborts after about 2–5 days of growth, which necessitates the
rescuing of embryos in order to complete their development. Embryo culture using
nutritionally rich medium results in complete haploid plants of H. vulgare, and
chromosome doubling is induced in the established plants. Barclay [131] extended
this method to wheat, in which haploids of wheat were obtained through embryo
culture from Triticum aestivum cv. Chinese Spring�H. bulbosum cross. However,
this method is restricted to wheat varieties possessing �kr� crossability genes that are
responsible for the elimination of H. bulbosum chromosomes.

16.6.1.4.2 Wheat Haploids from Wheat�Maize Crosses Zenkteler and Nitzsche
[132, 133] were the first to report microscopic early-stage embryos in crosses between
wheat and maize. Subsequently, Laurie and Bennet [134, 135] demonstrated the
presence of both wheat and maize chromosomes in zygotes and found that maize
chromosomes were eliminated during initial cell divisions. Endosperm development
ceases early or never occurs, and embryos fail to develop to a size that can be readily
rescued. Completewheat haploid plants usingwheat�maize systemby employing in
vitro culture of wheat spikelets, 2 days after pollination, were obtained [98]. This
method has been successfully extended to durumwheat [136] and tofield-grownbread
wheat by daily injecting 2,4-D (125ppm) into pollinated tillers for 3 days, followed by
embryo culturing 15 days after pollination with maize [137, 138].

Haploids produced through any of these methods have been used to produce
doubled haploid lines through colchicine treatment. The doubled haploids pro-
duced from F1 plants represent a set of new recombinant lines in homozygous
state, which can be used either for commercial cultivation or for further breeding
purposes.

16.7
Embryo/Ovule/Ovary Culture for Wide Hybridization

During wide hybridization, when parents are genetically diverse, endosperm degen-
eration leads to embryo abortion and the failure of the cross. Under such situations,
after making desired pollination, developing embryos, ovules, and even ovaries are
aseptically excised and cultured in vitro using suitable culture medium and physical
cultural conditions. The plantlets thus obtained are transferred to greenhouse
and characterized using morphological, cytogenetic, biochemical, and molecular
approaches. In case of seed sterility, the plantlets are treated with colchicine for
production of amphiploids through chromosome doubling. It has been a practical
approach [139] to obtain interspecific and intergeneric hybrids in Brassica [140, 141],
wheat [142], Vigna [143], Arachis [144], Lilium [145], and Populus [146]. Ovule culture
in grapes has been attempted for developing hybrids, even in seedless grapes [147].
These methods have been successfully used to transfer desirable genes from wild
relatives into cultivated varieties of several field and vegetable crops.
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16.8
Protoplast Culture and Somatic Hybridization

Somatic hybridization is an effective approach to hybridize sexually incompatible
species. Complete fusion of nuclei and cytoplasms of somatic cells from both species
leads to formation of somatic hybrid cell and plant. Likewise, the fusion of cytoplasm
from two species and nuclear genes from any one leads to the development of a
cybrid. The plant cells are surrounded by a thick cell wall that does not allow cells to
fuse to get somatic hybrid cell/plant. However, protoplasts can be easily fused and
employed in several other experiments aimed at the genetic modification of plants
(Figure 16.8). A protoplast is a naked cell without cell wall, surrounded by plasma
membrane, and potentially capable of cell wall regeneration, growth, and division.
The techniques of isolation, culture, and regeneration of protoplasts have been
established inmore than 100 plant species, includingmajor field, vegetable, and fruit
crops. Protoplast technology (see Figure 16.9) basically involves five steps: (1)
isolation of protoplasts, (2) fusion of protoplasts, (3) culturing of protoplasts, (4)
regeneration of plants, and (5) characterization of protoplast-derived plants.

Since the productionof thefirst somatic hybrid betweenN. glauca andN. langsdorfii
in 1972, numerous intraspecific, interspecific, and intergeneric hybrids have been
produced. Somatic hybrids fall into two categories, namely, symmetric and asym-
metric [148]. Symmetric hybrids consist of complete sets of chromosomes from both
the parents, whereas asymmetric hybrids possess full chromosome complement of
only one parent. Earlier, efforts were made to obtain somatic hybrids among closely
related and cross-compatible species, where somatic hybrids resembled the sexual

Figure 16.8 Protoplast culture in rice. (a)
Somatic cell fromcell suspension culture of rice.
(b) Isolated protoplast from cell suspension
culture. (c) Protoplast aggregation during

fusion. (d) Fused protoplasts. (e) Dividing
protoplasts during culture. (f) Protoplast-
derived colonies on filter membrane. (g) Plant
regeneration from protoplast-derived colonies.

382j 16 Plant Tissue Culture and Genetic Transformation for Crop Improvement



hybrids. For instance, the somatic hybrid between B. campestris and B. oleracea
resembled B. napus. With refinements in the techniques of protoplast isolation,
fusion, and culture, people thought to produce novel hybrids by fusing protoplasts
from remote species. However, somatic incompatibility has been observed to operate
at various levels and different growth patterns have been observed; for example,
hybrid cells underwent only few divisions, fusion products grew successfully as
undifferentiated cells, and morphogenesis resulted in teratomas (highly abnormal
and sterile plants). Asymmetric hybrids carry partial genomes from the donor
species. Asymmetrization occurs spontaneously or it can be induced artificially.
The final product of protoplast fusion among phylogenetically remote species is
usually an asymmetric combination of two genomes, with parts of one or both
genomes being lost during the in vitro passage. The extent and direction of
asymmetrization is largely random, hence unpredictable. Asymmetrization is essen-
tial for improving plant regeneration, but it is random and gradual; hence, it may not
be potentially desirable at least for the applied objectives. Like nuclear genes,
asymmetrization also occurs in cytoplasmic genes. Now, there is growing interest
in artificial production of asymmetric cytoplasmic hybrids (cybrids) for a single-step
transfer of useful cytoplasmic traits such as male sterility, disease resistance, and
herbicide resistance. Theprotoplasts of the donor species areX-irradiated (9–50 kr) or
treated with iodoacetate to inactivate the nuclear genome. In addition, miniproto-
plasts (protoplasts lacking nucleus) from donor species are also being increasingly
used. In the case of somatic hybrids combining full nuclear genomes, the parental
genomes usually remain spatially separated within the nucleus. Effects of spindle-
disturbing chemicals such as colchicine, chlorosopropyl-N- phenyl-carbamate, and
aminoprophosmethyl (APH) are being investigated to induce translocations/
recombinations.

Parent BParent A

ProtoplastsProtoplasts

Protoplast fusion

Selection of somatic 
hybrid cells and culturing

Callus formation

Regeneration of plants

Somatic hybrids
(Asymmetric)Somatic hybrids

(Symmetric)
Cybrids

(Cytoplasmic hybrids)

Figure 16.9 Scheme for production of somatic hybrid/cybrid plants.
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16.9
Significance in Crop Improvement

Protoplast culture and somatic cell hybridization, involving fusion of protoplasts
from different plant species, are important approaches for combining characteristics
even from otherwise sexually incompatible species. Furthermore, cybrids and
organelle recombinants, not possible with conventional methods, can also be
developed [148]. Therefore, researchers� interest has moved from creation of novel
hybrids to the production of cybrids, chromosome transfer, and gene introgres-
sion [149]. It is well known that alloplasmic association leads to male sterility as a
consequence of interactions between nuclear and mitochondrial elements. Male
sterility has been developed by fusing protoplasts of N. tabacum with X-irradiated
protoplasts of N. africana. Likewise, male sterility has been transferred from
Raphanus sativus into B. napus. Moreover, resistance to triazine herbicide has been
combined with male sterility by fusing B. napus protoplasts from a male-sterile line
with B. napus protoplasts from a triazine-resistant parent. Cytoplasmic genetic male
sterility has also been successfully transferred into rice. Resistances to some diseases
such as potato leaf roll virus, PVX, and PVY have been incorporated into Solanum
tuberosum from S. brevidens and S. phureja through protoplast fusion [150, 151].
Likewise, resistance against Phoma lingam disease in Brassica species [152] and
citrus tristeza virus (CTV) in citrus [153] was developed through protoplast fusion.
Following protoplast fusion, hybrids of Iris fulva (4x)� Iris laevigata were produced.
Iris fulva has unique brownflowers, and this trait could be very useful forflower color
improvement in Iris laevigata, which lacks this color [154]. Protoplast-to-plant system
developed in basmati rice [155, 156] can be exploited for single-step transfer of male
sterility from one line to another for the production of hybrid rice. Pollen protoplasts
have also been fused using pollen protoplasts of B. oleracea var. italica and haploid
mesophyll protoplasts of B. rapa [157].

16.10
In Vitro Production of Secondary Metabolites

Several plant species are known to produce secondary metabolites in vivo or in vitro.
These metabolites do not perform vital physiological functions, but some act as
potential predators and attract pollinators. Furthermore, these metabolites act as a
valuable source of a vast array of chemical compounds, including fragrances,
flavors, natural sweeteners, and industrial feedstocks. Cultured cells/organs produce
a wide range of secondary products. Mainly three approaches have been followed: (i)
the rapid growth of cell suspension cultures in large volumes, (ii) immobilization
of plant cells, and (iii) growing hairy root cultures in vitro. There are several advantages
of the cell culture systems over the conventional cultivation for the production of
secondary metabolites, for example, (1) independence from various environmental
factors, (2) any plant cell can bemultiplied to yield specific metabolite, and (3) culture
of cells may prove suitable where plants are difficult or expensive to grow in the field
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because of their long life cycles. Since the 1970s, when the possibility of producing
useful secondary products in plant cell cultures was first recognized, considerable
progress has been made and a number of plant species have been found to produce
secondary products, such as shikonin, diosgenin, caffeine, glutathione, capsaicin, and
anthraquinone [158–160]. Large-scale production of such compounds (molecular
farming) is increasingly becoming popular with the industry where some physical
and chemical conditions for growth and product formation have been optimized.
Hairy root cultures, which are considered genetically more stable, are now increas-
ingly being used for production of secondary metabolites in vitro [161].

16.11
Cryopreservation and In Vitro Germplasm Storage

The aim of germplasm conservation is to ensure the ready availability of useful
germplasm for scientific research. In seed-propagated crops, seed is extensively used
for conservation of germplasm through conventional methods. However, in vege-
tatively propagated species, where conventional storage techniques are used, it is very
difficult to store germplasm on a long-term basis. The conservation of plant parts in
vitro has a number of advantages over in vivo conservation; for example, in vitro
techniques allow conservation of plant species that are in danger of becoming extinct.
In vitro storage of vegetatively propagated plants can result in great savings in storage
space and time and sterile plants that cannot be reproduced generatively can be
maintained in vitro.Complete plants have been successfully regenerated from tissues
cryopreserved at �196 �C in liquid nitrogen (LN) for several months to years in
several crops [162, 163]. Thismethod is now being practically used at several national
and international germplasm banks. Successful cryopreservation of plant shoot tips
depends upon effective desiccation through osmotic or physical processes. Cryo-
protective treatments, which favor survival of small, meristematic, and young leaf
cells, are most likely to produce high survival rates after exposure to liquid nitrogen.
Furthermore, microscopy techniques have been used to determine the extent of
cellular damage and plasmolysis that occur in peppermint (Mentha piperita) shoot
tips during the process of cryopreservation, using cryoprotectant plant vitrification
solution 2 (PVS2) (30% glycerol, 15% dimethyl sulfoxide, 15% ethylene glycol, and
0.4M sucrose) prior to liquid nitrogen exposure [164]. Arabidopsis, which is increas-
ingly being used in genomic studies, can be successfully cryopreserved using either
PVS2 or PVS3 as cryoprotectants prior to rapidly cooling shoot tips in LN. PVS3
contains 50% glycerol compared to PVS2 that contains 30% glycerol. PVS3 is less
injurious than PVS2. All the shoot tips regrew after LN exposure when cryoprotected
with PVS3 for 60min at 22 �C [165]. The high levels of shoot formation after LN
exposure of Arabidopsis shoot tips make this a desirable system, in which molecular
tools can be used to examine how alterations in biochemical, metabolic, and
development processes affect regrowth after cryoprotective treatments. The method
has been used for cryopreservation of rice [166], potato [167–169], citrus [170], and
blackberry and raspberry [171].
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16.12
Genetic Transformation

During the past 20 years, the combined use of recombinant DNA technology, gene
transfer methods (Table 16.3), and tissue culture techniques has led to the efficient
transformation and production of transgenics in a wide variety of crop plants. In fact,
transgenesis has emerged as an additional tool to carry out single-gene breeding or
transgenic breeding of crops. Unlike conventional breeding, only the cloned genes of
agronomic importance are being introducedwithout cotransfer of undesirable genes
from the donor. The recipient genotype is least disturbed, which eliminates the need
for repeated backcrosses. Above all, the transformation method provides access to a
large gene pool, as the gene(s) may come from viruses, bacteria, fungi, insects,
animals, human beings, unrelated plants, and even from chemical synthesis in the
laboratory. Various gene transfermethods [172–175] have been developed for genetic
transformation of plants. Among these, Agrobacterium and �particle gun� (Fig-
ure 16.10) methods are being widely used.

16.12.1
Significance of Plant Genetic Transformation

Rapid and remarkable achievements have been made in the production, character-
ization, and field evaluation of transgenic plants in several field and fruit crops and
forest plant species. Using different gene transfer methods and strategies, trans-
genics carrying useful agronomic traits have been developed and released in several
crops. Transgenic varieties, possessing mainly insect resistance, herbicide resis-
tance, or both, disease resistance, of 10 crops are now being commercially grown in
an area of about 134 million ha across 25 countries [176]. Attempts are being made
not only to develop transgenic crop varieties resistant to abiotic stresses, such as
drought, low and high temperature, salts, and heavy metals but also to develop

Table 16.3 Tissue culture-based vector and vectorless gene transfer methods in plants.

Vector methods Vectorless methods

1. Agrobacterium tumefaciens 1. Physicochemical uptake of DNA
2. A. rhizogenes 2. Liposome encapsulation
3. Sonication-assisted Agrobacterium method 3. Electroporation of protoplasts
4. Viral vectors 4. Microinjection

5. DNA injection into intact plants
6. Incubation of seeds with DNA
7. Pollen tube pathway
8. Use of laser microbeam
9. Electroporation into tissues/embryos
10. Silicon carbide fiber method
11. Particle bombardment
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transgenic varieties possessing better nutrient use efficiency and better keeping,
nutritional, and processing qualities. Genetically modified foods, such as tomato
containing high lycopene, flavonols as antioxidants, cavity-fighting apples, golden
rice with enhanced vitamin A, golden brassica with provitamin A, canola rich in
vitamin E, proteinaceous potatoes, edible vaccines, decaffeinated tea and coffee, and
nicotine-free tobacco, are leading examples of genetically engineered crops.

Figure 16.10 Genetic transformation of rice.
(a) Germinating mature grains cultured in vitro.
(b) Scutellar-derived calli placed in the center of
target plate. (c) Bombarded calli cultured in
selection medium showing blackening of
nontransformed calli. (d) GUS expression in the

selected callus. (e) Plant regeneration from
selected calli. (f) Regenerated plantlet showing
GUS exporession. (g) Putative transgenic T0
plants in the green house. (h) Germinating T1
grains showing GUS expression. (i) Transgenic
plant showing fully fertile mature spike.
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17
A Systems-Based Molecular Biology Analysis of Resurrection
Plants for Crop and Forage Improvement in Arid Environments
John P. Moore and Jill M. Farrant

Resurrection plants represent a remarkable group of plants possessing vegetative
tissue capable of survivingwater loss to an air-dry state.Many of these species grow in
semiarid and arid countries, and a rich diversity is found in Southern Africa. We
review themechanisms proposed to explain how they tolerate desiccation, highlight-
ing the processes that protect them frommetabolic disruption, oxidative damage, and
mechanical stress during dehydration. Also reviewed are themolecularmechanisms
associated with sensing water deficit and activating transcriptional processes asso-
ciated with desiccation-induced gene expression in these species. Functional genes,
which encode protectivemacromolecules and enzymes, and the systems approaches
(transcriptomics and proteomics) utilized are also discussed. The application of
resurrection plant studies in the molecular engineering of valuable crop plants and
potentially providing new forages is highlighted.

17.1
Introduction

The ability of organisms to survive extreme dehydration (i.e., desiccation), referred to
as anhydrobiosis (i.e., life without water), has evolved on multiple occasions in the
plant, animal, fungal, and microbial kingdoms. A number of higher plants, tracheo-
phytes, were found to be capable of tolerating desiccation and so these different
species became collectively referred to as �resurrection plants� [1, 2]. The name
resurrection plant originates from the observation of these plants during rehydration
and denotes the seemingly miraculous manner by which the leaves and stems of a
desiccated resurrection plant unfolds and regreens upon water availability.

Desiccation tolerance is generally defined as �the ability to survive drying to, or
below, the absolute water content of 0.1 g H2O g�1 dry mass (g g�1), this being
equivalent to air dryness at 50% relative humidity (20 �C) and a water potential of
��100MPa [3–5]. This definition arose from studies on anhydrobiosis in desicca-
tion-tolerant (orthodox) seeds. The vegetative tissues of angiosperm resurrection
plants dry to equilibrium of the surrounding air, and thus reach water contents of
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�0.1 g g�1. However desiccation tolerance studies are usually performed under
glasshouse or simulated field conditions (as opposed to the constant humidity and
temperature used for seed experiments). Hence, relative humidity and temperature
values recorded in resurrection plant experiments are found to be highly variable.
This implies that these conditions could give rise to fluctuations in the water content
of tissues supposedly dry. Air-dried seeds have been suggested to contain localized
pockets of water [6, 7] and this may be equally true of resurrection plants. An
additional issue to consider is that water contents at full turgor can vary among
species. In order to compare water contents, scientists in the field have come to use
relative water content (RWC) measurements. This measure is determined gravi-
metrically by oven drying at 70 �C for 48 h and then dividing the obtained value by the
gravimetric water content determined at full turgor. Nevertheless, valuable infor-
mation on the mechanisms employed at different stages of dehydration (measured
employing these approaches) in resurrection plants has been obtained.

Vegetative desiccation tolerance in angiosperms is comparatively rare, with
approximately 300–400 species being reported as desiccation tolerant. Most of these
species occur predominantly in the Southern Hemisphere in arid regions of Africa,
South America, and Australia [2, 8]. The phenomenon of desiccation tolerance
appears to have evolved independently on a number of occasions during plant
evolution [9]. Among the dicotyledonous resurrection plants, there are several
members in Schrophulariaceae (approximately 32 species) and Myrothanmaceae
(at least 2 species although possibly more), and in the monocotyldeons there are
several representatives of the Poaceae (approximately 36 species) and Velloziaceae,
Xerophytaceae (approximately 28 species) [1, 2, 10]. The different genera and species
of resurrection plants are unified by their common habitat requirements. These
species commonly occur in shallow soils on rocky outcrops (also known as insel-
bergs) in arid subtropical and tropical regions [11]. Rock inselbergs, particularly
because of rainfall runoff, expose resurrection plants to frequent cycles of dehydra-
tion and rehydration during the year, although the majority of time spent in the dry
state is usually in the nonrainy season, which in Southern African region is winter.
The exposed nature of these outcrops requires plants growing on them to be able to
tolerate desiccation under both hot and cold environmental conditions. A rich
diversity of resurrection plants is found in Southern Africa, a region of significant
arid and semiarid areas. Several species, includingMyrothamnus flabellifolia, Crater-
ostigma plantagineum,C.wilmsii,Xerophyta viscosa,X. humilis,Eragrostis nindensis, and
Sporobolus stapfianus, have been intensively studied with the goal of identifying the
mechanisms responsible for their remarkable tolerance ([12–14], see Figure 17.1).
Apart from the strong focus on South African species, very little research has been
carried out on other resurrection plants from other countries. For example, resur-
rection species are found in the Balkans (Ramonda serbica), China (Boea hygrome-
trica), Australia (Sporobolus and Eragrostis spp.), in North and Central America
(Tortula ruralis), and in South America (Pleurostima purpurea) [16–18]. We review
the present hypotheses regarding the mechanisms of desiccation tolerance in
resurrection plants, including processes associated with protecting against meta-
bolic, oxidative, and mechanical damage due to desiccation. We also discuss
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molecular processes associated with desiccation tolerance and the �new� systems
tools that have been applied to study these plants. We conclude by highlighting the
utility of research in resurrection plants as applied to improving crop and forage
drought tolerance to arid environments.

17.2
Mechanisms to Alleviate Desiccation-Induced Stress

Resurrection plants are exposed to multiple stresses during dehydration and the
subsequent rehydration phase. These desiccation-related stresses have been broadly
classified into metabolic (including oxidative stress) and mechanical stress catego-
ries. Resurrection plants utilize common (interspecies) and unique (species-specific)
strategies to alleviate or minimize the effect of these individual stresses to plant
growth, reproduction, and survival. Here, we summarize the effects of these stresses
on normal plant functioning and the adaptations that resurrection plants possess to
counteract them.

(a)

(e) (f)

(b)

(d)(c)

(h) (i)(g)

Figure 17.1 South African resurrection plants:
C. plantagineum in the desiccated (a) and
hydrated (b) state; E. nindensis in the dehydrated
(c) and hydrated (d) state; X. viscosa in the

desiccated (e) and hydrated (f) state; and M.
flabellifolia in the desiccated (g), partially
rehydrated, (h) and hydrated (i) state.
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17.2.1
Countering Oxidative and Metabolic Stresses by Modifying Photosynthesis
and Sugar/Protein Metabolism

In all plants, reactive oxygen species (ROS) form as a natural consequence of
metabolic processes involving electron transport [19–21]. Thus, mitochondria and
chloroplasts are major sites of ROS production. Photosynthesis, in particular, is very
sensitive to water deficit. Electron leakage during photosynthetic electron transport
and the formation of singlet oxygen are significantly increased when cells of
photosynthetic tissues suffer water loss and this has frequently been cited as a
primary cause of damage and resultant plant death inmost species [45]. Resurrection
plants minimize ROS formation by downregulation of photosynthesis early in
dehydration (from 80 to 60% relative water content) [22, 25]. Two mechanisms have
evolved in resurrection plants to modify photosynthesis: these are termed poikilo-
chlorophylly and homoiochlorophylly [22, 25].

Poikilochlorophyllous resurrection plants, usually monocotyledons, degrade their
chlorophyll and dismantle their thylakoidmembranes upon desiccation [22, 25]. This
is a highly effective strategy to minimize ROS formation and this may explain why
poikilochlorophyllous species appear to remain viable for longer periods than
homoiochlorophyllous ones during desiccation [25]. The drawback of this strategy
is that reassembly of the photosynthetic apparatus on rehydration requires coordi-
nated transcription and de novo translation [26, 28]. Hence, poikilochlorophyllous
plants require much longer periods after rehydration to resume normal growth and
development. In contrast, homoiochlorophyllous species, commonly dicotyledons,
retain most of their chlorophyll and thylakoid membranes intact during desiccation.
They utilize various adaptations to prevent ROS production from photoactivated
chlorophyll uncoupled from metabolic dissipation mechanisms (thylakoid mem-
branes channeling excited electron to oxygenproduction) [22, 23, 29]. This is achieved
by leaf folding and shading of inner leaves (e.g., the Craterostigma spp.) or adaxial
surfaces (e.g., M. flabellifolius and M. caffrorum), utilizing reflective hairs and/or
waxes and usually �sunscreen� pigments (anthocyanins and phenols), to reflect light
back away from the leaf surface [22, 29, 30].

In addition to water-induced light stress, the progressive loss of water results in
metabolic stress related to cytoplasmic crowding. The cytoplasm becomes increas-
ingly viscous, proteins begin to denature, and membrane fusion occurs [3]. It has
been proposed that desiccation-tolerant organisms counteract this stress by replacing
waterwith compatible solutes capable of substituting for the hydrogen bonds lost due
to dehydration. Thiswater replacement hypothesis presupposes that thesemolecules
are able to stabilize macromolecules in their native configuration during desicca-
tion [31, 32]. Additional stabilization of the subcellular milieu is believed to be
achieved via cytosolic vitrification caused by compatible solutes [3, 4, 33]. Solutes
believed responsible for replacement and stabilization include (1) sucrose and
oligosaccharides [5, 34, 37], (2) proteins (particularly LEA proteins and heat shock
proteins) [34, 35], and (3) various compatible solutes such as proline [36]. In the case
of sucrose, this is found to accumulate in the leaves and roots of all angiosperm
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resurrection plants investigated thus far ([34, 37], reviewed in Ref. [15]). Sucrose is
also found to be accumulated in orthodox seeds [3, 5] and this provides confirmatory
evidence of an important role this sugar plays in general desiccation tolerance in
plants. Recent data show that sucrose accumulates exclusively in the cytoplasmic
compartments of leaf and root tissues of resurrection plants [38] and so this further
confirms a possible role for this sugar in glass formation and/or stabilization of
subcellular structures against desiccation. In addition to sucrose, raffinose and
stachyose family oligosaccharides and trehalose have been found to accumulate
upon drying in resurrection plants. Trehalose is found only to accumulate to any great
extent in M. flabellifolia. In seeds, it is widely held that raffinose and stachyose may
play an important role in cytosolic stabilization by either, or a combination of, water
replacement and/or vitrification [39, 40]. These oligosaccharides are believed to
function as (1) facilitators of vitrification and inhibitors of sucrose crystallization, (2)
promoters of mechanical stabilization by vacuolar filling, (3) metabolic reserve
polymers for excess monosaccharides (utilized in their formation), and (4) carbon
sources for rehydration and recovery.

Apart from carbohydrates, proteins are also strongly implicated in desiccation
protection in animals, bacteria, fungi, and plants. Particularly the late-embryogenesis
abundant or LEA proteins, found at concentrations close to 4% of total cellular
protein,were found to accumulate at late stages of seed development [5]. LEAproteins
are found in bacteria, nematodes, and tardigrades [41] and are widely present
in plants [15]. In plants, they appear to be expressed predominantly in response
to desiccation, cold, drought, salt, and osmotic stress [15]. Predicted functions of
LEA proteins, based on their rich hydrophilic amino acid content, include (1)
water replacement and hydration buffers, (2) ion sequestration, (3) chaperonins
and/or heat shock proteins, (4) antiaggregants, and (5) promoters of vitrification
[5, 33, 35, 41].

17.2.2
Modulating Antioxidants and Associated Metabolism

Resurrection plants upregulate housekeeping antioxidants, so called because they are
present in all plants and are crucial tomaintain cellular homeostasis under day-to-day
conditions and provide protection against a myriad of abiotic and biotic stresses in
order to quench reactive oxygen species. However, they appear to have the additional
capacity to maintain function of these antioxidants in the desiccated state and/or
quickly resynthesize themupon rehydration. Furthermore, they possess the ability to
produce, de novo, antioxidants that commonly occur in seeds [34]. The important
housekeeping antioxidants, essential for maintenance of redox homeostasis, include
the polar glutathione (c-glutamyl-cysteinylglycine) and ascorbic acid [42], the non-
polar soluble tocopherols and b-carotene [43], and enzymes such as superoxide
dismutase, ascorbate peroxidase, and other peroxidases, mono- and dehydroascor-
bate reductases, glutathione reductase, and catalase. It has been shown [14] that the
enzymes retain their ability to detoxify reactive oxygen species even below relative
water contents of 10%, suggesting that these proteins are stable against denaturation
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and desiccation. Common practice when evaluating antioxidant status under
desiccation stress is to measure the concentration of individual antioxidant
molecules at different stages of dehydration and rehydration. However, the use
of antioxidant concentrations alone has limitations, particularly making interpre-
tation ambiguous due to the Gaussian response to stress observed [44]. However,
what appears to be a distinguishing feature in resurrection plants is their ability to
maintain antioxidant potential in the dry state such that these same antioxidants
can be utilized during the early stages of rehydration, thus protecting against the
reactive oxygen species associated with reconstitution of full metabolism [14, 15].
Kranner et al. [44] have proposed that glutathione is key to the desiccation survival
in a variety of desiccation-tolerant systems [44]. It was shown that the half-cell redox
potential (EGSSG/2GSH) can be used as a marker for plant stress. The authors have
demonstrated that longevity of M. flabellofolius in the dry state was lost after 8
months when EGSSG/2GSH values became more positive than �160mV [45], cor-
relating with earlier studies on M. flabellifolius [12]. Recently, it was demonstrated
that viability loss associated with dry storedC. wilmsii (3months) and X. humilis (10
months) coincidedwith a loss of activity of the enzymesGR, catalase and SOD, even
though the EGSSG/2GSH values did not become more positive than �160mV (Bajic
and Farrant, unpublished). Related to glutathione metabolism is ascorbate bio-
synthesis, due to the Haliwell–Asada antioxidant cycle. It has shown that tran-
scription of a recently discovered gene encoding an enzyme essential to ascorbic
acid biosynthesis, in the resurrection plant X. viscosa, is upregulated when the
plants are dried below 60% relative water content and that mRNA levels remain
high in the desiccated plant and during early stages of rehydration. Ascorbate levels
in roots and leaves of this plant follow the same trend [46] and we propose that
elevated ascorbate levels are maintained during drying and early rehydration by a
combination of de novo synthesis and regeneration of ascorbate [14, 46]. Further to
the standard housekeeping antioxidants, resurrection plants have the ability to
induce, de novo, antioxidants such as 1- and 2-cys-peroxiredoxins, glyoxylase I
family proteins, and zinc metallothionine and metallothionine-like antioxidants in
response to desiccation [14, 34, 47, 48]. Polyphenols are unusual antioxidants that
have also been shown to play a role in resurrection plants [49]. Moore et al. [49] have
shown that dry leaves ofM. flabellifolia contain a high proportion (up to 50% of the
leaf dryweight) of 3, 4, 5 tri-O-galloylquinic acid that acts as a potent antioxidant [49].
Although this polyphenol is predominantly located in the vacuole, it has been
proposed to act as an antioxidant reservoir linked to the cytoplasmic antioxidants
and function as a redox buffer [30, 49, 50].

As a final observation, it would appear that the total antioxidant potential, if one
combines the extent of upregulation of antioxidant enzymes and potential poly-
phenol antioxidant capacity and anthocyanin protection, of the homoiochlorophyl-
lous species (M. flabellifolius and Craterostigma spp.) is greater than that of the
poikilochlorophyllous types (Xerophyta spp. and E. nindesis). This supports the
contention that homoiochlorophyllous resurrection plants might need better
antioxidant protection against free radical activity than the poikilochlorophyllous
ones [14, 23].
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17.2.3
Mechanical Stress and Adaptations of Resurrection Plant Cell Walls

There appears to be two general mechanisms employed by angiosperm resurrection
plants to avoid mechanical stress: (i) active and reversible wall folding as seen in the
Craterostigma spp. [51, 52] and (ii) increased vacuolation with water replacement
in vacuoles by nonaqueous substances such as in the Xerophyta spp. ([23], see
Figure 17.2 for ultrastructural changes to resurrection plants). Desiccation induced
cell wall folding is essential for structural preservation of tissue [53] and the extent
and manner of folding is species specific and depends upon the chemical compo-
sition and molecular architecture of the cell wall. A comprehensive biochemical and
immunocytological investigation of leaf wall changes during drying and rehydration
of C. wilmsii has shown that the major difference between dry and hydrated walls lay
only in the hemicellulose wall fractions [51, 52].

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 17.2 Leaf ultrastructure of South
African resurrection plants in the hydrated and
desiccated states. Scanning electron
micrographs of flash frozen leaves M.
flabellifolia in the desiccated (a) and hydrated
(b) state. Transmission electronmicrographs of

M. caffrorum in the dehydrated (c) and hydrated
(d) state, of X. viscosa in the desiccated (e) and
hydrated (f), and ofE. nindensis in the desiccated
(g) and hydrated (h) state. Scale bars: (a) and
(b)¼ 40 mm; (c–h)¼ 3mm.
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We have proposed that cleavage, or partial cleavage, of the long-chained XG units
during drying into shorter, more flexible ones allows for wall folding. Ca2þ ions play
an important role in cross-linking wall polymers, such as acid pectins, and we
propose that this serves to stabilize walls in the dry state and, more importantly,
prevent mechanical stress of rehydration. C. wilmsii is a small plant, and rehydration
is rapid and if walls hydrate and unfold before cell volume is regained, plasmalemma
tearing and further subcellular damage could occur [52]. Jones and McQueen-
Mason [54] have shown an increase in abundance of an a-expansin transcript during
drying and rehydration in leaves of C. plantigineum that correlated with changes in
wall extensibility in that species [54]. Expansins are proposed to facilitate a comple-
mentary mechanism, whereby wall folding might be facilitated in the Craterostigma
spp. [54].

InM. flabellifolius [55], wall folding occurs in the epidermis (around seemingly less
flexible stomata and gland cells) and in the adjacent mesophyll cells [30]. In this
species, there were no significant changes in wall components during drying, but
walls contained an unusually high amount of arabinose. These arabinans were
associatedwith pectin, presumably as arabinanpolymers, and also in arabinogalactan
proteins. Arabinose polymers are highly mobile and allow wall flexibility and have a
high water absorbing capacity [55], which would be important for rehydration. We
propose that arabinans are constitutively synthesized in leaf cell walls of M.
flabellifolius and that their presence as �pectic plasticizers� for dehydration–rehydra-
tion cycles is crucial in this species [55].

Wall folding occurs in mesophyll cells of the grasses E. nindensis and S. stapfianus,
but the biochemical nature of wall changes has not been elucidated. Interestingly,
though, when tensilometry studies were performed to compare cell wall properties of
the resurrection grass E. nindensis with three desiccation-sensitive Eragrostis species
with differing degrees of �drought tolerance� [56], it was found that leaf tensile
strength increased with degree of drought, but not desiccation tolerance [56]. Among
the sensitive species, vascular bundle size and degree of lignification correlated with
increasedmechanical properties andwater loss.However, in the resurrection species,
E. nindensis, there was no such change in tensile properties despite the structural
features of the leaves being similar to those of drought-tolerant E. curvula [57].

Replacement of water in vacuoles within dry tissues of resurrection plants was first
suggested on the basis of ultrastructural observations that vacuoles continue to take
up a large proportion of the cytoplasmic space despite the fact that therewasno longer
bulk water available in tissues, the remaining water being purely structure associ-
ated [14, 23, 30, 58]. A thorough biochemical analysis of M. flabellifolius [30, 49]
revealed that the vacuoles (both hydrated and dry) contained the 3,4,5 tri-o-galloyl-
quinic acid and that this polyphenolic increased upon drying to fill the vacuole and
stabilize the subcellular milieu against mechanical stress. The content of vacuoles
from desiccated leaves of E. nindensis was analyzed after nonaqueous extraction and
was shown to contain proline, sucrose, andprotein in equal proportions [58]. Analysis
of metabolite changes inMohria caffrorum showed significant fold change increases
in glycerol and monohexadecanoglycerol during drying, and since these molecules
are believed to be cytotoxic in large quantities, it was proposed that they accumulated

406j 17 A Systems-Based Molecular Biology Analysis of Resurrection Plants



in vacuoles within the dry leaves [29]. Further studies using metabolomic technol-
ogies are underway, focused on investigating the cell wall and vacuolar content of a
variety of resurrection plants.

17.3
Molecular Biology and Systems Biology of Desiccation Tolerance

A little over a decade ago, knowledge of regulatory networks controlling drought
responses in plants was limited, with almost no information on signal transduc-
tion [59]. More than a decade later, while much of the signal transduction pathway in
plant drought stress response has been elucidated in model plants such as Arabi-
dopsis, corresponding information is still fragmentary in resurrection plants. The
scarcity of information may be a consequence of the fact that of the 300–400 known
resurrection plants, the molecular genetic basis of desiccation tolerance has been
studied in relatively few species, namely, the mosses S. lepidophylla [60] and T.
ruralis [61], themonocots S. stapfianus [62], X. viscosa [22], and X. humilis [48], and the
dicot C. plantagineum [13]. In C. plantagineum, the synthesis of phospholipid-based
signaling molecules is known as one of the earliest events in the perception of water
stress. Phospholipase D (PLD) activity is induced within minutes by dehydration
stress, but not by ABA [63]. PLD catalyzes the hydrolysis of phospholipids to form
phosphatidic acid (PA), which in turn can regulate other components of the stress
signaling pathway such as protein kinases or small GTP binding proteins. Two PLD
genes, CpPLD-1 and CpPLD-2, have been isolated from C. plantagineum [63]. The
constitutively expressed CpPLD-1 transcript is thought to be involved in early
responses to dehydration by producing PA as a second messenger that transmits
the stress signal, while the dehydration-induced CpPLD-2 may be involved in
phospholipid metabolism and in the rearrangement of lipids within membranes
that occurs as a result of desiccation.While little is known about the early events in the
perception of desiccation within resurrection plants, much more is known about
downstream events in the dehydration response signaling pathway, withmany genes
having been characterized. Genes that are expressed in response to drought stress in
resurrection plants are classified into two main types: those that control the
expression of other genes such as transcription factors and regulatory RNAs, and
those that encode products with putative protective functions.

17.3.1
Transcription Factors: the Magic Bullet for Plant Desiccation Tolerance?

Several classes of drought-induced transcription factors have been isolated from
C. plantagineum; namely, MYBs, homeodomain-leucine zipper (HD-Zip) family, and
a novel zinc finger ([63–67], see Table 17.1). Two Myb-related genes, CpMyb7 and
CpMyb10, show differential expression and regulation in response to desiccation and
ABA in different tissues of C. plantagineum [67]. CpMYB10 transcription is also
induced by cycloheximide treatment, suggesting that CpMYB10 expression is
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repressed under watered conditions by other (unknown) regulatory factors or that
CpMYB10 transcript is protected from degradation by inhibition of labile ribonu-
cleases [67]. Transgenic Arabidopsis plants overexpressing CpMyb10 displayed
increased tolerance to drought and salt stress [68]. Interestingly, these plants also
showed ABA hypersensitivity and glucose insensitivity, suggesting that CpMyb10 is
involved in mediating ABA and glucose signaling responses in Arabidopsis as well as
the response to drought stress. Recombinant CpMYB10 protein is able to bind to
specific MYB response elements within the promoter of CDeT11-24 (a possible LEA
target gene) and to elementswithin its ownpromoter, suggesting that CpMYB10may
autoregulate its expression. Several drought-regulated HD-Zip genes have been
isolated from C. plantagineum, with some being inducible by both dehydration
and exogenously applied ABA, while others are induced by dehydration stress
only [64, 69]. These results demonstrate that members of the HD-Zip transcription
factor family act in different pathways of the dehydration response; some are
mediated by ABA, while others are independent of ABA. In both desiccation-tolerant
and desiccation-sensitive plants, the expression of drought-responsive genes is
mediated by both ABA-independent and ABA-dependent signal transduction path-
ways. Transgenic tobacco and Arabidopsis plants that ectopically express the HD-Zip
transcription factor, CpHB-7, display reduced sensitivity toward ABA during seed
germination and stomatal closure [65]. This suggests that CpHB-7 modifies ABA-
responsive gene expression in these transgenic plants at the transcriptional level as a
negative regulator. The ABA- and dehydration-responsive dehydrin gene, CDeT6-19,
has been identified as one of the potential target genes of CpHB-7 [65]. The C3H-type
zinc finger transcription factor CpR18 binds to a 29-bp promoter region of the LEA-
like CDeT27-45 gene that is essential for transcriptional activation by ABA in C.
plantagineum [66]. CpR18 contains an acidic SAP domain and two conserved motifs,
one of which is rich in basic residues and is predicted to form a helix–loop–helix
structure. CpR18 is capable of activating reporter gene expression in tobacco
protoplasts by binding to the AGCCC element within the CDeT27-45 promoter. A
bZIP transcription factor (CpbZIP1) and three highly conserved histoneH3 proteins
have been shown to bind to the promoter of the dehydration-induced group 4 LEA
gene, CpC2 [70]. CpbZIP1 belongs to the group S of bZIP genes possessing a
conserved small upstream open reading frame within the 50-leader sequence that
may be involved in regulating gene expression at the translational level. Although the
exact function ofCpbZIP1 is unknown, a repressor function, possibly by inhibition of
other transcription factors from binding to the CpC2 promoter, has been suggested.
Two of the CpHistone H3 proteins are constitutively expressed histone H3 variants
that are thought to regulate gene expression through histone modification.

17.3.2
A Role for Small RNAs as Regulators

Research over the last few years has highlighted the significance of small RNAs in
regulating plant responses to abiotic stress [71]. Furini et al. [72] characterized the
dehydration- and ABA-inducible geneCDT-1 fromC. plantagineum [72]. Overexpres-
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sion of CDT-1 resulted in constitutive expression of dehydration- and ABA-respon-
sive transcripts and contributed to desiccation tolerance of C. plantagineum callus
tissue in the absence of ABA treatment. The CDT-1 gene lacks significant open
reading frames, and appears to be naturally expressed in both sense and antisense
orientations. CDT-1 and other functionally related gene members [73] have features
of short interspersed retrotransposon elements, and are hypothesized to act as
regulatory noncoding RNA molecules. Recently, it has been shown that translation
of theCDT-1 transcript is not required for the induction of desiccation tolerance since
C. plantagineum calli transformed with mutated versions of the CDT-1 gene are
constitutively desiccation tolerant [74]. The information necessary for induction of
desiccation tolerance is contained within the 488-bp region at the 30 end of theCDT-1
gene. It was also shown thatCDT-1 has the ability to code for a small interfering RNA
(siRNA) and that it directs the synthesis of a double-stranded 21-bp siRNA. Expres-
sion of the siRNA is capable of inducing desiccation tolerance in callus tissue of
C. plantagineum. Thus, it has been demonstrated that retrotransposons and siRNA
play a role in the evolution of desiccation tolerance in C. plantagineum. Whether this
is also the case in other resurrection plants remains to be seen. CDT-1 and its closely
related gene members appear to be unique to C. plantagineum [73]. However, it is
likely thatmore regulatory RNAs involved in desiccation tolerance will be discovered.
Regulation of gene expression by small RNAs allows plants theflexibility tomodulate
stress responses and adapt to diverse and extreme habitats [71].

17.3.3
Functional Genes Encoding for LEA Proteins

The ability of resurrection plants to survive desiccation depends on the accumulation
of protective proteins such as the late-embryogenesis abundant proteins. LEA
proteins have been classified into 18 superfamilies on the basis of sequence
homology [75]. Members of some LEA superfamilies, notably group 3 and group
4, share strong conservation of structural motifs across diverse plant species
including resurrection and desiccation-sensitive plants. Many of these LEA genes
are activated under mild dehydration stress conditions (>65% RWC) in both
desiccation-sensitive and -tolerant tissues, and are proposed to protect plants only
at higher water contents [34]. However, only genes belonging to LEA-1, -6, and
-9 superfamilies are significantly expressed during seed development. These LEA
genes are thought to play a role in defense against severe water loss such as that
experienced by orthodox seeds during maturation or by resurrection plants during
desiccation [34]. Several protective functions have been predicted for LEA proteins
including a role in the unwinding or repair of DNA, forming cytoskeletal filaments to
counteract the physical stresses imposed by desiccation, and acting as molecular
chaperones [76]. Alternatively, LEA proteins, possibly in combination with compat-
ible solutes and/or sugars, may replace water during desiccation and thus maintain
the hydration shell of proteins and other molecules. Recently, it has been shown that
LEA proteins can act synergistically with sugars such as trehalose to prevent protein
aggregation during desiccation [41]. The expression of at least 16 different LEAgenes,
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representing seven LEA superfamilies, is activated during desiccation in X. humilis
leaves [48]. The concurrent induction of multiple LEA genes during dehydration
suggests that these LEAs may interact to stabilize and protect other proteins and
membranes, or that different LEAs are specifically targeted at different organelles or
cellular structures to exert their protective function. Two LEA proteins from C.
plantagineum, CDeT11-24 and CDeT6-19, have recently been shown to be phos-
phorylated in both leaf and root tissues during desiccation [77]. Phosphorylation is
believed to be required for the function of these proteins that is proposed to protect
the catalytic activities of enzymes by altering the stability or specificity of protein–
protein interactions [77]. LEAs may also play a role in recovery during rehydration in
T. ruralis [61]. It has been proposed that in rehydrating T. ruralis gametophytes, LEA
proteins may stabilize membranes or perhaps function in the transport of lipids for
reconstitution of damaged membranes [78].

17.3.4
Functional Genes Encoding for Antioxidant Enzymes

Antioxidant enzymes such as superoxide dismutase, glutathione reductase, and
ascorbate peroxidase are considered as general �housekeeping� protectants because
they are not only expressed specifically in resurrection plants but are also induced in
response to various abiotic stresses in desiccation-sensitive organisms [34]. However,
there are some novel antioxidants that appear to be specific to desiccation tolerance.
Severalmembers of the aldehyde dehydrogenase (ALDH) have been identified both in
seeds during maturation drying and in dehydrated vegetative tissues of resurrection
plants. Velasco et al. [79] demonstrated that mRNA and protein levels of GAPDHc, a
member of the ALDH11 (GAPDH) family, increased in response to desiccation in the
leaves of C. plantagineum [77]. Recently, Kirch et al. [80] showed that the ABA- and
dehydration-induced Cp-ALDH protein, an ALDH3 protein family homologue from
C. plantagineum, was capable of oxidizing toxic nonanal, propionaldehyde, and
acetaldehyde [80]. In T. ruralis, the ALDH21A1 gene is thought to play an important
role in the detoxification of aldehydes generated in response to desiccation and salinity
stress, and to oxidize a novel class of stress-induced aldehydes [81]. Another antiox-
idant enzyme, the seed-specific 1-cys-peroxiredoxin, has been previously shown to be
abundantly expressed during desiccation in the leaves of X. humilis and X. viscosa [47].
Interestingly, a 1-cys peroxiredoxin is also expressed not only during dehydration but
also during rehydration of T. ruralis [82].

17.3.5
Functional Proteomic Studies of Desiccation Tolerance

Transcriptomic approaches have identified many mRNAs that are induced by
dehydration and encode proteins that play important roles in desiccation tolerance
in resurrection plants. However, there have been few studies of the proteome of
resurrection plants during dehydration and/or rehydration (see Table 17.2). The
importance of proteomic studies is highlighted by the fact that, in plants, there only
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appears to be approximately 50% correlation between the abundance of proteins and
their correspondingmRNA levels. Similarly, a high percentage (40–55%) of drought-
induced proteins do not show an increase in transcript abundance during dehydra-
tion in poplar. Thus, there is a clear need for proteomic studies in resurrection plants
in order to understand the mechanisms of desiccation tolerance. A two-dimensional
(2D) SDS-PAGE analysis of the S. stapfianus leaf demonstrated that the protein
complement changes during the induction of desiccation tolerance [83]. 2D SDS-
PAGE was also used to study de novo protein synthesis during rehydration in
T. ruralis [84] and in C. plantagineum [77]. However, in all three studies, no protein
identification was attempted. Recently, changes in the leaf proteomes of resurrection
plants during desiccation were examined in X. viscose [28] and in B. hygrometrica [85]
using quantitative 2D SDS-PAGE analysis. Several novel gene products, not previ-
ously isolated in transcriptomic studies, were identified as being upregulated during

Table 17.2 Transcriptomic and proteomic studies performed on a variety of resurrection plants to
elucidate mechanisms of their tolerance to desiccation.

Division Species Transcriptomic and/or proteomic study

Bryophyte T. ruralis Approximately 10 000 ESTs were obtained from drying
and rehydrating gametophytes, including LEA genes
involved in protection and repair [61, 86]

T. ruralis cDNA libraries enriched with ESTs from slow drying
and rehydrating gametophytes revealed genes involved
in metabolic recovery, signaling, proteosomal proces-
sing, and splicing [94]

Lycophyte Selaginella lepidophylla EST library corresponding to approximately 800 genes
compared to 1300 genes from desiccation-sensitive
S. moellendorfii. Genes identified that are involved in
transport, cytoskeleton, phenylpropanoid biosynthesis,
LEA proteins, ELIPs, and HSPs [60]

Angiosperm S. stapfianus 144 cDNA upregulated genes in dried leaves; mostly
LEA genes, defense, and detoxification genes [95]

X. humilis Normalized cDNA library (about 10 000 clones) from
dried roots and leaves containing 424 sequenced and
arrayed cDNA. Identification of LEA genes, antioxidant
and signaling genes upregulated, and metabolism and
growth genes downregulated [48]

X. viscosa Identification of water stress-induced photosynthesis-
associated proteins, chaperones, RNA-binding protein,
2-Cys peroxiredoxin, and protein phosphatase 2C [28]

B. hygrometrica Water stress induces polypeptides involved in photo-
synthesis, glutathione metabolism, and phenolic
metabolism [85]

C. plantagineum Enriched phosphoproteins correspond to chlorophyll
a/b binding protein, rubisco, 14-3-3 proteins, HSPs,
elongation factor 1, eukaryotic initiation factor [77]
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dehydration. In detached B. hygroscopica leaf tissue, dehydration-induced proteins
include an ABC transporter and a vacuolar Hþ -ATPase that may be involved in
protection against osmotic stress, a glutathione peroxidase-like protein that may be
involved in oxidative stress protection, and a polyphenol oxidase that may prevent
proteolytic activity [85]. In severely dehydration-stressed X. viscosa leaf tissue (35%
RWC), proteins that increase in abundance include a chloroplast FtsH protease,
GDP-mannose-30,50-epimerase, alcohol dehydrogenase, and protein phosphatase
type 2C, VDAC1.1, and 2-cys peroxiredoxin that may be involved in antioxidant
defense [28]. Of particular interest are proteins synthesized de novo upon dehydration
(i.e., absent in hydrated tissues). These include a dnaK-type molecular chaperone,
RNAbinding protein, phosphopyruvate hydratase, and desiccation-related protein. A
major hindrance to proteomic analysis in resurrection plants is the lack of a large
genomic or EST database such as those available for organisms with completely
sequenced genomes. For bothX. viscosa [28] andB. hygroscopica [85], this has resulted
in low success rate (�30%) in protein identificationwhen searching against theNCBI
nonredundant database. Although large EST collections (containing more than
10 000 ESTs and representing several thousand genes) are available for T. ruralis [86]
and X. humilis [48], this number is probably still too low to increase the protein
identification success rate significantly for proteomics study. For that, a much larger
EST collection would be needed. New high-through put sequencing technology
allowsmanymore genes to be sequenced in a relatively short time (up to 100Mbp per
one 7–8 h instrument run). The technology can be adapted for gene discovery from
cDNA [87] or small RNA [88] libraries.

17.4
Applications for Engineering Drought Tolerance in Crops and Forages

The aim of the study of desiccation tolerance in resurrection plants is to engineer
agronomically valuable desiccation-sensitive crop plants for increased tolerance
[89, 90]. Over 100 dehydration-induced genes from a number of resurrection plants
have now been characterized [48]. However, very few of these genes have been
introduced into desiccation-sensitive plants and tested for improving drought
tolerance (see Table 17.1). The problem is that overexpressing single genes has
proven a flawed strategy for producing drought-tolerant plants. Many of these
transgenic plants show side effects, including, abscisic acid hypersensitivity or
insensitivity, impaired germination ability, modified stomatal activity, glucose insen-
sitivity, and constitute desiccation tolerance (see Table 17.1). Although some results
have proven promising, such as plants showing improved salt, osmotic, and
temperature stress, we still have a very unclear understanding of the reasons behind
this (see Table 17.1). Limited information is available on the feasibility of transferring
resurrection genes to a crop plant system and equally whether such genes will be
useful in an agricultural scenario. Yield under drought stress is possibly a greater
consideration than survivability, which is what resurrection plants are adapted for.
Nevertheless, progress in crop improvementwill be possible only with amultifaceted
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approach using systems biology and molecular genetics (see review [15]), so that
multiple high-impact �resurrection plant� genes can be coordinately expressed in
model crop systems for drought tolerance. This approach requires data acquisition
using genomics (the genome sequence of one or twomodel resurrection plants would
be invaluable here), transcriptomics, proteomics, and metabolomics that needs to be
coupled to multivariate data analysis methods (see review [15]). An alternative
approach for resurrection plants is to employ them as forages in arid countries such
as India and South Africa. Many resurrection plants are grasses and early surveys of
resurrection grasses in India have identified these as potential forages [91, 92]. This
strategy avoids the problem of �molecular reengineering� of established crops as here
the objective is to convert an already desiccation-tolerant species into valuable forage
by genetically enhancing nutritional value. Genetic engineering, tissue culture, and
transformation technology are still fairly rudimentary in resurrection plants, but
progress is beingmade [90, 93]. This strategymight pose a valuable alternative strategy
for utilizing indigenous resources, such as resurrection plants, as drought-tolerant
forages, because only a few genes, for enhanced nutritional value, need to be
transferred. However, much more research is needed to confirm the reliability and
validity of these approaches.

17.5
Concluding Remarks and Future Directions

The research to date outlined highlights not only a number of key differences among
resurrection plants in their responses to desiccation but also some important
similarities. As more transcriptomic, proteomic, and, in particular, metabolomic
studies are conducted on these remarkable plants, it is likely that more of these
commonalities will be discovered or confirmed. It is expected, for instance, thatmore
studies will confirm the proposition that the evolution of desiccation tolerance in
vegetative tissues is derived from a specific program of gene expression vital for
orthodox seed development [34]. Data (J.M. Farrant, unpublished) is emerging that
support the hypothesis that resurrection plants evolved through �vegetative tissue
localized� activation of an existing seed desiccation program coupled to environ-
mental regulation. Desiccation tolerance is a complex phenomenon and involves
multiple factors, probably much more intricately connected than as outlined in the
summary put forward in this chapter. More information is urgently needed both on
pre- and posttranscriptional and -translational control mechanisms and on all
protective proteins and metabolites that are critical for tolerance to emerge. A more
holistic analysis of desiccation tolerance in resurrection plants is required, extending
from leaves to roots and other organs, providing an integrative analysis. An integrated
approach whereby genomic, transcriptomic, proteomic, and metabolomic data are
collected from a few key �model� resurrection plants will allow for the prioritization
of vital tolerance factors. This would allow for the engineering of multiple �high-
impact� genes (regulatory or functional) using inducible expression systems into
crop plants for improved tolerance. An alternative approach is to reactivate seed-
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specific gene expression systems in vegetative tissues of crops, thereby �unlocking�
innate tolerance processes and coupling these to environmental stress cues. It is
hoped that such approaches will enable us to eventually obtain a clear picture of the
desiccation tolerance phenomenon as it pertains to the vegetative tissues of angio-
sperm resurrection plants.
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18
Molecular Breeding for Enhancing Abiotic Stress Tolerance
Using Halophytes
Ajay Parida, Suja George, and K. Kavita

Halophytes are plants that survive in environments where the salt concentration is
around 200mM NaCl. The tolerance of halophytes to salinity relies on controlled
uptake and compartmentalization of Naþ and the synthesis of compatible solutes.
Identification and isolation of novel genes by genomic approaches will advance the
understanding of mechanisms of high salt tolerance. Plant stress tolerance can be
improved by manipulating stress-associated genes and proteins and/or overexpres-
sion of stress-associated metabolites. Here, we discuss the role of possible genes in
stress mitigation and tolerance in halophytes and their overexpression to generate
stress-tolerant crop plants.

18.1
Introduction

Abiotic stress limits crop productivity and their effect on plants in both natural and
agricultural settings is a topic that is receiving increasing attention. Salt and drought
are the twomajor abiotic stresses causing yield losses in crop plants. Seven percent of
the land�s surface and five percent of cultivated lands are affected by salinity [1], with
salt stress being one of the most serious environmental factors limiting the
productivity of crop plants [2]. Extensive research in plant salt tolerance has been
carried out, with the aim of improving the tolerance of crop plants. Salt tolerance is
the ability of plants to grow and complete their life cycle on a substrate that contains
high concentrations of soluble salt. Plants have been categorized into halophytes and
glycophytes depending upon their behavior in saline environments [1]. Plants that
can survive on high concentrations of salt in the rhizosphere and growwell are called
halophytes. Depending on their salt-tolerating capacity, halophytes are either obligate
or characterized by lowmorphological and taxonomical diversity with relative growth
rates increasing up to 50% sea water or facultative and found in less saline habitats
along the border between saline and nonsaline upland and characterized by broader
physiological diversity that enables them to cope with saline and nonsaline
conditions [3].
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Classification of halophytes has been based on the characteristics of natural
saline habitats [3, 4], the chemical composition of the shoots [5], or the ability to
secrete ions [6]. Saline habitats do differ in many regards (e.g., soil water content)
and differences do exist among species in the balance of Naþ and Kþ in shoot
tissues [7]. The halophytes have been discussed over the past three decades
including review on general physiology of halophytes [1, 8], ecophysiology [4, 6,
9–11], photosynthesis [12], response to oxidative stress [13], flooding tolerance, and
salinity tolerance [14].

18.1.1
Halophytes and their Adaptations to Salinity

Halophytes have the capacity to tolerate extreme salinity because of very special
anatomical and morphological adaptations or avoidance mechanisms [15]. Sodium
secretion through specialized cells is a strategy used by many halophytic plants [16].
Salts may, however, also be released through the cuticle or in guttation fluid. In
addition, they may be retransported back to the roots and soil via the phloem or
become concentrated in salt hairs [17]. Halophytes become succulent in response to
increasing salinity, and such influential changes seem to integral to halophytic
development [3]. Dropping off salt-saturated organs also removes large quantities of
salt from some halophytes [18].

Halophytes utilize various physiological and biochemical mechanisms that
include (1) exclusion of Naþ at the soil root boundary and therefore from all tissues;
(2) exclusion of Naþ from the xylem and therefore from leaf, thus preventing
disruption of photosynthesis; (3) inclusion of Naþ and synthesis of compatible
solutes to maintain osmotic adjustment; (4) inclusion of Naþ and its subsequent
sequestration in vacuoles [19]; and (5) inclusion of Naþ and its eventual elimination
through secretion by leaves [20].

Halophytes store about 90%ofNaþ in the shoot, at least 80% in the leaves, while the
root system has a much lower Naþ concentration compared to the aerial parts of the
plant [20]. Ithasbeenfoundthatalthoughhalophytesaccumulate largeamountsofNaþ

in thecells, theconcentrationofNaCl inthecytosol ismaintainedwithinnontoxic limits
bythecompartmentationofNaClinvacuoles [21]. InductionoftheCAMpathway,which
increases water use efficiency, is also reported in some halophytes [22]. However,
individualhalophytesutilizedifferent salt tolerance traits indifferentsituations.Sincea
wide range of salt tolerance mechanisms are employed by halophytes, the precise
combination of one or more mechanisms used to tolerate salinity varies between and
across species and makes the study of salinity tolerance more complex.

18.1.2
Halophytes as a Source for Gene Mining

The mechanism of salinity tolerance is a very complex phenomenon. Studies have
shown that components of various pathways are involved in imparting the salinity
tolerance to the plants. Understanding themolecular basis of the salt stress signaling
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and tolerance mechanisms is essential to breeding and genetic engineering of salt-
tolerant plants [23]. Genetically engineering the plants by introducing and/or
overexpressing selected genes seems to be a viable option to hasten the breeding
of �improved� plants, while the introgression of genomic portions (QTL) involved
in stress tolerance often brings along undesirable agronomic characteristics from
the donor parents. Intuitively, genetic engineering would be a faster way to insert
beneficial genes than through conventional or molecular breeding. Also, it would
be the only option when genes of interest originate from cross barrier species,
distant relatives, or from nonplant sources. Attempts on plant stress tolerance can
be made by manipulating stress-associated genes and proteins and/or overexpres-
sion of stress-associatedmetabolites that would confer increased tolerance to salt or
drought.

Halophytic plants are a very important genetic resource for the isolation of novel
promoters and/or genes that are involved in the adaptation to salinity that could be
transferred to salt-sensitive glycophytes. Identification and isolation of novel genes
by genomic approaches will advance the understanding of these mechanisms [24].
Hence, different efforts in large-scale ESTsequencing and analysis have beenmade
in a number of dicotyledonous halophytes, such as Suaeda salsa [25], Thellungiella
halophila [26], Mesembryanthemum crystallinum [27], Aegiceras corniculatum [28],
Avicennia marina [29], Tamarix hispida [30], and Limonium sinense [31], and
monocotyledonous halophytes such as Leymus chinensis [32], Puccinellia tenui-
flora [33], Lolium temulentum [34], Aeluropus littoralis [35], and Spartina
alterniflora [36].

This chapter summarizes the involvement of various genes in sensing and
response to salt stress in halophytes according to their putative functions such as
(1) genes for reestablishing ionic homeostasis or preventing damage, (2) genes with
an osmotic or unknown protective function, and (3) genes for signal transduction.
This paper focuses on the different genes explored from halophytes for the genetic
enhancement of crop plants for abiotic stress tolerance using transgenic approach.

18.2
Genes for Reestablishing Ionic Homeostasis/Preventing Damage

Excessive intracellular or extracellular Naþ triggers a cytoplasmic Ca2þ signal that
involves an SOS pathway. This leads to enhanced expression of transporters for ions
such as Naþ , Kþ , and Hþ . Naþ /Hþ antiporter located in the plasma membrane
excludes Naþ from the cells [37]. The compartmentalization of Naþ into vacuoles
provides an efficient mechanism for averting the toxic effects of Naþ in the cytosol.
The transport of Naþ into vacuoles mediated by vacuolar Naþ /Hþ antiporters is
driven by the electrochemical gradient of protons. The proton-motive force generated
by the vacuolar ATPase (V-ATPase) and vacuolar pyrophosphatase (V-PPase) can drive
secondary transporters, such as the Naþ /Hþ antiporter and the Ca2þ /Hþ anti-
porter, as well as organic acids, sugars, and other compound transporters tomaintain
cell turgor.
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18.2.1
Vacuolar Naþ /Hþ Antiporter

Salt-tolerant plants such as halophytes efficiently sequester Naþ into vacuoles, to
maintain low cytosolic concentrations of Naþ and thus allow antiporter genes to be
isolatedfromhalophytesandtransformedintotransgenicplants.Intransgenicsystems,
it was found that vacuolar antiporters from glycophytes and halophytes confer salt
tolerance to varying limits. Genes encoding vacuole-type Naþ /Hþ antiporters have
been isolated fromanumber of halophytes such asAtriplex gmelini (AgNHX1) [38],M.
crystallinum (McNHX1) [39],A. dimorphostegia (AdNHX1) [40],Chenopodium glaucum
(CgNHX1)[41],S.salsa(SsNHX1)[42],Porteresiacoarctata(PcNHX1)[43],andSalicornia
brachiata (SbNHX1) [44]. A recent study identified six putative vacuolar Naþ /Hþ

antiporter genes in P. euphratica (PeNHX1–6), a salt-resistant tree species [45].
Overexpression of SsNHX1 [46] and AgNHX1 [47] in rice markedly enhanced the

tolerance to salt stress (300mM NaCl). Increased Naþ /Hþ antiport activity in the
transgenic plants caused larger amounts of Naþ to be excluded into vacuoles
in individual cells, thus rendering the transgenic rice plants more tolerant to
salinity [46, 47]. But another study reported that overexpression of NHX1 genes
from both glycophytic (OsNHX1) and halophytic (AdNHX1, CgNHX1) species led to
similar degree of salt tolerance in transgenic rice plants [41]. The better salt tolerance
in halophytes might result from a different regulation system of NHX1 genes or
mechanisms other than vacuolar Naþ pump [48].

18.2.2
Plasma Membrane Naþ /Hþ Antiporter

In addition to Naþ influx control and vacuolar compartmentation, Naþ efflux is also
important in maintaining a low Naþ concentration in the cytoplasm. Unlike animal
cells, which have Naþ /KþATPases, or fungal and perhaps some algal cells, which
have NaþATPases for Naþ efflux, plant cells do not appear to contain NaþATPases.
In higher plants, themainmechanism forNaþ extrusion is powered by the operation
of the plasma membrane HþATPase. HþATPase allows the operation of plasma
membrane Naþ /Hþ antiporter that couples the downhill movement of Hþ into the
cell along its electrochemical gradient to the extrusion of Naþ against its electro-
chemical gradient [49]. Naþ /Hþ antiporter activity has been reported to occur
across the plasma membrane of A. nummularia [50]. In A. thaliana salt overly
sensitive 1 (SOS1) is a plasma membrane Naþ /Hþ antiporter that retrieves and
loads Naþ ions from and into the xylem [51]. A comparison of SOS1 transcript in
unstressed plants of A. thaliana and T. halophila revealed that the two species had
similar levels of SOS1 transcript in their shoots, while T. halophila possessed
threefoldmore SOS1 transcript in its roots thanA. thaliana under control conditions.
A. thaliana plants that overexpress SOS1 aremore tolerant to salt because of thisNaþ

retrieval [52]. InT. halophila, the salt-mediated induction of shootThSOS1 expression
coupled with high basal root ThSOS1 expression is likely to be a crucial factor in
tightly controlling the extent of shoot Naþ accumulation [53].
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18.2.3
Vacuolar Pyrophosphatase

The vacuolar Hþ -PPase is a single subunit protein located in the vacuolar
membrane [54]. It pumps Hþ from the cytoplasm into vacuoles with PPi-depen-
dentHþ transport. Theoretically, overexpression ofHþ -PPase should enhance the
ability to form the pHgradient between the cytoplasm and the vacuoles, resulting in
a stronger proton-motive force for the Naþ /Hþ antiporter, Ca2þ /Hþ antiporter,
and other secondary transporters. Overexpression of Hþ -PPase genes from T.
halophila (TsVP) enhanced the salt tolerance of tobacco [55] and cotton [56]. The
transgenic lines had higher Hþ -PPase hydrolytic activity and the plants accumu-
latedmore Naþ under salt stress conditions [55, 56]. A comparison of promoters of
vacuolar Hþ -PPase genes from T. halophila (TsVP1) and Arabidopsis (AVP1)
indicated that these two promoters had seven similar motifs at similar positions.
But analysis of transgenic plants expressingGUS reporter gene under the control of
these promoters indicated that TsVP1 promoter was responsible for strong reporter
gene activity in almost all tissues except the seeds, and the activity was induced in
both shoots and roots, especially in the root tips, when treated with salt stress. Such
induction was not found in transgenic Arabidopsis with the AVP1 promoter.
Deletion analysis revealed the presence of enhancer elements in TsVP1 promoter
that increased gene expression levels [57]. These results point out the importance of
cloning stress tolerance genes under stress-inducible promoters for improved
tolerance.

18.2.4
Potassium Transporters

Salt tolerance requires not only the adaptation to sodium toxicity but also the
acquisition of potassium whose uptake is affected by high external sodium concen-
tration. Therefore, potassium transport systems involving good selectivity of
potassium over sodium can also be considered an important salt tolerance deter-
minant [58]. In some halophytes, salinity increases the Kþ concentration of the
tissue. Kþ transport is mediated by Kþ channels and high-affinity Kþ transporters
both in the plasmalemma and in the tonoplast of plant cells [59]. The Kþ channels
and transporters may regulate Naþ transport – either directly because they may be
incompletely selective for Kþ and transport Naþ when presented with a high Naþ

concentration or a high Naþ /Kþ ratio or indirectly because they may buffer the cell
against Naþ uptake by maintaining rigorous Kþ homeostasis.

The families in Kþ transporters include HAK/KUP/KT and HKT transporters.
These transporters control Kþ uptake and Kþ/Naþ selectivity. In M. crystallinum,
HAK-type proteinsmediates the transport of Kþ , Rbþ , andCsþ but not that of Naþ .
McHAKs seem to have a role inmediating root Kþ uptake and that could be involved
in plant long-distance Kþ transport through loading and/or unloading in the
vasculature [60]. The capacity of HKT to mediate Naþ uptake in some species
makes it a candidate that could have amajor function formaintaining or breaking ion
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homeostasis under saline conditions. Unlike the HAK transporters, transporters in
the HKT family display different ion selectivity and transport mechanisms.

McHKT1, isolated from M. crystallinum, is a potassium transporter localized in
the plasma membrane of cells of both the leaves and the roots. The expression of
McHKT1 is upregulated after a sudden increase in external salinity (400mm
NaCl) [61], as is the expression of SOS1 and some HAK transporters. The decreased
storage of Naþ in the root and enhanced transport to the shoot, with the
upregulation of McHKT1, suggested to contribute to storage of Naþ in the leaves
in ice plant [61]. In Xenopus oocytes, McHKT1 transports Naþ and Kþ equally [61].
In S. salsa, SsHKT1 transcript was developmentally controlled and significantly
upregulated by Kþ deprivation and NaCl treatment suggesting its role in ion
homeostasis and salt tolerance [62]. An AKT1-type K(þ ) channel gene from
Puccinellia tenuiflora, a salt-tolerant plant, was found to be localized in the plasma
membrane and preferentially expressed in the roots. The expression of PutAKT1
was induced by K(þ )-starvation stress in the roots and was not downregulated by
the presence of excess Na(þ ). Arabidopsis plants overexpressing PutAKT1 showed
enhanced salt tolerance compared to wild-type plants. PutAKT1 transgenic plants
also showed a decrease in Na(þ ) accumulation both in the shoot and in the root. It
is possible that PutAKT1 is involved in mediating K(þ ) uptake (i) both in low- and
in high-affinity K(þ ) uptake range and (ii) unlike its homologues in rice, even
under salt stress condition [63]. Evidence from the range of studies discussed
indicates that there may be considerable variation in the transporters involved in
the uptake of Naþ , not only between glycophytes and halophytes but also between
species of halophyte and even at different external salt concentrations. In
M. crystallinum coordinate regulation of multiplicity of channels, transporters,
symporters, and antiporters results in irreversible transport of NaCl from root to
shoot, accumulation in leaves, and sequestration of Naþ into the vacuoles of cells in
the leaves and shoot [61].

18.2.5
ROS Scavengers

The accumulation of ROS during salt stress is mainly attributed to the inhibition of
photosynthesis and a decline in CO2 fixation. Some of the ROS are highly toxic and
need to be detoxified rapidly. In order to control the level of ROS and protect
the cells from oxidative injury, plants have developed a complex antioxidant defense
system to scavenge the ROS. These antioxidant systems include various enzymes
and nonenzymatic metabolites that may also play a significant role in ROS signaling
in plants [64]. A number of transgenic improvements in abiotic stress tolerance
have been achieved through detoxification strategy. These include transgenic plants
overexpressing enzymes involved in oxidative protection, such as glutathione
peroxidase, superoxide dismutase, ascorbate peroxidases, and glutathione reduc-
tases. In Bruguiera parviflora, salt treatment preferentially enhanced both the
content of H2O2 and the activity of ascorbate peroxidase (APX), guaiacol peroxidase
(GPX), glutathione reductase (GR), and superoxide dismutase (SOD), while induc-
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ing a decrease in total ascorbate and glutathione (GSHþGSSG) content and in
catalase (CAT) activity [65]. Expression of cytosolic Cu/Zn SOD in B. gymnorrhiza
was increased after NaCl treatment and also in the presence of mannitol and
abscisic acid (ABA) [66]. In A. marina, the mRNA transcripts of Cu/Zn SOD (Sod1),
catalase (Cat1) [67], and ascorbate peroxidase (AmAPX1) [68] were upregulated
under both salinity and oxidative stress. Overexpression of A. marina cytosolic
copper/zinc SOD conferred enhanced tolerance to both salt and drought treatments
in transgenic rice [69].

18.2.6
Genes with an Osmotic/Protective Function

Compatible solutes or osmolytes would be essential for coordinated regulation of
vacuolar and cytoplasmic volumes. Compatible solutes are nontoxic solutes that
could increase inhigh concentrations in the cytosol andbe compatiblewithmetabolic
activity. They would be important to adapt plants to drought, as they could enhance
osmotic adjustment and allow turgor maintenance of cells that would otherwise
dehydrate. In addition, certain solutes have a metabolic protective role. They could
stabilize soluble or membrane proteins and thus maintain growth at high salinity,
and the termosmoprotectant has arisen for this function. There are fourmain classes
of solutes that could have an osmotic or protective role: N-containing solutes such as
proline and glycine betaine; sugars such as sucrose and raffinose; straight-chain
polyhydric alcohols (polyols) such as mannitol and sorbitol; and cyclic polyhydric
alcohols (cyclic polyols) [70].

Many crops lack the ability to synthesize the special osmoprotectants that are
naturally accumulated by stress-tolerant organisms. It is believed that osmoregula-
tion would be the best strategy for abiotic stress tolerance, especially if osmoregu-
latory genes could be triggered in response to drought and salinity. Therefore, a
widely adopted strategy has been to engineer crops with such osmolytes for abiotic
stress tolerance.

18.2.7
Amines

Glycine-betaine (GB) highly accumulates as a compatible solute in certain plants and
has been considered to play a role in the protection from salt stress. In plants, glycine-
betaine is synthesized from choline in two steps, the first being catalyzed by choline
monooxygenase (CMO) that requires phosphoethanolamine N-methyltransferase
(PEAMT) and S-adenosyl-L-methionine (SAM) leading to synthesis of betaine-alde-
hyde, which is further oxidized by betaine-aldehyde dehydrogenase (BADH). CMO
has been cloned and characterized from halophytes such as Beta vulgaris subsp.
maritime (BvCMO) [71], A. hortensis (AhCMO) [72], A. prostrata (ApCMO) [73], and
A. nummularia (AmCMO) [74]. CMO expression was highly induced upon salt
treatment in A. hortensis [75] and A. prostrata [73]. Drought stress also induced the
expression of AhCMO, but with ABA treatment AhCMO was induced only slight-
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ly [75]. ABA treatment did not induce ApCMO in A. prostrate showing that ApCMO
mRNA does not depend upon exogenous ABA [73].

Metabolic engineering of GlyBet in all the plants suffered from one feature: the
GlyBet level in transformants is lower than that in the natural accumulator to adjust
the osmotic pressure in vivo [76]. The transport of choline into the chloroplast
constrains GlyBet accumulation in CMOþ tobacco [77]. If supplied with extraneous
substrate, transgenic plants would then synthesize enough GlyBet and greatly
promote stress tolerance [78, 79]. Overexpression of AhCMO improved drought
tolerance in transgenic tobacco and the transgenic plants also performedbetter under
salt stress [75]. Transplastomic tobacco plants overexpressing BvCMOgene exhibited
increased tolerance to salt and drought stress. Accumulation of GlyBet in transplas-
tomic plants enhances the net photosynthetic rate and apparent quantum yield of
photosynthesis under salt stress condition [80].

BADH gene has been isolated and characterized from halophytes such as
A. hortensis (AhBADH) [81], A. marina (AmBADH) [82], and S. liaotungensis
(SlBADH) [40]. Overexpression of AhBADH gene into rice [83], wheat [84], and
white clover [85] and SlBADH into tobacco plants [40] improved salt tolerance.
Cotargetingmultiple steps in the same pathway was found to be a successful strategy
for overexpressing glycine-betaines in plants. A study by Yilmaz and B€ulow [86]
reported that salt tolerance can be enhanced by genetic engineering of tobacco plants
with the betaine aldehyde–choline dehydrogenase fusion protein.

18.2.8
Proline

Among compatible osmolytes, proline accumulates in many plants in response to
abiotic stress [87]. Proline accumulation was correlated with improved plant
performance under salt stress. In plants, the proline biosynthetic pathway from
glutamate proceeds through the action of a determining enzyme, D1-pyrroline-5-
carboxylate synthetase (P5CS). Proline catabolism is catalyzed by proline dehy-
drogenases (PDHs). Stress-induced increase in proline content is caused by
concerted induction of proline biosynthesis genes and by repression of proline
catabolism genes [87]. Undetectable level of PDH transcripts after NaCl stress in T.
halophila resulted in reduced capacity for proline catabolism in T. halophila. Higher
proline accumulation in T. halophila suggests that changes in T. halophila PDH
expression could cause significant increases in free proline levels. Increased
accumulation of proline leads to improved salt stress tolerance and is possibly a
reason for improved salt stress tolerance of T. halophila in comparison to A.
thaliana [53]. Increased levels of proline accumulation have also been observed
in salt-stressed calli of S. nudiflora suggesting that proline protects the callus cells
frommembrane damage caused by free radicals formed during salt stress [88]. The
ability of NaCl to improve the performance of Sesuvium portulacastrum under
mannitol-induced water stress may be due to its effect on osmotic adjustment
through Naþ and proline accumulation, which is coupled with an improvement in
photosynthetic activity [89].

428j 18 Molecular Breeding for Enhancing Abiotic Stress Tolerance Using Halophytes



18.2.9
Polyols

Accumulation of polyols, either straight-chain metabolites such as mannitol and
sorbitol or cyclic polyols such as myo-inositol or its methylated derivatives such as
pinitol is correlated with tolerance to drought and/or salinity [90]. Many naturally
occurring salt or drought-tolerant plants accumulate such compounds during stress.
These metabolites are considered compatible solutes that act by providing osmotic
adjustment and by lowering the osmotic potential, thus increasing the water
retention capacity of the plant [91]. Myo-inositol, the precursor of pinitol, is synthe-
sized through L-myo-inositol 1-phosphate synthase (MIPS) coded by the INO1 gene.
The enzymatic product of MIPS is specifically dephosphorylated by a Mgþ þ -
dependent L-myo-inositol 1-phosphate phosphatase to form free inositol. Inositol is
methylated to pinitol by the inositol methyl transferase coded by an IMT1 gene in an
S-adenosylmethionine (SAM)-dependent reaction [90]. IMT1 gene in halophytes has
been cloned and characterized from M. crystallinum [90] and P. coarctata [92]. The
transcript and protein content of PcIMT1 was substantially upregulated in salinity
and ABA in P. coarctata. The halophytic ice plant accumulates predominantly
D pinitol under salinity and low-temperature stresses.

Several halophytic and nonhalophytic species are reported to contain pinitol as the
major soluble carbohydrate in their leaves. The halophytic wild rice P. coarctata
harbors a unique salt-tolerant MIPS coded by PcINO1 that is able to generate myo-
inositol even at high salt concentration, and the inositol pool in the plant is well
maintained during salinity [93, 94]. Overexpression of PcINO1 has been reported to
confer salt-tolerant phenotype with unabated photosynthetic functions to trans-
formed tobacco plants. In M. crystallinum, McINO1 is induced upon salt stress but
in A. thaliana AtINO1 is not induced by salt stress [95]. A coordinated functioning of
both the INO1 gene and the IMT1 gene is expected to be operative during salt stress
in M. crystallinum [95] and P. coarctata [92] for synthesis of pinitol.

18.3
Genes for Signal Transduction

Candidate genes controlling growth are probably involved in signaling pathways and
respond to hormones, transcription factors, protein kinases, protein phosphatases,
and other signaling molecules. Transcription factors are proteins that respond to
environmental stimuli through a signaling cascade and bind to specific regulatory
sites upstream of constituent genes in a regulatory network by direct physical
interaction or in combination with other proteins. Consequently, an alteration of the
expression of transcription factor genes results in dramatic differences in the
expression of multiple genes in a plant [96]. NAC proteins form a large family of
plant-specificDNAbinding transcription factors that are gaining importance in recent
times with respect to understanding plant development and adaptation. InA.marina,
AmNAC1 transcript expression was upregulated by NaCl and ABA treatment [97].
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The zinc finger proteins (ZPT2) have been previously used as candidates to show
how a subset of transcription factorsmight be involved in thewater stress response at
the level of transcriptional regulation [98]. In T. halophila, ThZF1, encoding a plant-
specific transcription factor, is induced at the transcription level by both drought and
salt [99]. Overexpression of AhDREB1 of A. hortensis improved the salt tolerance in
transgenic tobacco through functioning as a regulatory molecule in response to salt
stress [100]. Recently, a novel zinc finger gene designated AlSAP was isolated from
the halophyte grass A. littoralis. Sequence homology analysis showed that the AlSAP
protein is characterized by the presence of two conserved zinc finger domains A20
and AN1. AlSAPwas found to be induced not only by various abiotic stresses such as
salt, osmotic pressure, heat, and cold but also by abscisic acid and salicylic acid (SA).
Tobacco plants expressing the AlSAP gene exhibited an enhanced tolerance to high-
salinity stress. Moreover, the transgenic plants were able to complete their life cycle
and to produce viable seeds under high salt conditions, while the wild-type plants
died at the vegetative stage [101]. Such studies characterizing novel genes add on to
the available information on salt tolerance mechanisms in halophytes.

18.4
Conclusions

Halophytes are a diverse group of plants with varying degrees of salt tolerance, yet
they appear to share in common the ability to sequester NaCl in cell vacuoles as the
major plant osmoticum. Efforts to produce salt-tolerant crops were aimed mainly at
increasing the salt exclusion capacity of glycophytes. However, these efforts have not
produced breakthroughs in salt tolerance [102]. Progress in producinghighly tolerant
crops may require a change in strategy, to attempt to introduce halophyte genes
directly into glycophytes [103]. This chapter focuses on the combination of the genes
that impart salt tolerance in halophytes and hence their use in the genetic
engineering of salt-tolerant crops. Thus, engineering for accumulation of salt in
vacuolated cells, together with the active extrusion of Naþ from nonvacuolated cells
(i.e., young and meristematic tissue) will allow the maintenance of a high cytosolic
Kþ/Naþ ratio. This in combination with the enhanced production of compatible
solutes will generate transgenic crop plants that can tolerate and grow in high soil salt
concentrations.
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Helicases in Improving Abiotic Stress Tolerance in Crop Plants
Narendra Tuteja, Sarvajeet Singh Gill, and Renu Tuteja

Abiotic stress conditions adversely affect plant growth and limit agricultural pro-
duction worldwide. Minimizing these losses is a major area of concern for all
countries. Salinity, drought, and cold are among the major environmental stresses
that greatly influence the growth, development, survival, and yield of plants. Several
genes including the genes for helicases are known to express under the influence of
various abiotic stresses. The helicases are ubiquitous enzymes that catalyze the
unwinding of energetically stable duplex DNA (DNA helicases) or duplex RNA
secondary structures (RNA helicases). Most helicases are members of DEAD-box
protein superfamily that play essential roles in basic cellular processes regulating
plant growth and development, such as DNA replication, repair, recombination,
transcription, ribosome biogenesis, and translation initiation. It seems, therefore,
that DEAD-box helicasemight also be playing an important role in stabilizing growth
in plants under stress conditions by regulating some stress-induced pathways. There
are now few reports on the upregulation ofDEAD-box helicases in response to abiotic
stresses. The exact mechanism of helicase-mediated tolerance of stress has not yet
been understood. There could be two possible sites of action for the helicases: (i) at
the level of transcription or translation to enhance or stabilize protein synthesis or (ii)
in an associationwithDNAmultisubunit protein complexes to alter gene expression.
Here, we have described all the known plant helicases, which play a role in stress
responses. The exploitation of abiotic stress-responsive helicase genes of new path-
ways of RNA andDNAunwindingwill be helpful for engineering stress-tolerant crop
plants.

19.1
Introduction

Stress is fundamentally a mechanical concept, defined by engineers and physical
scientists as a force per unit area applied to an object. It is difficult to define stress so
accurately in a biological sense. The most useful definition of biological stress is an
�adverse force or influence that tends to inhibit normal system from functioning� [1].

Improving Crop Resistance to Abiotic Stress, First Edition.
Edited by Narendra Tuteja, Sarvajeet Singh Gill, Antonio F. Tiburcio, and Renu Tuteja
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World population is increasing continuously and in 2050 it may reach more than 9
billion (http://www.unfpa.org/swp/200/); on the other hand, the crops� productivity
is decreasing because of many negative factors including stresses (Figure 19.1a).
Also, the demand for oilseeds, wheat, rice, pulses, and so on is going to much
increase in near future (Table 19.1). Because of these factors, in future there may be
danger to food security; therefore, it is important to develop stress-tolerant crops.
Plants being immobile in nature have to bear a wide range of environmental stresses.
They can respond to stress in several ways and have evolvedmechanisms by which to
increase their tolerance of these stresses through both physical adaptation and
interactivemolecular and cellular changes that begin after onset of stress [2]. Stresses
can be broadly classified into two classes, namely, abiotic and biotic (Figure 19.1b).
Low temperature, drought, and high salinity are common abiotic stress conditions.
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Figure 19.1 (a) Population of the world is
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negative effect leading to declining
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with the impending danger to food
security, it is important to develop
stress-tolerant crops.
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Biotic stresses include diseases caused by various pathogens. Overall, the environ-
mental stresses adversely affect plant growth and productivity.

Abiotic stress in plants induces changes in the expression of many important
genes, which affect the plant growth and development. Plants are continuously
exposed to a plethora of different signals, which prevent them fromreaching their full
genetic potential. All these stress conditions adversely affect plant growth and limit
agricultural productionworldwide. To increase their tolerance, plants have developed
mechanisms that involve both physical adaptation and interactive molecular and
cellular changes. The responses to abiotic stresses are multigenic and the molecular
mechanisms underlying these are not very well understood. The extracellular stress
signal is first perceived by the membrane receptors and it then activates a large and
complex signaling cascade intracellularly, including the generation of secondary
signal molecules. The signal cascade results in the expression of multiple stress-
responsive genes, the products of which can provide the stress tolerance directly or
indirectly. Overall, the stress response could be a coordinated action of many genes,
which may crosstalk with each other. Because the abiotic stresses affect the cellular
gene expression machinery, it is possible that molecules involved in nucleic acid
metabolism including helicase are likely to be the target. DNA helicases are motor
proteins that catalyze the unwinding of duplex DNA in an ATP-dependent manner
and thereby play an important role in most of the basic genetic processes including
replication, repair, recombination, transcription, and translation [3–6] (Figure 19.2a).
Usually, they need single-stranded (ss) DNA or ss/dsDNA junction as loading zone
and translocate on DNA either in the 30–50 or in the 50–30 direction [3, 4].

All the helicases are also associated with intrinsic DNA-dependent ATPase activity,
which provides energy for the helicase action [7, 8]. RNA helicases catalyze the ATP-
dependent unwinding of local RNA secondary structures and play a broader role in
remodeling RNA structures [9–12]. Many helicases share a core region (�200–700
amino acids) of highly conserved nine sequencemotifs (designatedQ, I, Ia, Ib, II, III,
IV, V, and VI) and belong to the rapidly growing DEAD-box or DEAH-box protein
family, which is conserved from bacteria to humans [6, 9–12] (Figure 19.2b). These
conserved motifs are involved in different activities such as ATP-binding and
hydrolysis, Mg2þ binding, DNA or RNA binding, unwinding, and so on
(Figure 19.2b). Multiple DNA helicases are present in single cell in each system
because of different structural requirement of the substrate at various stages of DNA

Table 19.1 Target productivity requirement to meet the demand in 2020.

Food items 2009 Production (mt) Demand 2020 Increase required

Oilseeds 30 8.5 243%
Pulses 35 �15 140%
Wheat 110 80 38%
Rice 130 �100 30%
Total cereals 285 220 30%

Source: FAO, 2009.

19.1 Introduction j437



transaction [3, 4, 13]. For example, at least 14 different DNA helicases have been
reported from Escherichia coli, 6 from bacteriophages, 12 from viruses, 15 from yeast,
11 from calf thymus, and 34 from humans [5]. However, the exact biological roles of
only few DNA helicases have been defined [3, 4, 6]. Still very little is known about
DNA helicases from plant system. Till to date only 11 biochemically active DNA
helicases have been reported in the purified form from plants [5, 14]. In plants, the
exact role of plant DEAD-box helicases has not been defined properly. Recently, there
have been some indications of a new role of helicases in stress-regulated processes.

19.2
Stress-Regulated Helicases

Many important crops and fruits that originated from the tropics or subtropics, such
as rice, maize, tomato, banana, and orange, are injured or killed by exposure to low,
nonfreezing temperature in the range of 0–12 �C [15, 16]. Low temperature is an
important environmental factor that greatly influences the growth, development,
survival, and distribution of plants [17]. Plant response to chilling aremultigenic and
the molecular mechanism of chilling sensitivity or resistance is not well under-
stood [18]. Low temperature induces the expression of a diverse array of genes [19].
The product of these genes helps plants to adapt to subsequent freezing stress.
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DEAD/H-box helicase genes were reported to induce under chilling and freezing
stress [20, 21]. Although multiple DNA helicases have also been isolated from
plants [5, 14], the molecular and biochemical characterization of the plant stress-
induced DNA helicase(s) has not been achieved. Though the involvement of
RNA helicase genes in response to stress has been reported from nonplant sys-
tems [22–24], the role of DNA helicases in stress has not been well studied. Analysis
of genes whose expression is induced under stress condition is important to
understand the mechanism of abiotic stress tolerance and possibly to use it for
breeding stress-tolerant plants. However, the functions of DNA/RNA helicases are
poorly understood in plants [25, 26]. Among all the sequenced genomes including
those of humans, fly, worm, and yeast, Arabidopsis has the largest number of DEAD/
H-box helicase genes [26–28]. There are 94 helicases reported from Arabidopsis
(TAIR) that are regulated with stress. The Affymetrix 22K ATH1 oligonucleotide
expression data were obtained from the Genevestigator Response Viewer (https://
www.genevestigator.com) [29] available as an external link in TAIR database.

19.3
Expression Profiling of Arabidopsis Helicase Genes under Abiotic Stress

The log2 fold expression values for 113 genes in various stresses such as anoxia, cold
(3 independent replicates), drought, genotoxic, heat (2 independent replicates),
hypoxia, osmotic, oxidative, salt, and wounding were imported into the Genesis
software. The hierarchical clustering of 113 different transcriptomes revealed
expression patterns for helicase genes under 10 different stress conditions.
A dendrogram was constructed after integrating together the similar expression of
genes into rows to form a cluster. The heatmap resulting from the clustering analysis
showed high expression of large set of helicases under anoxia, cold, and heat stresses.
The expression analysis revealed overexpression of SDE3, RH55, chromatin remo-
deling 31, three genes for helicase domain-containing proteins, RH18 and RH11, in
drought stress; RecQl3, helicase-related, CHR31 and MCM8 in genotoxic stress;
MEE29, RH42, helicase domain-containing protein, SNF2, RH55, and MER3 in
hypoxia. In osmotic stress, MEE29, RH55, CHR31, and RH45 showed increased
expression, while in oxidative stress SDE3, helicase domain-containing protein,
RH28, RNA helicase DRH1, and RH37 were overexpressed. The genes that showed
high expression in salt stress wereMEE29, SNF2 domain-containing protein, RH55,
CHR31, CHR9, EDA16, RH30, RH40, andRNAhelicaseDRH1. Inwounding stress,
SNF2, CHR42, MER3, and PIF1 showed increased expression levels [28].

Since RNA molecules are more prone to forming stable nonfunctional secondary
structures, their proper functioning requires RNA chaperones [28]. DEAD/H-box
RNA helicases are the best candidates for RNA chaperones because these proteins
can use energy derived from ATP hydrolysis to actively disrupt misfolded RNA
structures so that correct folding can occur [28].

Kujat and Owttrim [30] reported that in photosynthetic organisms light-driven
shift in redox potential acted as a sensor that initiates alteration in gene expression at
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the level of both transcription and translation. This study provides evidence that the
expression of a cyanobacterial RNA helicase gene crhR is controlled at the level of
transcription and RNA stability by a complex series of mechanisms that are redox
regulated. RNA helicase would not be directly involved in photosynthetic reaction
per se to coordinate regulation of crhR expression implying that modulation of RNA
secondary structure is required to elicit electron flow. CrhR-induced RNAunwinding
activity could remove secondary structures that inhibit efficient translation of
mRNAs whose products are required under these conditions. Whether crhR has
specific RNA targets such as redox-induced mRNA, enhancing translation or
assembly of ribonucleoprotein complex, or RNA turnover, remains to be
explored [30].

19.3.1
Arabidopsis FL25A4 Helicase

Using biotinylated CAP trappermethod, full-length cDNA libraries fromArabidopsis
plants grown under different conditions such as drought treated, cold treated, or
unstressed were constructed. By cDNA microarray analysis of 1300 Arabidopsis
genes, Seki et al. [31] reported a DEAD-box helicase gene (accession number
AB050574) as a cold stress-inducible gene suggesting a new role of helicases in
stress signaling [25], but it has not been characterized further.

19.3.2
Arabidopsis LOS4 Helicase (AtRH38)

During a genetic screening for Arabidopsis mutants with deregulated expression of
the RD29A-LUC reporter gene, a mutant named los4-1 was isolated, which showed a
reduced RD29A-LUC expression in response to cold, but not ABA or high salt.
Northern blot analysis indicated that the mutation also decreases expression of
endogenous RD29A and other COR/RD genes under cold stress. The CBF gene
shows reduced or delayed cold induction in los4-1mutant plants.Unexpectedly, los4-1
mutant plants are very sensitive to chilling temperature in dark. The constitutive
expression of the CBF-3 gene reverses the chilling sensitivity of los4-1mutant plants.
LOS4 gene was isolated by map-based cloning and found to encode for a DEAD-box
RNA helicase protein (AtRH38) that is localized both in cytoplasm and in nucle-
us [21]. A novel Arabidopsis mutant (cryophyte) was isolated as having an enhanced
cold induction of CBF2 and its downstream genes. Compared to wild type, mutant
plantsflower earlier and are smaller in size. The gene in thismutantwas found to be a
DEAD-box RNA helicase identical to LOS4 (low expression of osmotically responsive
gene). Cryophyte was given the name los4-2. It has an RNA-dependent ATPase
activity, and los4-2 mutants are defective in mRNA export (Table 19.2). Consistent
with its role inmRNAexport, the LOS4protein appears highly enriched at the nuclear
rim. The los4-2 and los4-1mutation affect cold response but in an opposite way. The
los4-1 plants appear to be sensitive to chilling stress, while los4-2 show chilling
resistance compared to thewild type. The los4-2mutant disrupts RNAexport at warm
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Table 19.2 Stress upregulated helicases from plants.

S. No. Organism Type of stress Gene Possible role References

1. A. thaliana Low temperature (4 �C) FL25A4 Suggested a new role for helicases in stress signaling [31]
2. A. thaliana Low temperature (22–4 �C) los-4-1, los-4-2 Involved in mRNA export [21, 32]
3. Hordeum vulgare Salt and cold stress HVD1 Regulates transcript(s) concernedwith salt tolerance, or

important metabolism such as photosynthesis, in
chloroplast

[34]

4. Pisum sativum Salt stress PDH45 Possible role in translation or regulating DNA/RNA
metabolism under stress conditions

[35, 36]

5. P. sativum Salt stress and cold stress PDH47 Efficient translation under stress condition or
regulating the DNA/RNA metabolism

[37]

6. A. thaliana Salt, osmotic, and heat STRS1 and
STRS2

Mutations in either gene cause increased tolerance to
salt, osmotic, and heat stresses, suggesting that the
helicases suppress responses to abiotic stress

[38]

7. Apocynum venetum Salt and cold stress AvDH1 ATP-dependent DNA helicase and ATP-independent
RNA unwinding activities

[39]

8. M. sativa Mannitol, NaCl,
methyl viologen, and
abscisic acid

MH1 The ectopic expression ofMH1 inArabidopsis improved
seed germination and plant growth under drought, salt,
and oxidative stress

[40]

9. A. thaliana Cold AtRH9 and
AtRH25

AtRH25, but not AtRH9, enhanced freezing tolerance
in Arabidopsis plants

[41]

10. Glycine max
(soybean)

Low temperature and
high salinity

GmRH GmRH plays an important role in RNA processing
during low-temperature and high-salinity stresses in
plants

[43]

11. P. sativum High salinity and cold MCM6 MCM6 single subunit from pea functions as DNA
helicase and its overexpression in tobacco plant pro-
motes salinity stress tolerance without affecting yield

[44, 45]
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andhigh temperature but not at low temperature,while los4-1 impairsmRNAexport at
warm and low temperature. So, los4-1 appears to be a heat-sensitive allele that may
even enhance mRNA export at low temperature, whereas los4-1 appears to be a
constitutive allele that affects mRNA export in both low and warm temperatures.
Analysis of mRNA export-defective mutant cryophyte/los4-2 has provided an uncom-
mon opportunity to understand the contribution of mRNA export to higher plant
development and stress response [32]. Overall, LOS4 helicase confers freezing
tolerance by regulating mRNA export from the nucleus to the cytoplasm under cold
stress conditions [21, 32, 33]. LOS4 helicase is also involved in many physiological
processes suchasgermination (ABAhypersensitivity of los4-2) andplant development
(los4mutant flowers earlier), in addition to its role in low-temperature responses [32].

19.3.3
Sorghum HVD1 Helicase

In sorghum [34], a salt-responsive transcript HVD1 (Hordeum vulgare DEAD-box
protein), encoding a putative ATP-dependent DEAD-box RNA helicase, was reported
(Table 19.2). The transcript accumulation was induced under salt stress, cold stress,
and ABA treatment. In addition to the conserved helicase domain, the encoded
protein contained five repeats of RGG known as RNA recognition motif, at its
hydrophilic C terminus. The transcript also dramatically increased during recovery
from salt stress. The protein was found to localize in chloroplast by immunogold
labeling. Thus, it was anticipated that HVD1 protein regulates the function of
transcript(s) concerned with salt tolerance or important metabolism such as pho-
tosynthesis, in chloroplast. cDNA is essential for functional analysis of plant genes.

19.3.4
Pea DNA Helicase 45

It exhibits striking homology to eukaryotic translation initiation factor 4A (eIF4A)
and contains ATP-dependent DNA and RNA helicase activity and DNA-dependent
ATPase activity [35]. It is also reported that the pea DNA helicase 45 (PDH45) mRNA
is upregulated in pea seedling in response to high salt (200mM of NaCl), and when
this gene was transferred to tobacco it provided the salinity stress tolerance [36]. This
response was specific to Naþ ion stress because treatment with Liþ did not induce
the transcript. This studywas the first direct evidence of the possible role of a helicase
in promoting the salinity stress tolerance in plants. The PDH45 transcript was also
upregulated in response to other abiotic stresses (dehydration, wounding, and low
temperature), which suggested that the transcript increase could be due to water
stress resulting from salinity- and mannitol-induced desiccation [36]. The induction
of PDH45 transcript was observed to be induced by the phytohormone, ABA, which
suggested that the stress effect may take place through ABA-mediated pathways. The
exact mechanism of PDH45-mediated tolerance to salinity stress is not understood.
This protein may act at translational level or may associate with DNA multisubunit
protein complex to alter gene expression [36].
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19.3.5
Pea DNA Helicase 47 (PDH47)

The pea DNA helicase 47 (PDH47) also belongs to DEAD-box protein family and
shows 93% homology to tobacco eIF4A. The purified recombinant protein (47 kDa)
was reported to contain ATP-dependent DNA helicase and DNA-dependent ATPase
activities. These activities are upregulated after phosphorylation of PDH47 at Ser and
Thr residues with protein kinase C. Using Western blot analysis and in vivo
immunostaining followed by confocalmicroscopy, PDH47 is localized in the nucleus
and cytosol. The level of transcript of PDH47 is more in shoot than in root. The
transcript was induced in both shoot and root under cold (4 �C) and salinity (300mM
of NaCl) stress, but there was no change in response to drought stress. It is a unique
bipolar helicase that contains both the 30–50 and 50–30 directional helicase activities.
The anti-PDH47 antibodies immunodeplete the activities of PDH47 and inhibit
in vitro translation of protein. Furthermore, the PDH47 protein showed induction of
protein synthesis [37].

19.3.6
Arabidopsis STRS1 and STRS2

Two DEAD-box RNA helicases from Arabidopsis were reported to be downregulated
bymultiple abiotic stresses. However, themutations in their coded genes resulted in
increased tolerance to salt, osmotic, and heat stresses (Table 19.2). This suggested
that these helicases suppress responses to abiotic stress. The genes were,
therefore, named stress response suppressor 1 (STRS1; At1g31970) and STRS2
(At5g08620) [38]. Thesemutants showed greater tolerance than wild type to multiple
abiotic stresses and also showed more highly induced expression of genes encoding
stress-responsive transcription factors and their downstream target genes. The ABA
is observed to reduce the expression of the STRS genes, but the STRSs were reported
to be regulated by both ABA-dependent and -independent stress signaling networks.
Overall, this study indicated the importance of RNA metabolism in the control of
stress-responsive gene expression.

19.3.7
Dogbane AvDH1 Helicase

The AvDH1 helicase is a salt-responsive gene isolated from the halophyte
dogbane (Apocynum venetum). It also contained the nine conserved helicase
motifs of the DEAD-box protein family. The purified recombinant protein
contains ATP-dependent DNA and RNA helicase activities and DNA- or RNA-
dependent ATPase activities. The AvDH1 gene was reported to be present as a
single copy in the dogbane genome. This gene was found to be upregulated in
response to NaCl and not in drought and abscisic acid. The AvDH1 transcript was
also induced by cold stress, but its accumulation was first increased then
decreased with time [39].
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19.3.8
Alfalfa MH1 Helicase

The cDNA of this helicase was cloned fromMedicago sativa (alfalfa) and was found to
be homologous to PDH45, and was named M. sativa helicase 1 (MH1). The MH1
gene was found to be expressed in roots, stems, and leaves, and was upregulated in
response to mannitol (drought), NaCl, or H2O2 treatments (Table 19.2). The
expression of MH1 in Arabidopsis thaliana conferred tolerance to drought and
salinity to the transgenic plants. The enhanced stress tolerance in MH1-expressing
Arabidopsis was observed to be correlated with an increase in superoxide dismutase
(SOD) and ascorbate peroxidase (APX) activities and proline content. The findings
suggested that MH1may function in abiotic stress by elevating the capacities for
reactive oxygen species (ROS) scavenging and osmotic adjustment [40].

19.3.9
Arabidopsis AtRH9 and AtRH25

Two Arabidopsis helicases, AtRH9 (At3g22310) and AtRH25 (At5g08620), were
selected by Kim et al. [41] to study the basis of the observation that these two
DEAD-box RNA helicases were among the genes highly upregulated in the tran-
scriptome ofArabidopsis plants subjected to cold stress [42]. Both these helicases were
found to be upregulated in response to cold stress, whereas their transcript levels
were downregulated by salt or drought stress (Table 19.2). Phenotypic analysis of the
overexpression of AtRH9 or AtRH25 transgenic plants showed the retarded seed
germination of Arabidopsis plants under salt stress conditions. AtRH25, but not
AtRH9, was also reported to enhance freezing tolerance in Arabidopsis plants [41].

19.3.10
Soybean GmRH

A novel RNA helicase GmRH has been isolated from soybean and characterized by
Chung et al. [43]. This helicase was shown to contain a bipartite lysine-rich nuclear
localization signal (NLS) to ward the N-terminal variable region of GmRH. The
soybean genome was reported to contain two copies of GmRH gene. The gene was
reported to be upregulated in response to low-temperature or high-salinity stress, but
not in response to abscisic acid or drought stress. The GmRH recombinant protein
contained dsRNA unwinding activity independent of ATP in vitro. The authors
proposed that GmRH might play an important role in RNA processing during
low-temperature and high-salinity stresses in plants (Table 19.2).

19.3.11
Pea MCM6 Single-Subunit DNA Helicase

The eukaryotic prereplicative complex (Pre-RC), including heterohexameric mini-
chromosomemaintenance (MCM2–7) proteins, ensures that the DNA in genome is
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replicated only once per cell division cycle. The MCM complex provides DNA
unwinding function during the DNA replication. However, the unwinding function
in the single subunit ofMCMand its role in abiotic stress tolerance were not reported
so far in any systems. Recently, we have shown the first direct evidence of the
identification of a DNA unwinding activity in a single-subunit (MCM6) of the MCM
complex of pea [44]. The pea MCM6 single subunit is also reported to form a
homohexamer that actually functions as a DNA helicase (Table 19.2). The DNA
helicase activity is in 30–50 direction and the activity is found to be stimulated by
replication fork-like structure of the substrate [44]. Since MCM proteins play an
essential role in cell division and most likely are affected during stress conditions,
their overexpression in plants may help in stress tolerance. Furthermore, we have
tested its role in salinity stress tolerance. Recently, we have reported that (a) the
MCM6 transcript is upregulated in pea plant in response to high-salinity and cold
stress and not with ABA, drought, and heat stress (Table 19.2); (b) MCM6 over-
expression driven by a constitutive cauliflowermosaic virus-35S promoter in tobacco
plants confers salinity tolerance. The T1 transgenic plants were able to grow to
maturity and set normal viable seeds under continuous salinity stress, without yield
penalty. It was observed that in salt-grown T1 transgenic plants, the Naþ ions is
mostly accumulated in mature leaves and not in seeds of T1 transgenic lines
compared to the wild-type (WT) plants. T1 transgenic plants exhibited better growth
status under salinity stress conditions in comparison to WT plants. Furthermore,
the T1 transgenic plants maintained significantly higher levels of leaf chlorophyll
content, net photosynthetic rate, and therefore higher dry matter accumulation and
yield with 200mM of NaCl compared to WT plants. Tolerance index data showed
better salt tolerance potential of T1 transgenic plants in comparison to WT. These
findings provide first direct evidence that overexpression of single-subunit MCM6
confers salinity stress tolerance without yield loss [45]. The possible mechanism of
salinity tolerance is discussed. These findings suggest that DNA replicationmachin-
ery can be exploited for promoting stress tolerance in crop plants.

19.4
Possible Mechanisms of Helicase Action During Stress

The exact mechanism of helicase-mediated tolerance of stress has not yet been
understood. There could be twopossible sites of action for the helicases: (i) at the level
of transcription or translation to enhance or stabilize protein synthesis or (ii) in an
association with DNAmultisubunit protein complexes to alter gene expression. It is
evident that mRNA and protein synthesis are very sensitive to stress, so factors
involved in transcription and translation are potential targets of salt toxicity in plants.
In bacteria, the toxic effect of Naþ is mainly in translation rather than in RNA
synthesis. Themechanisms of translation initiation are conserved among eukaryotes
and the regulation of translation occurs at the step of initiation. The RNA helicase
activity ofDEAD-box proteins could facilitate transcription by altering the structure of
nascent RNA, a process that can stimulate reinitiation and/or elongation.
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The initiation step of translation is impaired after cold shock and the reactivation of
translation machinery might represent a bottleneck during cold adaptation. RNA
helicases not only remove RNA secondary structure but also protect mRNA from
degradation in particular under condition where transcription and translation are
uncoupled as a result of inefficient translation initiation [46].

There are also temperature-dependent changes in the cellular ribosome profile.
Upon cold shock, the number of polysomes existing at optimal temperature decreases
in favor of increasing amounts ofmonosomes, 70 S particles, and free ribosomal 30 S
and 50 S subunits. This effect has been suggested to result from a cold-induced block
in translation initiation. As a consequence, additional mRNA structuring may occur
that would further complicate protein biosynthesis at low temperature [47]. There is a
temperature-dependent alteration of mRNA structures affecting ribosomal protein
synthesis. ThemRNA secondary structures at the 50 untranslated region (50UTR) can
mask the ribosomal binding site, and at 30UTR canmask the stop codon, which finally
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Figure 19.3 Hypothetical model for the
possible mechanism of stress tolerance by a
helicase. The eIF4A is a prototypic member
of the DEAD-box RNA helicase family. Stresses
may enhance formation of the inhibitory
secondary structure at the 50UTR of mRNAs
of many essential genes. The eIF4A is
responsible for removal of the secondary

structure of the mRNA. eIF4A, along with
eIF4B, binds to 50UTR and unwinds the
inhibitory secondary structure in an ATP-
dependent manner. This facilitates the
binding of ribosome. After this, ribosome
scans for the start codon (AUG) and protein
synthesis begins normally, which was
inhibited due to negative impact of the stress.
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leads to impairment of protein translation initiation. The stress-inducedhelicasesmay
resolve these inhibitory structures during stress adaptation.

The possiblemechanism of helicase action during stress is depicted in Figure 19.3.
In response to stress, the extra secondary structures could be formed in the
50-untranslated region in mRNA of many essential genes, which could be inhibitory
for translation. These inhibitory secondary structures need to resolve in order to
have active translation, as otherwise theseRNAswill act as nonfunctional RNAswhere
protein synthesis cannot proceed. The stress-induced RNA helicase(s) recognized
these nonfunctional RNAs and unwound to resolve the secondary structures, which
permit the translation initiation to proceed (Figure 19.3). Overall, these stress-induced
helicases help in recovering the functions of the genes for stress adaptation, which
were stopped previously because of the negative impact of the stress.

The involvement of DEAD-box helicases in various metabolic processes in plant
cells might have general implications. In plants, the role of these helicases in stress
responses is just beginning to be understood. The overexpression of stress-induced
DEAD-box helicase(s) can provide an example of the exploitation of DNA/RNA
metabolism pathways for engineering stress-tolerant crop plants. Overall, DEAD-
box helicases are conserved and have emerged as newmolecules to understand stress
signaling inplants.Afewstudiesof stress-inducedDNAandRNAhelicasessuggested
that salinity stress affects the stability of nucleic acid base pairing. Therefore, the
exploitationof salinity stress-responsivegenesofnewpathways, includingDNA/RNA
metabolism, will be useful in elucidating the less-known stress signaling networks
and will also be helpful for engineering salinity-tolerant crop plants.
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20
Transcription Factors: Improving Abiotic Stress Tolerance
in Plants
Pil Joon Seo, Jae-Hoon Jung, and Chung-Mo Park

Perception of environmental cues and downstream cellular signaling schemes are
critical for plant adaptation and survival under abiotic stress conditions. Gene
transcription is a primary regulatory scheme that induces massive biological pro-
cesses and traits in response to incoming signals. In this regard, transcription factors
play a critical role in gene regulatory networks governing cellular and organismal
responses to developmental signals, including those mediated by growth hormonal
regulators, and environmental fluctuations, such as cold or low temperatures, high
salinity, and drought. Numerous transcription factors and their target genes have
been identified, and underlying molecular mechanisms have been explored in a
variety of plant species, mostly in Arabidopsis and rice. Furthermore, it has been
shown that there are extensive signaling crosstalks among different environmental
signals. Therefore, understanding the roles of major transcription factors in stress
adaptation responses and their signaling interactions is important for genetic
engineering of crop plants to improve stress tolerance. In this chapter, transcriptional
signaling cascades under various abiotic stress conditions, roles of transcription
factors, and their regulatory schemes are discussed.

20.1
Introduction

Gene expression regulation is a fundamental step in modulating plant growth and
developmental processes and environmental adaptation responses. Gene transcrip-
tion is regulated by transcription factors, which perceive developmental and
environmental cues. Therefore, understanding transcription factor activities and
underlying molecular mechanisms provides information on molecular and physio-
logical changes occurring in plant responses to various abiotic stress conditions [1, 2].

Gene transcriptional regulation is established by coordinate interactions between
cis-acting elements of gene promoters and transcription factors. The cis-acting
elements determine the type, affinity, and arrangement of transcription factors and
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associated regulatory proteins [3]. Transcription factors also have differential DNA
binding affinities, transcriptional activation/repression activities, and capacities of
protein–protein interaction, suggesting that elaborate combinatorial interactions
between transcription factors and gene promoters allow precise control of gene
transcription [3, 4].

Transcription factors are usually defined as sequence-specific DNA binding
proteins, which are capable of activating or suppressing gene transcription [3].
Transcription factors have a modular structure, which consists of DNA binding
domain (BD), protein–protein interaction domain, and transcriptional regulation
domain [1]. DNA binding domain facilitates binding of transcription factors to
specific DNA sequences. According to the structural features of DNA biding
domains, transcription factors are grouped into families [5]. Approximately, 64 DNA
binding domains have been defined in Arabidopsis transcription factors [4, 5].
Protein–protein interaction domains are responsible for interactions with both its
own and diverse transcription factors and its isoforms, contributing to regulational
diversity and specificity. Gene transcriptional regulation domains function in har-
monywith regulatory proteins that interact with RNApolymerase [1]. These domains
determine the efficiency of assembly of basal transcriptional complex and binding to
RNA polymerase II [1]. Their activities are resulted from acidic or hydrophobic
residues residing in the domains [3].

Transcription factors are regulated by diverse environmental and developmental
signals to activate/suppress target genes involved in stress adaptation and devel-
opmental optimization, and thus they are important and efficient signaling
mediators between external/internal signals and plant responses [6, 7]. Signaling
network is a dense web of numerous regulatory proteins and responsive genes.
Therefore, it is not surprising that individual transcription factors belonging to the
same family are differently regulated by incoming signals. In addition, those
belonging to different transcription factor families often share same targets,
indicating that complex networks and crosstalks are established by transcription
factors [7, 8].

In this chapter, we will emphasize transcriptional regulation of abiotic stress
responses. We will also cover general interactions between transcription factors and
cis-elements that are involved in abiotic stress responses and roles of various
transcription factors in establishing abiotic stress resistance with concrete examples.
Furthermore, functional mechanisms underlying transcription factor activities are
also discussed.

20.2
Abiotic Stress Responses

Drought and salt stresses, together with cold stress, greatly affect agronomic yield
and productivity. Perception of environmental stresses and downstream signaling
cascades to activate adaptive stress responses are key steps to acquire stress
resistance [7, 9, 10]. Various abiotic stresses impose both general and specific effects
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on plant growth and development. Molecular and genetic studies, in particular with
model plantsArabidopsis and rice, have elucidated diversemechanisms and signaling
networks that are involved in stress signaling and responses.

Many transcriptional regulators have been identified by transcriptome analysis. It
has been found that transcription factor genes constitute a significant proportion of
stress-inducible genes, suggesting that gene transcriptional regulation of stress
responses is a crucial mechanism for stress adaptation [8]. These transcriptional
regulators include diverse transcription factor family members, such as basic helix–
loop–helix (bHLH), basic leucine zipper (bZIP), APETALA2/ETHYLENE-
RESPONSIVE ELEMENT BINDING FACTOR (AP2/ERF), homeodomain, MYB,
NAM/ATAF1,2/CUC2 (NAC), WRKY, and zinc finger transcription factors [7].

Transcription factors establish complicated signaling cascades in abiotic stress
responses. These signaling cascades are classified on the basis of several criteria. A
substantial proportion of the genes induced by osmotic stresses, such as salt, cold,
and drought, are also regulated by abscisic acid (ABA) [7]. Accordingly, involve-
ment of ABA is used as an important criterion in dividing stress signaling
pathways. ABA dependence of stress response is investigated by ABA-deficient
abamutants and ABA-signalingmutants, such as abi (ABA-insensitive). A number
of genes are completely independent of ABA, indicating that both
ABA-dependent and ABA-independent pathways mediate stress adaptation
responses [11]. It has been found that while more than half of the drought-
inducible genes are also induced by high salt and/or ABA, only 10% of them are
regulated by cold stress [11]. Responses to drought, high salt, and ABA are highly
linked through extensive crosstalks, but cold stress responses are relatively
separated from ABA signaling [11].

Signaling cascades governing stress responses can be understood by examining
the interactions of transcription factors with cis-acting elements. Transcription
factors regulate their target genes through direct binding to target gene promoters.
In this regard, promoter analysis provides clues as to the interdependence and/or
independence between different abiotic stress signaling pathways [6, 7]. Promoters
of abiotic stress-responsive genes usually contain C-repeat/dehydration responsive
element (CRT/DRE), ABA-responsive element (ABRE), and recognition sequences
ofMYCandMYB transcription factors [7]. TheABRE (PyACGTGGC) functions as a
cis-acting element in many ABA-responsive genes [12]. High salt and drought
stresses induce ABA accumulation, which activates osmotic stress responses.
Therefore, most of high salt- and drought-inducible genes contain the ABRE in
their promoters. ABA-dependent signaling usually activates bZIP transcription
factors, including ABRE-binding factors/AREB-binding proteins (ABFs/AREBs),
which induce stress-responsive genes by directly binding to the ABRE [12]. Inter-
actions of MYB and MYC transcription factors with its recognition sequences also
constitute ABA-dependent signaling [13].

While ABA-dependent stress-responsive genes are regulated through the ABRE,
ABA-independent stress-responsive genes are regulated mainly via the DRE
cis-acting element (TACCGACAT) [7, 14]. The C-repeat binding factor/DRE-binding
protein (CBF/DREB) transcription factors belonging to the AP2/ERF family bind
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specifically to the DRE cis-acting element to activate stress-responsive genes [6].
Compared to high salt and drought stresses, cold stress is relatively independent of
ABA signaling pathways [11, 14].Mutations harboring ABA-mediatedRESPONSIVE
TO DESICCATION 29A (RD29A) induction increase salt and drought tolerance but
not cold, implying that cold stress responses are partially separated from ABA-
mediated osmotic stress responses [7, 14]. ABA accumulation in response to cold
stress is still controversial. Although ABA contributes to regulation of cold-respon-
sive gene expression and freezing tolerance, its effects is not great as those of high salt
and drought stresses. These observations may be due to the existence of DRE cis-
acting element-mediated ABA-independent signaling pathway in cold stress
responses [6] (Figure 20.1).

Interactions and convergence of signalings are largelymediated through cis-acting
elements. The promoter of the RD29A gene contains four DRE-like sequences and
one ABRE. As inferred from the presence of a series of distinct cis-acting elements in
the gene promoter, the RD29A gene is induced by ABA, dehydration, and cold,
supporting the view that the cis-acting elements existing in the gene promoter are one

ColdSalt/Drought

ABA DREB2NACHD-ZF

CRT/DREMYB/MYC
BS ABRE

MYB/MYC bZIP(ABF/AREB) CBF/DREB1CBF4/
DREB1D

NAC
BS

HDZF
BS

Figure 20.1 The trans-acting regulators and cis-
acting elements involved in abiotic stress
signaling. Specific interactions between stress-
inducible transcription factors and cis-acting
elements determine specificity and strength of
downstream signaling. Note that multiple

trans-acting regulators bind to a cis-acting
element either cooperatively or competitively to
fine-tune downstream signaling. This entails
that there are extensive signaling crosstalks
between different stress signalings.
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of the major sites for signal convergence [7, 14]. Consistent with this view, the gene
induction patterns in response to dehydration and cold stresses aremaintained in the
ABA biosynthetic and signaling mutants, indicating that the RD29A gene integrates
both the ABA-dependent and the ABA-independent signals via the interaction of
cis-acting elements [7, 14].

Interactions between cis-elements are also important for a proper regulation of
stress-inducible genes. TheDRE cis-acting element is sufficient for stress-responsive
gene induction. While ABA is required for full induction of the DRE, it cannot
directly activate the DRE [11]. It is suspected that interactions between the DRE and
ABREs are important for full activation of target genes [11]. As described above, the
RD29A gene promoter contains four DRE-like sequences and one ABRE. Although
single ABRE cannot efficiently perceive ABA signals, the DRE–ABRE interactions
seem to be necessary to mediate webs of ABA signalings [11].

Plants are frequently exposed to more than one stress under given growth
conditions. Therefore, plants evolved complicated mechanisms to resist various
environmental stresses through extensive crosstalks and feedbacks [6]. In other
word, improvement of resistance to one stress can induce tolerant response to other
stresses. We will further categorize transcription factors according to stress
signaling involved. However, signaling crosstalks and interrelationship should
be considered.

20.3
Transcription Factors in Stress Adaptation

20.3.1
Drought Stress

Several genes involved in ABA biosynthesis are induced by drought stress [7, 15].
TheABAbiosynthetic genes encoding 9-cis-epoxycarotenoid dioxygenase (NCED) are
transcriptionally regulated by drought stress, supporting the view that ABA is
intimately linked to drought stress responses [16]. As a result, a significant proportion
of drought inducible genes is also induced by ABA.

The bZIP transcription factors ABFs/AREBs are the best characterized tran-
scription factors that function in drought stress response via ABA-dependent
signaling [7, 12]. The ABF1, ABF2/AREB1, ABF3, ABF4/AREB2, and ABEB3
transcription factors require ABA to activate their own activity through ABA-
dependent phosphorylation. Therefore, they exhibit reduced activity in the aba
and abi mutants, but increased activity in the ABA-hypersensitive era1 mutant [17].
Although loss-of-function mutants do not have any obvious phenotypes, constitu-
tive expression of either ABF3 or ABF4/AREB2 leads to ABA hypersensitivity,
reduced transpiration, stomatal closure, enhanced drought resistance, and altered
expression of ABRE-containing genes, such as RD29B, ABI1, and ABI2 [12].

There are additional pathways to regulate drought stress responses in an ABA-
dependent manner. Although the RD22 gene is induced by ABA and drought stress,
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the ABRE does not exist in the RD22 gene promoter. Instead, MYC and MYB
transcription factors cooperatively regulate drought stress responses [13]. The
AtMYC2 (RD22BP1) and AtMYB2 transcription factors bind directly to the cis-acting
element present in the RD22 gene promoter [13].

Additional MYB transcription factors also serve as drought stress regulators in
Arabidopsis. The MYB96 transcription factor coordinately regulates stomatal aper-
ture, shoot growth, lateral root development, and expression of the RD22 gene and a
subset of GH3 genes to optimize plant growth under drought conditions [18].
Accordingly, while transgenic plants overexpressing the MYB96 gene exhibit
enhanced drought tolerance, themyb96-1 knockout mutant is susceptible to drought
stress [18]. The MYB44 transcription factor also regulates stomatal aperture in
response to ABA, drought, and high salinity. Transgenic plants overexpressing the
MYB44 gene exhibit enhanced tolerance to drought and high salt stresses, stomatal
closure, and reduced water loss [19]. Microarray analysis have shown that a group of
protein phosphatase 2C (PP2Cs) genes is negatively regulated byMYB44, resulting in
constitutive activation of ABA signaling [19].

Two R2R3-type MYB transcription factors, MYB60 and MYB61, have been
identified as stomatalmovement regulator. TheMYB60 gene is expressed specifically
in guard cells and repressed in response to drought stress. Consistent with this, loss-
of-function mutants of the MYB60 gene show reduced stomatal aperture and
enhanced drought resistance [20]. The MYB61 gene is also expressed specifically
in guard cells and controls stomatal aperture according to light/dark responses,
suggesting a specific role of the MYB transcription factors in regulation of stomatal
function [21].

AWRKY transcription factor is also involved in ABA-mediated drought tolerance
response. Loss-of-function mutants of AtWRKY63 are less sensitive to ABA in
stomatal closure. In addition, drought resistance in the mutants is reduced [22].
AtWRKY63 regulates the ABF2/AREB1 gene transcription by binding to the W-box
existing in the gene promoter and affects expression of the RD29A and COR47
genes [22].

Nuclear Factor (NF) is a transcription factor with high DNA binding affinity to the
CCAAT box [23]. A subunit of NF-Y (NF-YA) confers the specific binding capacity to
DNA by forming a trimeric complex (NF-YA, NF-YB, and NF-YC) [24]. Among the 10
members of NF-YAs, the NFYA5 gene is induced by drought stress via an ABA-
dependent signaling [23]. In addition, miR169 regulates the NFYA5 transcript. The
miR169 expression is downregulated by drought stress via ABA-dependent path-
ways, upregulating the NFYA5 gene. Accordingly, whereas transgenic plants over-
expressing NFYA5 exhibit enhanced drought tolerance, the nfya5 mutant and
miR169-overproducing transgenic plants show higher susceptibility to drought
stress with elevated water loss [23]. Related transcription factors NFYB1 and LEC1,
members of the NFYB family, also confer drought tolerance, implying that physi-
ological pathways mediated by NFs also play an important role in regulating drought
tolerance [25, 26].

NACdomain-containing transcription factors constitute both ABA-dependent and
ABA-independent pathways. The RD26 gene is induced by ABA and drought stress,
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implying that RD26 may function in an ABA-dependent manner. A microarray
analysis has shown that the RD26 transcription factor largely affects expression of
stress- and ABA-responsive genes. As a result, while the 35S:RD26 transgenic plants
are highly sensitive to ABA, loss-of-function mutants are insensitive to ABA [27].

In contrast, three NAC transcription factors, ANAC019, ANAC055, and
ANAC072, have been identified as regulators of drought stress responses indepen-
dent of ABA. The transcription factor genes are highly induced by drought stress and
high salinity. They bind directly to the NAC recognition sequence motif (CATGTG)
existing both in the 63-bp region of the EARLY RESPONSIVE TO DEHYDRATION
STRESS 1 (ERD1) gene promoter [28] and in the diverse stress-responsive gene
promoters. Overexpression of ANAC019, ANAC055, or ANAC072 leads to upregu-
lation of stress-responsive genes and enhanced drought tolerance [28]. The ZINC
FINGER HOMEODOMAIN 1 (ZFHD1) transcription factor also binds directly to
the rps1 site 1-like sequence (CACTAAATTGTCAC) in the ERD1 gene promoter. The
ZFHD1 gene is induced by ABA, drought, and high salinity. Overexpressing the
ZFHD1 gene induces expression of several stress-responsive genes and enhanced
resistance to drought stress [29]. Notably, the ANAC and ZFHD1 transcription
factors interact with each other to activate the ERD1 gene, constituting an ABA-
independent signaling pathway.

Consistent with this, several genes are still induced by drought stress in the aba
biosynthetic mutants, suggesting that ABA-independent pathways also play a role in
drought stress responses [14]. The CBF1-overexpressing transgenic plants are also
resistant to drought and salt stresses, suggesting that genes containing the DRE in
their promoters may also be regulated by drought and salt stresses [7]. The COR
genes induced by CBFs may also play a protective function under drought stress
conditions. While the DREB1 genes are induced specifically by cold stress, the
DREB2 genes are regulated by drought and high salt stresses but not by cold
stress [14]. The DREB2 genes may confer drought tolerance by inducing the genes
containing the DRE motifs in their promoters [14].

20.3.2
Salt Stress

High salinity causes hyperosmotic and hyperionic stresses to plants. In terms of
water potential, basic physiology of high salinity and drought stress is highly
overlapped with each other. Therefore, research on salt stress responses has been
oriented to those ion-specific stress responses that repair cellular imbalance of Kþ

andNaþ ions. Briefly, various ion pumps, transporters, and channels are involved in
maintaining sodium ion homeostasis. A representative example is the salt overly
sensitive (SOS) pathway. It participates in the regulation of ion homeostasis. The
SOS3 gene encodes a CALCINEURIN B-LIKE (CBL) protein, which senses cytosolic
Ca2þ by directly binding to ions. The SOS2 protein is serine/threonine protein
kinase, which is activated by SOS3 in a calcium-dependent manner. The SOS1
protein is a Naþ /Hþ antiporter and is phosphorylated by the SOS3–SOS2 complex,
which eventually causes reduction of cytosolic Naþ concentration [9, 30].
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Transcriptional regulation of salt stress responses is quite similar to that of drought
stress responses [7, 8]. Accumulation of ABA is induced under high salinity and
subsequently activates ABA-responsive genes. Interaction of bZIP transcription
factors with the ABRE cis-acting elements is a major regulatory scheme in the salt
stress responses. Several MYB and MYC transcription factors, which play roles in
drought stress responses, are also involved in salt stress responses [31].

Some transcription factors have been identified as key players in salt stress-specific
responses. It has been reported that A NAC domain-containing transcription factor
regulates salt stress response and lateral root development through signaling
interaction with growth hormones. A gene encoding the NAC2 transcription factor
is highly induced by high salinity. It has been proven that it is also influenced by
ethylene and auxin signalings [32]. Notably, ETHYLENE INSENSITIVE 2 (EIN2)
converges ethylene and auxin signals and positively regulates theNAC2 gene [32]. As
a result, NAC2 expression is completely blocked in the ein2 mutant. The NAC2-
mediated promotion of lateral root formation reflects an adaptive stress response
under salt salinity [32].

A fewWRKY transcription factors have been reported as specific mediators of salt
stress responses. Expression of theWRKY25 andWRKY33 transcription factor genes
is induced by high salt. Analysis of the induction patterns indicates that WRKY33
expression partially depends on ABA but is independent of SOS. Transgenic plants
overexpressing either the WRKY25 or the WRKY33 gene are tolerant to high salt
stress. In contrast, the wrky25wrky33 double mutant is sensitive to high salinity [33].

The AP2/ERF transcription factors are also involved in salt stress responses.
Transcription of the CBF4/DREB1D gene is induced by osmotic stress [14]. Because
theCBF/DREB transcription factorsbind to theCRT/DREsequence, it seems thatmost
of the CBF/DREB-mediated signals are converged at the gene promoters containing
the CRT/DRE sequence [34]. The DWARF AND DELAYED FLOWERING 1 (DDF1)
gene encoding an AP2 transcription factor, belonging to the CBF/DREB1 subfamily,
regulates primarily theGA2-OXIDASE 7 gene (GA2ox7) [35]. TheGA2ox7 protein is a
C20-GA deactivating enzyme. The DDF1 gene is induced strongly by high salt stress,
which subsequently upregulates the GA2ox7 gene by directly binding to the DRE-like
motifs (GCCGAC/ATCGAC) possibly via an ABA-independent manner [35]. This
signaling supports the growth repression under high salinity. In addition to GA2ox7,
other salt stress-responsive genes, such as RD29A, COR15A, and KIN, are also
upregulated in 35S:DDF1 transgenic plants, conferring resistance to salt stress [35].

20.3.3
Cold Stress

Temperate plants develop freezing tolerance through sustained experience of low but
nonfreezing temperatures [9]. Cold acclimation responses include rapid induction of
many transcriptional activator genes, such as those encoding the CBFs/DREBs
transcription factors, reduction of growth, and modulation of metabolic activity
[36, 37]. Changes in transcriptome have been intensively investigated and analyzed.
The CBF1/DREB1B, CBF2/DREB1C, and CBF3/DREB1A genes, which play a
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central role in cold acclimation process, have been identified through this
approach [38, 39]. These genes are rapidly induced upon exposure to cold within
15min, and constitutive expression of these genes enhances freezing resistance
[38, 40]. The DREB/CBF transcription factors directly regulate theCOR genes via the
DRE cis-acting elements in respond to cold stress independent of ABA. Arabidopsis
COR genes (COR6.6, COR15a, COR47, and COR78/RD29a) encoding LEA-like
proteins are critical for development of freezing tolerance and cold acclimation.

INDUCER OF CBF EXPRESSION 1 (ICE1) is a MYC-like bHLH transcription
factor and binds directly to the MYC recognition sequence present in the CBF3 gene
promoter [41]. An R2R3-typeMYB transcription factor MYB15 is also involved in the
regulation of the CBF3 gene through interaction with ICE1 [42]. It is highly possible
that other bHLH and MYB transcription factors regulate the CBF1 and CBF2
expression. Transcriptional regulation of CBFs by ICE1 is not ordinary. Considering
the rapid induction of CBFs upon exposure to cold, ICE1 should be present in the
nucleus under normal growth condition and its conformation or interaction with
other bindingpartnerswould bemodified in response to cold,which in turn regulates
expression of the CBF3 and COR genes in inducing freezing tolerance [36]. To date,
the ICE1–CBF–COR regulon is a major cold stress signaling pathway, which
regulates a wide array of cold-responsive genes and thus induces freezing tolerance
(Figure 20.2). Sensors, which are responsible for activation of the major pathway
remain to be elucidated.

TheCBFgenes are also regulated by negative regulators. The ZAT12 transcription
factor is a zincfinger protein that contains EAR-motif sequence thatmay function as a
transcriptional repression domain [43, 44]. The ZAT12 transcription factor is
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involved in regulation of the CBF expression in response to cold stress. In addition,
constitutive expression of CBF2 suppresses the expression of CBF1 and CBF3,
establishing a negative feedback loop [45].

Because of its importance, CBF orthologues have been identified and functionally
characterized in other plant species.Arabidopsis transgenic plants overexpressing the
rice OsDREB1A gene exhibit phenotypes similar to those overexpressing the Arabi-
dopsis DREB1A gene, indicating that this transcription factor is conserved in both
monocot and dicot [46]. Lycopersicum esculentum contains three CBF genes in a
tandem array [47]. Constitutive expression of LeCBF1 in Arabidopsis also confers
freezing tolerance and regulates cold-responsive genes [47]. Brassica napus also has
four orthologues of the Arabidopsis CBF genes. Wheat and rye are suspected to have
the AP2 transcription factor, which is homologous to Arabidopsis CBF, suggesting
that the CBF regulon is conserved in diverse plant species [48, 49].

Several cold-responsivegenes donot contain theDRE in theirpromoters, suggesting
that cis-acting elements other than the DRE are also involved in cold-responsive gene
expression [50]. Moreover, constitutive expression of CBF genes does not lead to full
cold acclimation inArabidopsis, supporting the view that additional signaling pathways
participate in cold acclimation and responses. TheHIGHEXPRESSIONOFOSMOT-
ICALLY RESPONSIVE GENE 9 (HOS9) gene encodes a homeodomain-containing
transcription factor localized in thenucleus.Thehos9-1mutant showsreduced freezing
tolerance without alterations in CBF gene regulation. TheHOS9 gene is unaltered by
cold, suggesting that it may have a role in basal freezing tolerance response [51].
Althoughmolecular function is unknown, the ESKIMO1 (ESK1) protein also regulates
freezing tolerance by inducing proline accumulation. Loss-of-functionmutant ofESK1
exhibits enhanced and constitutive freezing tolerance. Genes affected by the esk1
mutation are largely independent of CBF pathway, supporting the view that CBF-
independent pathways are also involved in cold adaptation and freezing tolerance.
Transcription factors inABA-dependent pathwayshave alsobeen investigated. It seems
that bZIP, MYC, andMYB transcription factor family membersmay participate in the
regulation of cold-responsive gene expression [13, 52–54].

Overall, cold-regulated genes include those encodingCOLD-REGULATED (COR),
LOW-TEMPERATURE-INDUCED (LTI), COLD-INDUCIBLE (KIN), and EARLY
DEHYDRATION RESPONSIBLE (ERD). These genes are regulated through inter-
actions of the transcription factors with cis-acting elements in the gene promoters.
Interactions between DREB/CBF transcription factors and DRE/CRT elements
establish an ABA-independent pathway. In contrast, bZIP interactions with ABRE,
MYB interactions with its recognition sequence (TGGTTAG), andMYC interactions
with its recognition sequence (CACATG) constitute ABA-dependent pathways.

20.3.4
Heat Stress

Ambient temperatures above optimal ranges are sensed as heat stress in eukaryotes.
Heat stress disturbs cellular homeostasis and causes severe growth retardation,
arrested development, and death inmany cases. Most of the higher plants are unable
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to survive from extended exposure to temperatures above 45 �C [55]. As plants are
sessile, they have evolved a complex set of defensive mechanisms against stressful
high temperatures, which minimizes damage and protects cellular homeostasis.

Prior treatment with high temperatures often induces thermotolerance to lethal
temperatures. This heat acclimation involves accumulation of a group of heat shock
proteins (HSPs), which act as molecular chaperones by facilitating refolding of
denatured proteins and removing misfolded proteins [56, 57]. Induction of HSP
accumulation is regulated primarily at the transcriptional level by heat shock
transcription factors (HSFs), which bind specifically to the heat shock element
(HSE) �GAANNTTC� existing in the promoters of HSP genes [58].

HSFs are central components in heat stress signaling that sense temperature
changes to regulate genes involved in heat shock response. Similar to many other
transcription factors, HSFs have a modular structure. The highly conserved N-
terminal DNA binding domain is characterized by an HLH motif and an adjacent
oligomerization domain (OD) having a hydrophobic heptad repeat pattern [59, 60].
These structural components are also important for heat stress-dependent activation
that converts inactive HSF monomers to trimeric forms, which bind specifically to
the HSE element in the promoters of HSF-responsive genes [61].

Plants contain a small family ofHSFgenes.More than 20HSFmembers have been
defined in Arabidopsis and tomato [59, 60]. This is in contrast to what has been
observed in other eukaryotes. For example, vertebrates have only three HSF mem-
bers, and yeast andDrosophila have a singleHSF in each case [62]. On the basis of the
structural details of the oligomerization domains, plant HSFs are grouped into three
conserved evolutionary classes: A, B, and C. In tomato, HSFA1a and HSFB1 belong
to class A, which form a regulatory network acting asmaster regulators of heat stress-
responsive genes [60, 62]. TheHSFA1a gene is constitutively expressed andmediates
heat stress-induced expression ofHSFA2 andHSFB1 [63]. HSFA1a also functions as
a nuclear retention factor and as a coactivator ofHSFA2 by formingHSFA1a–HSFA2
heterooligomeric complexes.

It is notable that HSFs belonging to class B or class C have no evident activities
as transcription activators of their own. HSFB1 has been identified as a
coactivator cooperating with class A HSF members and other transcription
factors [64–66].

Genome-wide transcriptome analysis ofHSFA1a,HSFA1b, andHSFA2 knock-
outmutants inArabidopsis suggests thatHSFA1a andHSFA1b play important roles
in the initial phase of heat stress response, but HSFA2 functions under prolonged
heat stress conditions and in the later recovery phase [67–69]. The heat stress-
induced expression of HSFA2 in Arabidopsis is uninfluenced by HSFA1a or
HSFA1b [67]. The HSFA2 gene is also induced by high light intensity and
H2O2 [69]. It is also closely related to the regulation ofASCORBATE PEROXIDASE
2 (APX2) encoding a key enzyme in oxidative stress response, indicating that
HSFA2 plays diverse roles under various environmental stresses. The heat stress
induction of Arabidopsis HSFA3 is regulated directly by DREB2A, a transcription
factor functioning in drought stress responses [70]. Accordingly, the DRE has been
identified in the promoters of a cluster of heat-inducible genes [71]. It has been
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proven that the heat-induced DREB2A transcription factor binds to the DRE
present in the HSFA3 gene promoter [72, 73].

Additional heat-inducible transcription factors are also involved in thermotoler-
ance. Under heat stress conditions, the NF-X1 (NUCLEAR TRANSCRIPTION
FACTOR X-BOX BINDING 1) gene shows an induction pattern similar to that of
genes having DREs in their promoters. The NF-X1 transcription factor promotes
tolerance to heat and salt stresses [71]. The transcriptional coactivator MBF1c
(MULTIPROTEIN BRIDGING FACTOR 1C), which is involved in multiple stress
responses, accumulates rapidly after exposure to heat stress. In contrast, MBF1c is
not required for the expression of the HSFA2 gene and other HSP genes [74]. The
Arabidopsis bZIP28 gene encoding aputativemembrane-tethered transcription factor
is induced in response to heat stress, and a bZIP28 null mutant exhibits a heat-
sensitive phenotype [75]. Upon exposure to heat, the bZIP28 protein, which is
localized to the endoplasmic reticulummembranes, undergoes proteolysis to release
a nuclear form. Although direct target genes have not been determined, heat-
inducible expression of a gene Bip2 encoding an endoplasmic reticulum chaperone
and a small HSP gene HSP26.5-P is altered in the mutant.

20.4
Regulation of Transcription Factor Activities

Transcription factor should act in appropriate tissues or cells at appropriate times by
directly binding to target DNA sequences. They also interact with other regulatory
factors, such as transcriptional regulators. Temporal and spatial regulation of
transcription factor activities is also important for understandingmolecularmechan-
isms underlying abiotic stress signaling and responses. Transcription factors are
regulated at multiple steps, such as gene transcription, posttranscriptional RNA
processing, posttranslational modification, protein–protein interactions, and con-
trolled protein turnover.

20.4.1
Transcriptional Control

Gene transcription is a primary step to regulate transcription factor activities. It
usually determines tissue-specific expression, stage-dependent expression, and
signal-inducible expression. Gene regulation under diverse environmental condi-
tions is mediated by intensive transcriptional regulatory cascades [76]. Early-
response genes are induced rapidly within minutes after exposure to stress
conditions. Notably, a large portion of the early-response genes encodes transcrip-
tion factors, suggesting that transcriptional regulation is a central regulatory
scheme in earlier steps of stress adaptive responses [8, 10]. Transcriptional
regulation also facilitates additional steps of gene regulations, such as posttran-
scriptional, translational, and even posttranslational control of transcription
factor genes.
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20.4.2
Posttranscriptional Modification

Posttranscriptional regulation is exerted at the RNA level. Recent studies suggest that
it plays an essential role in acquisition of abiotic tolerance. Posttranscriptional
regulation is exerted at variable steps, such as alternative splicing, controlled mRNA
processing, mRNA silencing, nucleocytoplasmic transport, and accessibility to
translational apparatus. In this section, we more focus on alternative splicing and
mRNA silencing.

RNA splicing is the excision of intron sequences from pre-mRNA mediated by
spliceosome. Alternative splicing (AS) generates multiple mRNAs from a
single primary transcript through alternative selection of splice sites in the pre-
mRNA [77, 78]. It has been reported that 95% of human genes havingmultiple exons
undergo AS [79]. In plants, over 35% of Arabidopsis and rice genes are considered to
be alternatively spliced [80–82], indicating that AS is widespread in eukaryotes. AS
occurs through exon skipping, alternative selection of 50 and 30 splice sites, and intron
retention. Such molecular events produce a small group of protein isoforms, which
possess differential activities. Alternatively, some of them are degraded through
nonsense-mediated decay (NMD) [83, 84]. Exon skipping is the most frequently
observed ASmechanisms. In contrast, intron retention is rarely observed in animals.
It is notable that intron retention is the most frequently occurring AS event in
Arabidopsis and rice [85, 86].

It seems that AS affects preferentially a certain class of genes that is mostly
involved in signal transduction or encodes specific enzymes, receptors, and tran-
scription factors [85, 87]. The wheat WDREB2 gene, an Arabidopsis DREB2 homo-
logue, produces three differential transcripts through exon skipping under stress
conditions. The three isoforms have different accumulation patterns, and relative
ratio of the transcript isoforms is regulated via an ABA-dependent pathway under
drought and salt stresses and an ABA-independent pathway at low temperatures [88].
A subgroup of MYB transcription factor genes in Arabidopsis and rice produces
alternatively spliced transcripts, accumulation of which is influenced by various
phytohormones and stress signals. AS of theMYB genes results in three (rice) or four
(Arabidopsis) distinctively spliced transcripts for each gene, producing putative
proteins differing by numbers of MYB repeats and probably by their binding
affinities to gene promoters [89]. Durumwheat genes encoding a putative ribokinase
and a C3H2C3 RING finger protein undergoes AS, in which a subset of introns are
retained under stress conditions [90].

AS of genes encoding nuclear splicing factors is also influenced by abiotic stresses.
Nineteen genes encoding serine-/arginine-rich proteins, which are classified as RNA
binding proteinswith a role as a splicing regulator in eukaryotes, have been identified
in Arabidopsis, and most of them undergo AS in response to environmental
stimuli [91, 92]. STABILIZED1 (STA1), a gene encoding a pre-mRNA splicing factor,
is inducedunder cold stress conditions inArabidopsis. The sta1-1mutant has defect in
the splicing of COR15A mRNA, resulting in hypersensitivity to chilling and salt
stresses and ABA [93]. Regulation of AS of a specific gene and subsequent regulation
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of AS of other genes may contribute to enhancement and amplification of abiotic
stress signal transduction cascades.

Small noncoding RNAs consisting of 20–25 nucleotides (nts), such asmicroRNAs
(miRNAs) and small interfering RNAs (siRNAs), emerge as essential players in
posttranscriptional control of gene expression. They are processed from double-
stranded RNA (dsRNA) precursors by specific RNases belonging to the DICER-LIKE
(DCL) family. One strand of the processed duplex form is then combined with the
AGONAUTE (AGO) protein that form RNA-induced silencing complex (RISC). The
RISC ribonucleoprotein complex recognizes target mRNAs that contain a comple-
mentary sequence to the small RNA and subsequently silences them by either
guiding RNA degradation or repressing translation of target mRNAs [94–96].

A large group of small RNAs has been identified primarily by computational
identification of small RNAs and their corresponding mRNA targets [97, 98].
Recently, microarray-based large-scale analysis and computational transcriptome
analysis have shown that numerous miRNAs are differentially accumulated in
response to cold, dehydration, high salinity, andnutrient starvation [99, 100]. Notably,
the genetic loci encoding these miRNAs contain stress-related cis-acting elements in
their promoter regions, suggesting that RNA silencing by small RNAs is an
important gene regulatory scheme in plant stress responses.

Althoughmost small RNAs target transcription factor genes, those functioning in
plant responses to abiotic stress and nutrient deficiency frequently regulate genes
encoding enzymes and transporters involved in plant metabolism [101, 102]. In
Arabidopsis, miR393 negatively regulates several genes encoding F-box protein, such
as TIR1 and AFBs, to acquire resistance to pathogen infection [103]. miR393
abundance is increased by diverse abiotic stress conditions, and accordingly tran-
script levels of its targets are reduced under identical conditions [98]. While abiotic
stress-mediated miRNA regulation is widely documented, miRNA regulation of
transcription factor genes is still elusive.

An additional class of small RNAs, referred to as natural antisense transcripts
(NAT)-generated siRNAs (nat-siRNAs), has recently been proven to function in plant
stress responses [104]. The nat-siRNAs are produced from dsRNA formed by
intermolecular association of NATs and complementary transcripts. For example,
accumulation of proline under salt stress conditions is regulated by a nat-siRNA-
mediated pathway. The P5CDH (D-PYRROLINE-5-CARBOXYLATE DSHYDRO-
GENASE) gene encoding proline catabolic enzyme is constitutively expressed under
normal conditions [104]. The SRO5 (SIMILAR TO RADICAL-INDUCED CELL
DEATH ONE 5) gene is transcribed from the identical P5CDH locus, but in an
opposite direction. Salt stress induces expression of both genes, leading to accu-
mulation of partially complementary dsRNA formed by base pairing of the two
transcripts. This dsRNA is subsequently cleaved by DCL, generating two siRNAs
consisting of 24 nts and 21nts. These siRNAs trigger silencing of theP5CDH gene by
mRNA cleavage and lead to partial inhibition of proline catabolism. This salt-
dependent control of proline accumulation via the nat-siRNA and P5CDH pathways
allows better tolerance to salt stress. More than 2000 NATs are predicted by
bioinformatic analyses in Arabidopsis [105, 106]. Therefore, it is expected that
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nat-siRNA-mediated regulation is a genome-scale mechanism modulating environ-
mental stress responses in plants.

20.4.3
Posttranslational Modification

Several transcription factors require posttranslational modifications for their acti-
vation. Simple overexpression of these transcription factor genes does not induce any
physiological responses. For example, transgenic plants overexpressing membrane-
bound transcription factor (MTFs) genes do not exhibit phenotypic alterations [17,
107]. It has been shown that these transcription factors should be modified post-
translationally to obtain specific activities.

20.4.3.1 Membrane-Bound Transcription Factors
Regulation of subcellular localization is a fundamental mechanism that activates
transcription factors. Transcription factors exert its activity in the nucleus. However,
some transcription factors are present in dormant forms in the cytoplasm. Bio-
chemical modifications and interactions with certain partners induce their nuclear
translocation [108, 109].

The plasma membrane is the primary site that perceives external signals, such as
signal peptides, growthhormones, and ligands.Manymembrane-bound proteins are
intimately related to signal perception and signaling transduction from the plasma
membranes to the nucleus. It has been reported that a group of transcription factors
are membrane-associated in plants. The MTFs are stored in dormant forms in
association with intracellular membranes, such as the plasma membranes, nuclear
membranes, and ER membranes [110]. Upon stimulation by intrinsic and extrinsic
signals, they are proteolytically activated via either regulated intramembrane prote-
olysis (RIP) mediated by membrane-bound protease or regulated ubiquitin/protea-
some-dependent processing (RUP) modulated by proteasomic activity. The pro-
cessed MTF forms are translocated into the nucleus, where they regulate expression
of target genes as ordinary transcription factors (Figure 20.3).

Several Arabidopsis NAC and bZIP transcription factors have been shown to
be associated with the plasma membranes and ER membranes, respectively [110].
TheseMTFs are type IImembrane proteins with their N-termini oriented toward the
cytoplasm. They are activated by specificmembrane-associated proteases, such as the
SITE-1-PROTEASE (S1P) and S2P, via the RIP mechanism [110]. Notably, most of
the MTFs are involved in diverse abiotic stress responses. A genome-wide screening
has revealed that at least 13members of theNACtranscription factors aremembrane-
tethered, which are collectively termed as NTLs (NTM1-Like), in Arabidopsis [111].
These transcription factors do not induce any phenotypic alteration when full-size
forms are overexpressed. Instead, overexpression of processed, nuclear forms
induces specific physiological changes, indicating that release from the membrane
is critical for their activities. Roles of several NTLs have been explored in plant
responses to high salinity, osmotic stress, and cold. NTL6 is proteolytically activated
by cold-induced membrane rigidification, and the activated NTL6 form regulates
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directly a subset of PATHOGENESIS-RELATED (PR) genes [112]. NTL8 mediates
salt regulation of flowering initiation and seed germination [113, 114]. In addition,
NTL9 regulates leaf senescence in response to osmotic stress [115]. Several bZIP
MTFs, including bZIP60 and bZIP28, have been shown to play a role in ER stress
responses [116–118]. bZIP17 participates in plant responses to salt stress. It is now
widely accepted that sequestration of transcription factors from the nucleus provides
a way of quick transcriptional responses to environmental fluctuations by skipping
the transcription and translation steps.

Extensive genome-wide analyses of the Arabidopsis and rice genomes have pre-
dicted that at least 190 TFs, constituting approximately 10% of the all plant
transcription factors, are physically associated with intracellular membranes [111].
These observations support the hypothesis that membrane biology is a critical
component of transcriptional regulatory networks in plants.

20.4.3.2 Phosphorylation
Biochemical modifications greatly alter transcription factor activities. Phosphoryla-
tion is recognized as a major posttranslational modification of transcription factors
that regulate their subcellular localization and transcriptional activation [119–121].

Snf1-related protein kinase (SnRK) is a representative serine/threonine protein
kinase family, which positively regulates ABA-dependent signaling [122]. The
Arabidopsis genome contains 38 SnRKs, of which SnRK2 consists of 10 mem-
bers [122]. SnRK2.2 and SnRK2.3 redundantly regulate ABA signaling, such as seed
germination and seedling growth, by phosphorylating ABFs/AREBs [123]. In
addition, SnRK2.6 (OST1/SnRK2E) is involved in regulation of stomatal aperture
and transpiration, and SnRK2.8 (SRK2C/OSKL4) regulates drought tolerance
without affecting stomatal aperture [73, 124]. As a result, transgenic plants over-
expressing either SnRK2.6 or SnRK2.8 exhibit enhanced drought tolerance [73,
124]. Consistent with this, transgenic plants expressing a constitutively phosphor-
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Figure 20.3 Proteolytic activation schemes of membrane-bound transcription factors. The
membrane-bound, dormant MTF (dMTF) is released from the membranes by either RIP or RUP.
The activated MTF (aMTF) enters the nucleus. Adapted from Seo et al. [110].
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ylated AREB1 show ABA-responsive phenotypes even without exogenous applica-
tion of ABA, supporting that protein phosphorylation is a crucial regulatory scheme
of osmotic stress resistance [17].

SnRK2-mediated osmotic stress responses are further modulated by ABA per-
ception machinery. Type 2C protein phosphatase (PP2C) induces stomatal closure
and drought stress responses by inactivating SnRK2s [125]. Expression of more than
90% of ABA-responsive genes is abolished in the abi1-1mutant, supporting a central
role of PP2C in ABA signaling [126]. Interactions of PP2Cs with SnRK2s have been
studied using potential ABA receptors [127, 128]. The ABA-bound PYR1 (PYRO-
BACTIN RESISTANCE PROTEIN 1) protein disrupts the interaction between SnRK
and PP2C by directly docking the active site of PP2C. Inhibition of the PP2C-
mediated dephosphorylation of SnRK by PYR1 activates downstream events of ABA
signal transduction cascades [127–130].

Several calcium-sensing proteins also participate in ABA signaling. The CBL-
interacting protein kinase CIPK15/PKS3 interacts with ABI1 and ABI2, which play
a central role in ABA signaling [131]. In addition, the kinase also phosphorylates the
AP2/ERF-type transcription factor ERF7 that negatively modulates ABA signal-
ing [132]. The calcium-dependent protein kinases (CDPKs), which constitute 34
members, have also been identified as ABA signaling regulators. The CPK32 kinase
interacts with the ABF4 transcription factor, and overexpression of CPK32 leads to
ABA-hypersensitive phenotypes [133]. Likewise, the CPK4 and CPK11 activities are
also stimulated byABA. The cpk4 cpk11doublemutant shows reducedABAand stress
responsiveness and reduced resistance to salt stress. In contrast, transgenic plants
overexpressing either CPK4 or CPK11 exhibit slightly enhanced resistance to salt and
drought stresses. The CPK4 and CPK11 kinases phosphorylate the ABF1 and ABF4
transcription factors and positively regulate Ca2þ -mediated ABA signaling [134].

20.4.3.3 Ubiquitination
Ubiquitin is widely known as a ubiquitous protein modifier that guides target
proteins to proteasome-dependent degradation. Proteins designated for degradation
are modified by covalent attachment of ubiquitin polymers [135]. Ubiquitinated
protein is degraded by the 26S proteasome [136]. For protein ubiquitination, a series
of enzymes function in sequence. The ubiquitin-activating enzyme (E1) catalyzes
formation of thioester bond between ubiquitin and itself using ATPas energy source.
The activated ubiquitin is transferred to an ubiquitin-conjugating enzyme (E2).
Finally, the ubiquitin ligase (E3) facilitates formation of isopeptide bond between the
activated ubiquitin and the protein substrates [136]. The E3 ligase interacts with both
E2 enzyme complex and substrates to determine target specificity [137]. Themajority
of the enzymes involved in the ubiquitination process consist of E3 ligases, and a
large portion of E3 ligases is the REALLY INTERESTING NEW GENE (RING)
type [138]. Ubiquitination-mediated regulation of transcription factors is frequently
found in plant response to abiotic stresses.

The SALT- ANDDROUGHT-INDUCIBLERINGFINGER1 (SDIR1) E3 ligase that
is involved in drought and salt stress signaling and depends onABA [139]. TheSDIR1
gene is induced by drought and salt stresses, and its overexpression leads toABA- and
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osmotic stress-hypersensitivity, which results in enhanced drought tolerance. In
addition, expression of ABA- and stress-responsive genes is profoundly altered in
loss-of-function mutants of SDIR1 that exhibit ABA insensitivity. Although its direct
targets have not been identified, SDIR1-mediated signaling affects expression of the
ABI3 and ABI5 genes and resistance to drought and salt stresses [139].

Among the four ABI3-INTERACTINGPROTEINS (AIPs) identified through yeast
two-hybrid assays [140], AIP2 functions as a ubiquitin E3 ligase that degrades
ABI3 [141]. As inferred from the interactions between ABI3 and AIP2, protein
stability of the ABI3 transcription factor is increased in the aip2-1 mutant but
decreased in AIP2 overexpressors. Accordingly, the aip2-1 mutant, in which the
ABI3 transcription factor accumulates, exhibits hypersensitive responses to ABA,
supporting that AIP2 negatively regulates ABI3-mediated ABA signaling [141].

The ABI5 transcription factor is also regulated by ubiquitin-mediated degradation
in nuclear bodies [138]. The RING-type E3 ligase KEEPONGOING (KEG) negatively
regulates the ABI5 transcription factor. While the ABI5 proteins accumulate in loss-
of-function mutant of KEG, transgenic plants overexpressing KEG are insensitive to
ABA and high salt. In the absence of ABA, KEG maintains the ABI5 transcription
factor at a low level. However, in the presence of ABA, the KEG protein is degraded
through autoubiquitination, which increases ABI5 protein stability and activity [142].
Notably, protein phosphorylation accelerates degradation of the KEG protein in
response to ABA [142].

The DREB2A transcription factor is negatively regulated by DREB2A-INTERACT-
ING PROTEIN 1 (DRIP1) and DRIP2. Overexpression of DRIP1 leads to delayed
induction of DREB2A-regulated genes. In contrast, expression of genes regulated by
DREB2A and drought stress is greatly induced in the drip1-1drip2-1 double mutant.
DRIP1 is a potential C3HC4 RING-type E3 ligase andmediates ubiquitination of the
DREB2A protein, further supporting the significance of ubiquitination in ABA
responses [143].

The ubiquitin/26S proteasome pathway is also implicated in cold stress signaling.
The HOS1 gene encodes a RING finger protein acting as a ubiquitin E3 ligase
enzyme. HOS1 is present in the cytoplasm under normal growth conditions.
However, it is translocated to the nucleus in response to cold. Notably, HOS1
physically interacts with ICE1 in the nucleus [144]. The HOS1 protein degrades
the ICE1 transcription factor through the ubiquitination process and fine-tunes
expression of the CBF/DREB1 gene under cold stress. As a result, cold stress-
responsive genes are induced in the hos1 mutant, and cold stress resistance is
enhanced. On the other hand, overexpression ofHOS1 suppresses theCBFgene and
reduces freezing tolerance, indicating that HOS1-mediated ubiquitination is a
crucial negative regulation mechanism in cold stress signaling [144].

20.4.3.4 Sumoylation
Sumoylation is emerging as one of the major posttranslational modification pro-
cesses. Small ubiquitin-related modifier (SUMO) is reversibly conjugated to protein
substrates, and SUMO conjugation/deconjugation is conserved in eukaryotes [145].
Sumoylation is very similar to ubiquitination process. Indeed, E1, E2, and E3
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enzymes, analogous to those mediating ubiquitination, are involved in sumoyla-
tion [146]. Sumoylation regulates subcellular localization and enzymatic activity of
substrate proteins and functions in innate immunity and DNA repair. Notably,
SUMO conjugation also modulates activities of transcription factors in response to
developmental and environmental cues [145].

Among the 8 SUMO isoforms, only SUMO1 and SUMO2 isoforms are conjugated
to target proteins in response to environmental stresses, and stress-mediated SUMO
conjugation is brought mainly by AtSIZ1 [147–150]. AtSIZ1-mediated ICE1
sumoylation induces expression of the CBF3/DREB1A gene and thus enhances
freezing tolerance in Arabidopsis. Consistent with this, the siz1-2 and siz1-3mutants
exhibit freezing-sensitive phenotypes. Sumoylation of ICE1 at K393 inhibits ubiqui-
tination that is possibly mediated by the HOS1 E3 ligase [150]. Therefore, AtSIZ1-
mediated sumoylation stabilizes the ICE1 protein and thus confers freezing
tolerance [145].

AtSIZ1 also negatively regulates ABA signaling. Expression of ABA-responsive
genes containing theABREs in their promoters is upregulated in the siz1-2 and siz1-3
mutants that exhibit hypersensitive responses to ABA [151]. ABA hypersensitivity of
the siz1 mutants is caused by accumulation of a bZIP transcription factor ABI5.
However, the hypersensitive response is compromised in the siz1 abi5-4 double
mutant, indicating that SIZ1negatively regulatesABI5-mediatedABA signaling. The
SIZ1-mediated ABI5 sumoylation at K391 inactivates the transcription factor activity
independent of AFP and KEG-mediated degradation [151].

Sumoylation and ubiquitination regulate target proteins either in a cooperative
manner or in a competitive manner to maintain protein function and activity to an
appropriate level. Unlike ubiquitin-mediated degradation, reversible mechanism of
sumoylation/desumoylation serves as a switch system in regulating transcription
factor activities under stress conditions [146]. Accordingly, SUMO proteases, which
cleave the linkages between SUMO and substrates, have been identified as stress
response regulators [152]. The OVERLY TOLERANT TO SALT 1 (OTS1) and OTS2
proteins are such SUMO proteases, which participate in salt stress responses. While
the ots1 ots2 double mutant is sensitive to high salinity because of high-level accu-
mulation of SUMO-conjugated proteins, OTS1 overexpression leads to an enhanced
salt tolerance [152]. Although identification of OTS1/2 substrates is elusive, OTS1/2-
mediated pathway is an attractive target for genetic engineering of salt-tolerant crops.

20.4.4
Protein–Protein Interactions

Dynamic protein dimerization plays a critical role in the regulation of transcription
factor activities. A number of transcription factors function as dimers to assure DNA
binding specificity. For example, bZIP transcription factors form both homodimers
and heterodimers via the coiled coil motifs [153, 154]. DNA binding affinity and
transcriptional regulation activity vary within a transcription factor family. Thus,
dynamic formation of homodimers and heterodimers modulates specific activities
and functional diversities of transcription factors [154].
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This regulatory mechanism is also observed widely in transcription factors
mediating abiotic stress responses. The AtMYC2 and AtMYB2 transcription factors
coordinately regulate the RD22 gene, supporting that dimer formation of transcrip-
tion factors is important for controlling the target genes [13].

NAC transcription factors, such as ANAC019, ANAC055, and ANAC072, regulate
stress-responsive genes by bindingdirectly toNACrecognition sequences in the gene
promoters. As a result, overexpression of individual ANAC transcription factors
affects expression of stress-responsive genes and induces drought tolerance.
Although theERD1 genepromoter containsNACrecognition sequences, overexpres-
sionof theANACtranscriptionfactorsdoesnot fully induce theERD1gene. Ithasbeen
found that the ANAC transcription factors require the binding partner ZFHD1 for
regulationof theERD1gene [29].Coordinateactionof theANACandZFHD1proteins
modulates expression of the ERD1 gene to obtain developmental balances [29].

An exquisite regulatory scheme has recently been proposed to modulate tran-
scription factor activities. A group of small peptides have limited sequence similar-
ities to specific transcription factors. Although they possess protein dimerization
motifs, they lack DNA binding domain or transcriptional regulation domain. It has
been demonstrated that they form nonfunctional heterodimers with specific tran-
scription factors and thus exclude the target transcription factor from DNA bind-
ing [155]. Genome-scale identification of small proteins having similar structural
organization in the databases suggests that small peptide-mediated transcription
control would be a regulatory mechanism widespread in plants [156]. To date,
although such small proteins have not been reported in abiotic stress responses,
it would certainly be a way of modulating transcriptional regulatory activities of a
number of transcription factors functioning under stress conditions (Figure 20.4).

Figure 20.4 Small interfering peptide (siPEP)-
mediated suppression of transcription factor
activity. (a) Structural organization. The siPEP
has a sequence similarity to a specific
transcription factor. Although the former has
the dimerization domain, it lacks other
functional domains, such as DNA binding
domain and activation domain, which are
required for transcriptional regulation.

(b) Competitive inhibition of transcription
factor by siPEP. The siPEP forms nonfunctional
heterodimers and thus competitively inhibits
the formation of functional homodimers. The
nonfunctional heterodimers possess reduced
affinity to the promoter (P) sequence. Reprinted
from [156] with kind permission by Chung-Mo
Park.
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20.4.5
Epigenetic Regulation

Genomic DNA is packed in a highly condensed structure in the nucleus. A
group of nucleoproteins extensively interact with genomic DNA to establish the
chromatin structure. Transcription factors bind target DNA sequences within
chromatin to modulate gene expression. Chromatin structure, therefore, affects
accessibility of transcription factor to their DNA target sites. Transcription
factors easily access the naked DNA and open chromatin structure. In contrast,
it is difficult for transcription factors to access the heterochromatin structure,
suggesting the regulation of transcription factor activity by chromatin structure
modification.

Changes in chromatin structure triggered by histone modifications constitute a
crucial regulatory mechanism by which a wide spectrum of genes are expressed.
Histone acetylation is dynamically regulated by histone acetyltransferases (HATs)
and histone deacetylases (HDACs). Histone methylation is modulated by histone
methyltransferases (HMTs) and histone demethylases (HDMs). Some of the histone
modifying enzymes are involved in abiotic stress responses. The Arabidopsis GCN5
protein is anHATenzyme that regulates cold stress responses [157]. GCN5physically
interacts with transcriptionalmachinery adapter proteinsAda2a andAda2b. Remark-
ably, Ada2b-deficient mutants show enhanced freezing tolerance [158], suggesting
that theHATcomplexmay directly or indirectly repress a signaling step that regulates
freezing tolerance. It has also been reported that overexpression of the Arabidopsis
HDAC homologue AtHD2C leads to enhanced resistance to salt and drought
stresses [159].

The hos15 mutant is hypersensitive to freezing stress. A WD40-repeat protein
HOS15 is a component of protein complex involved in histone deacetylation and
interacts specificallywith histoneH4,which results in deacetylation of histoneH4. In
the hos15-1 mutant, acetylated histone H4 accumulates. The RD29A gene is greatly
induced under cold condition possibly by hyperacetylation of histones. Additional
genes influenced by the hos15mutation may also affect freezing sensitivity, support-
ing the view that histone acetylation/deacetylation is involved in cold adaptation
responses [160].

In ArabidopsisH3, four acetylation sites (H3K9, H3K14, H3K18, and H3K23) and
four methylation sites (H3K4, H3K9, H3K27, and H3K36) have been identi-
fied [161]. Such histone modification would also be widespread in plant stress
responses. It has also been reported that distribution of H3 phosphorylation and
H4 acetylation is dynamically regulated by abiotic stresses in various plant species,
such as rye, barley, tobacco, and Arabidopsis [162, 163]. In addition, acetylation and
methylation of histone H3 N-tail and nucleosome occupancy in the RD29A, RD29B,
RD20, and RAP2.4 genes are altered under drought stress conditions [164]. Under
drought stress conditions, trimethylation of H3K4 and acetylation of H3K9 are
induced, and certain genes are activated, and acetylation of H3K23 and H3K27 also
occurs in the RD29B and RD20 gene sequences [164, 165]. In addition, nucleosome
density in the promoter regions of the RD29A and RD29B genes is lower than that
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in the coding regions without nucleosome loss, facilitating rapid binding of
transcription factors to the DRE and ABRE cis-acting elements [165]. Trimethylation
of H3K27, which acts as a negative regulatory marker for gene expression, is
decreased in cold-responsive genes, such as COR15A and GALACTINOL
SYTHASE 3 (GOLS3), under cold stress conditions, supporting the role of histone
modification in abiotic stress responses [166].

The high-mobility group (HMG) proteins are the second most abundant proteins
among the chromosomal proteins. They are involved in regulation of transcription
and recombination. They also induce transient changes in chromatin structure [167,
168]. There are two groups of HMGproteins in plants [169]: HMGA having AT-hook
DNA binding motif and HMGB having HMG-box domain. They interact with
nucleosomes and transcription factors, supporting a role of HMG in gene transcrip-
tional regulation [169]. Indeed, several plant HMGB proteins specifically interact
with the bZIP and Dof transcription factors and assist their binding to target DNA
sequences [170, 171].

There are 7 HMGB proteins in the Arabidopsis genome. At least a few of them are
critical for stress responses [169]. The HMGB1/2/3 genes are downregulated in
response to high salinity, and transgenic plants overexpressing either HMGB1 or
HMGB2 have alterations in seed germination under high salinity [169, 172].
However, molecular mechanisms underlying the HMGB regulation of stress
responses have not been elucidated.

The switch (SWI)/sucrose nonfermenting (SNF) complex is a multisubunit DNA-
dependent ATPase that is involved in chromatin remodeling [173]. It is also regulated
by environmental stresses and subsequently regulates expression of stress-respon-
sive genes. It has been observed that SWI3B interacts with PP2C and HYPERSEN-
SITIVE TO ABA1 (HAB1) [174]. ABA inhibits binding of HAB1 to the gene
promoters of RD29B and RAB18, and SWI/SNF chromatin-remodeling complex
contributes to ABA responses. Consistently, the swi3b mutant exhibits insensitive
responses to ABA [174].

20.5
Conclusions and Prospects

Understanding transcriptional cascades in stress signaling provides an excellent
opportunity for stress-resistant crop production by genetic engineering. Transcrip-
tion factors are most appropriate targets for genetic engineering to develop stress-
resistant crops. A group of stress-responsive genes are coordinately regulated by
introducing a transcription factor.

There are inevitable problems to be resolved in plant genetic engineering. Inmany
cases, overexpression of stress-inducible genes leads to growth and developmental
defects. To overcome this problem, inducible promoter would be an appropriate
choice.Most of the genes are coordinately regulated by diverse signals through a web
of signaling crosstalks, necessitating that multiple growth and developmental traits
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are carefully considered before engineering genes of interests. One critical factor to
be considered is gene promoter. Basically, any endogenous gene promoter in plants
can be used to drive gene expression. Overexpression of the DREB1A gene in
transgenic plants could activate a number of stress-tolerant genes, which results in
enhanced resistance to drought, high salt, and freezing stresses. While theDREB1A
gene expression driven by the cauliflowermosaic virus (CaMV) 35S promoter results
in severe growth retardation under normal growing conditions, expression of a
DREB1A gene expression construct fused to the RD29A gene promoter only slightly
influences plant growth [175].

Heterologous expression of useful genes may confer advantages in acquiring
resistance to environmental stresses. Overexpression of eitherCBF3 orABF3 gene in
Arabidopsis causes growth inhibition under normal growth condition. Interestingly,
transgenic rice overexpressing the Arabidopsis CBF3 gene exhibits enhanced resis-
tance to drought and high salinity without causing growth defects and phenotypic
alterations [176]. It may be due to mismatching of the targets in the heterologous
organisms and/or differential transcriptional activation strengths of the transcription
factor in Arabidopsis and rice [176].

Information on regulatory mechanisms controlling transcription factor activities
certainly provides novel insights into genetic engineering of stress-resistant crops.
Overexpression of certain transcription factors does not always lead to expected
phenotypic alterations and traits. Inmany cases, additional modification is required,
as observed with the ABFs/AREBs andMTF transcription factors. Overexpression of
ABFs/AREBs does not lead to phenotypic alterations unless they are phosphorylat-
ed [12]. In addition, MTF should be expressed as a truncated form, which is localized
into the nucleus [110].

Generation of knockout mutation in crops is extremely difficult because of large
size of genomes and polyploidy. In this view, small peptides (siPEPs) would be of
choice to selectively suppress specific transcription factors. A large number of
transcription factors act as homodimers. Therefore, overexpression of a small
interfering protein (peptide) containing the dimerization domain (DD), but lacking
the DNA binding domain, may lead to competitive inhibition of functional homo-
dimer formation by forming nonfunctional heterodimers.
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21
Make Your Best – MYB Transcription Factors for Improving
Abiotic Stress Tolerance in Crops
Andrea Pitzschke

Toohot, too dry, too cold, and too bright. Field crops grow and reproduce in a dynamic
and unpredictably changing environment. Adverse climate conditions severely
impair plant growth and development. In the face of the growing world population
and the climate change, humanity cannot take food production for granted. There is
an increasing demand for crops with improved stress tolerance and yield. Under-
standing themolecularmechanisms thatmediate stress adaptation and applying this
knowledge to engineering stress-resistant crops is therefore a key to ensure world
food security.

MYBdomain-containing proteins forma family of transcription factors involved in
a diversity of stress-related responses in plants. Interfering with the activity of
individual family members often correlates with altered stress tolerance. MYB
transcription factors have been thoroughly studied and functionally characterized
not only in the model plant Arabidopsis thaliana but also in other plant species.
Heterologous expression approaches and phylogenetic analyses indicate a good
degree of functional conservation.

This conservation will facilitate knowledge transfer, and thus tomorrow�s farmers
may benefit from today�s discoveries in Arabidopsis. This chapter reviews the role of
MYB transcription factors in abiotic stress signaling. While selected examples from
Arabidopsis are described, emphasis is given to MYB proteins in field crops. The
potentials and limitations of using heterologous expression approaches for genetic
engineering of crops with improved stress tolerance are discussed. One part is
devoted to mechanisms that regulate MYB protein abundance and activity. A list of
valuable data resources (transcription factor databases, transcriptome studies) shall
provide fast access to detailed information and bioinformatics tools for researchers
interested in a particular plant species.
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21.1
Introduction

21.1.1
Abiotic Stress

As sessile organisms, plants have to endure any condition posed by their environ-
ment. Environmental stress is estimated to account for 60–70% of crop yield loss [1].
Owing to global warming, abiotic stresses are gaining even more importance as
major constraints on worldwide crop production. The most widespread types of
abiotic challenges occurring in the field are drought, osmotic, cold, and heat stresses.
In addition, other stresses such as those triggered by ozone and ultraviolet (UV) light
are a growing problem. Over the past decades, intensive research has been dedicated
to disentangle the molecular mechanisms and identify key regulators of stress
adaptation.

Plant stress responses have been most intensively studied in the model plant
Arabidopsis thaliana and to various extents also in other species. Principal stress
adaptation strategies such as osmolyte accumulation under high-salt conditions,
production of anthocyanins asUVprotectants, and the underlying signalingmechan-
isms, appear to be largely conserved between species.

21.1.2
Abscisic Acid – A Stress Signaling Hormone

Many stress-related signaling pathways are involve in the production of and regu-
lation by abscisic acid (ABA) [2, 3]. The importance of this plant hormone asmediator
of a variety of stress adaptation mechanisms is mirrored by the fact that many
mutants displaying an altered stress tolerance also show abnormalities in ABA
sensitivity or biosynthesis. As regulator of stomatal aperture, ABA directly controls
the plant�s water balance.

21.1.3
(Dis)Similarities of Stress Responses

Although any kind of environmental challenge requires a specific adaptation
response, the molecular events triggered by diverse abiotic stresses significantly
overlap. This is, for example, evidenced in studies comparing transcriptome changes
upon cold, salt, or heat treatment in Arabidopsis [4], as well as upon cold, drought, or
salt treatment in chickpea [5]. Accordingly, a number of mutants and transgenic
plants exhibit altered tolerance to, for example, salt, cold, and drought [4, 6].

Often, enhanced stress tolerance is accompanied by a poor growth or seed yield.
This may be explained by the relatively high energy cost required for maintaining a
permanent �stress awareness.� For instance, the Arabidopsis eskimomutant not only
tolerates drought, cold, and osmotic stress but also produces fewer seeds [6].
Likewise, enhanced stress tolerance conferred by overexpression of a number of
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MYB genes in various plant species is reflected by severe dwarfism [7–10]. An
increasing understanding of stress-related signaling mechanisms shall pave the way
for improving stress tolerance in cropswhilemaintaining normal plant growthunder
nonstress conditions.

21.2
Signal Transduction and Amplification

21.2.1
Principle of Signaling Pathways

Plant growth under adverse conditions is a challenging task that requires the
establishment of effective stress signaling pathways and networks. Stress adaptation
follows a general scheme: (1) stress perception; (2) transduction of the �stress signal�
to cytoplasmic components, for example, through modification of receptor binding
intracellular proteins; (3) transduction of information into the nucleus; and (4)
transcriptional reprogramming, followed by synthesis of stress proteins (e.g., HSPs
in heat stress), altered enzyme activities, and metabolic changes (e.g., osmoprotec-
tants upon salt stress, anthocyanins as UV protectants, etc.). Up to now, most
signaling pathways are far from being known in their entirety.

21.2.2
Protein Signaling Cascades

Cellular signaling is not only a one-to-one transduction from protein to protein but
also involves concomitant amplification of the stress information. Such amplification
can be achieved throughmodification of (a homo- or heterogeneous pool of)multiple
target proteins by a singlemolecule of regulatory enzyme. Prominent players in such
catalysis-based signal amplification in the early stress response are protein kinases,
such as those of the SERK [11], CDPKs [12], and MAPK family [13–15].

21.2.2.1 MAPK Cascades
Ahighly efficient and specific funneling and amplification of perceived stress signals
is achieved if regulatory enzymes are linked in a cascade. Here, mitogen-activated
protein kinase (MAPK) cascades are prominent examples. MAPK cascades are
signaling modules conserved in eukaryotic species. These cascades minimally
consist of three types of kinases, encoded by the gene families of MAPK kinase
kinases, MAPK kinases, and MAPKs. MAPK modules serve as both signal trans-
duction and signal amplification: an MAPK kinase kinase phosphorylates multiple
molecules of its target MAPK kinase, which in turn phosphorylates and thereby
activates a pool of MAPK molecules. The active MAPK then passes on the signal
through phosphorylation of downstream targets, including transcription factors.
Thus, by altering the properties/activities of target transcription factors, MAPK
cascades translate signal perception into altered gene expression. Genetic and
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biochemical studies implicate MAPK signaling modules both in biotic and abiotic
stress responses and in stomata development [13, 15, 16].

21.2.3
Transcription Factors

Transcription factors that accumulate or are stimulated by an upstream kinase or
other regulatory protein subsequently further amplify the perceived stress signal.
Few molecules of active transcription factor can drive massive accumulation of
target gene transcripts whose translation can yield thousands of thousands of
molecules of the respective protein. Thus, transcription factors may be considered
as �master switches.� Often, their activity is tightly controlled, so as to prevent
expression of target genes when there is no demand. Many transcription factors
accumulate or are activated at a particular development stage or in a stress-
dependent manner. Undoubtedly, transcription factors are very attractive proteins
for genetic manipulation to generate stress-resistant crops. Plant transcription
factors, according to the type of DNA binding domain, are classified into several
families. Many families have been shown to be involved in stress responses.
Examples of stress-related transcription factors can be found in all main transcrip-
tion factor families, including bZIP proteins, WRKY, AP2, NAC, C2H2 zinc finger,
and MYB proteins [17].

While members of the WRKY family are prominent regulators of biotic stress
responses, those of the MYB family primarily act in the signaling of abiotic stresses.
In the subsequent chapters, focus will be onMYB transcription factors and their role
as regulators of the abiotic stress response and on their potential for engineering
crops with improved stress tolerance. Table 21.1 provides an overview of all MYB
genes discussed in the chapter, including information on expression and stress-
related phenotypes of mutants and overexpressing plants.

21.2.3.1 MYB Transcription Factors – Structure and Phylogeny
MYB proteins form one of the largest families of transcription factors in plants [18],
characterized by the conservedDNAbinding domain, theMYBdomain. The name is
derived from the first MYB gene identified, the oncogene v-MYB from the avian
myeloblastosis virus. MYB proteins are found in animals, fungi, and plants. In
animals, they control the development of various types of cancer [19]. TheMYBDNA
binding domain generally consists of up to three imperfect repeats, R1, R2, and R3,
each consisting of 51–53 amino acids.

MYB genes in plants form three major subfamilies, depending on the number of
repeats: according to a nomenclature suggested by Stracke et al. [20], 1-, 2-, and 3R
repeat-containing plant MYB proteins are referred to as MYB1R (Myb-related),
R2R3, and MYB3R factors. The largest group, R2R3-type MYB proteins, is exclu-
sively found in plants. Members of this group mainly regulate plant-specific
processes [20].

The richest pool of plant MYB research data has been generated inA. thaliana and
has been reviewed previously [21]. TheArabidopsis genome encodes for 126MYB and
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64MYB-related proteins [22]. Until now, to approximately half of allArabidopsisMYB
proteins, a functional role could be ascribed [21]. ArabidopsisMYB factors regulate a
diversity of processes, including primary and secondary metabolism, cell fate and
identity, and development and stress responses. The identification and functional
characterization of MYB proteins in crops is on the rise, and a picture of MYB
transcription factors as key players in plant stress management is emerging.

21.3
MYB Proteins in the Model – Abiotic Stress Signaling in Arabidopsis

21.3.1
AtMYB2: the Pioneer and Its Partner

The involvement of MYB proteins in the plant response to abiotic stress was first
reported in 1997 [23]. In Arabidopsis, AtMYB2, a MYB-related protein, and
AtMYC2, a bHLH transcription factor, function as transcriptional activators in
ABA-inducible gene expression under drought stress. Coordinately, they activate
the expression of the drought stress marker gene AtRd22 through direct binding
to AtRd22 promoter elements [10, 23]; AtMYB2 and AtMYC2 are synthesized after
the accumulation of endogenous ABA, pointing to a role at a late stage in the stress
response. Overexpression of these transcription factors in Arabidopsis resulted in
ABA hypersensitivity and an enhanced tolerance to osmotic stress [10]. Accord-
ingly, several ABA-inducible genes are among the candidate target genes iden-
tified by microarray analysis of AtMYC2/AtMYB2 overexpressing plants [10].
Although AtMYC2 overexpressing plants under normal conditions are indistin-
guishable from wild type, AtMYB2 and AtMYC2/AtMYB2 overexpression results
in growth retardation.

Meanwhile, Arabidopsis drought stress-related MYB proteins have been charac-
terized further. Apparently, they are involved in several aspects of the desiccation
response, both as tolerance enhancing and as tolerance repressing factors.

21.3.2
Arabidopsis MYB Proteins as Stomatal Regulators

Stomata are the major sites of gas exchange. Adequate stomatal movement is pivotal
to allowCO2uptake for photosynthesis on the onehand and to restrict excessivewater
loss on the other hand. Stomatal pore aperture is mediated by turgor-driven volume
exchanges of two surrounding guard cells [24]. Both opening and closing of stomata
is regulated by the stress hormone ABA and has been reviewed previously [25].
Briefly, ABA-stimulated accumulation of reactive oxygen species induces stomatal
closure via activation of plasma membrane calcium channels. Complementarily,
ABA inhibits stomatal opening through downregulation of Kþ

in channels and
Hþ -ATPases.
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The first plant transcription factor reported to regulate stomatal movement was a
MYB protein Arabidopsis AtMYB60 [26]. AtMYB60 is specifically expressed in guard
cells, and its expression decreases during drought. Loss-of-function mutants show
constitutive reduction of stomatal opening and an enhanced drought tolerance.
Microarray analysis showed only few genes to be differentially expressed in these
mutants, and many are associated with stress responses. The stomata-specific gene
expression and the fact that lack of functional AtMYB60, at least in the homologous
system (Arabidopsis) is affecting only stress-associated pathways and not interfering
with growth and development point to a highly specific role. Identifying potential
AtMYB60 orthologues in other plant species and repressing their expression would
be a targeted and promising strategy to engineer stomatal activity to help crops
survive desiccation.

At least three more genes, AtMYB15 [27], AtMYB44, and AtMYB96 [28], are
implicated in drought stress response through stomatal regulation in Arabidopsis.
AtMYB15 is expressed in stomatal guard cells. Its expression is induced by ABA,
drought, or salt treatments. AtMYB15 overexpressing lines are hypersensitivity to
exogenous ABA and display an improved tolerance to drought and salt stresses. ABA-
induced induction ofABAbiosynthesis, ABA signaling, andABA-responsive genes is
enhanced in these lines.

Overexpression of AtMYB44 enhances ABA sensitivity in stomatal closure [29].
AtMYB44 is an immediate stress-responsive genewhose expression is regulated via a
MAPK pathway (see Section 21.6.3.2).

AtMYB96 is primarily expressed in the root. An activation-tagged myb96 over-
expressing mutant (MYB96ox) exhibited an enhanced drought resistance, accom-
panied by a reduction in stomatal opening upon ABA or drought exposure. The
opposite was observed in amyb96 T-DNA insertional knockoutmutant [28]. Stomatal
densities were not affected in either of these mutant lines, showing that AtMYB96
regulates specifically stomatal opening.

In addition, AtMYB96ox mutants exhibit dwarfed growth with altered leaf shape
and reduced lateral roots. Thus, in contrast toAtmyb60 knockout mutants, enhanced
drought resistance in AtMYB96ox mutants is gained at the expense of reduced
growth. This growth impairment might in addition be explained by the energy cost
paid to an alerted state toward biotic stress:AtMYB96ox plants have elevated levels of
biotic stress genes and are more resistant to infection with the biotrophic pathogen
Pseudomonas syringae [9].

21.4
Desiccation, Cold, and Osmotic Stress in Crops

21.4.1
Wheat

Also in other plant species, abiotic stress responses are controlled through
multiple MYB proteins. In wheat, 203 MYB and 116 MYB-related genes have been
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identified [30], and experimental evidence implicates several family members in
stress signaling. Aiming at improving wheat harvest yield, the challenge is now to
pick the most relevant candidates (see also Section 21.7).

Upon wheat desiccation, TaMYB2,MYB4, andMYB5 are induced (treatment with
30% PEG), while another gene, TaMYB1, is repressed [31]. Whether the opposite
responsiveness of TaMYB1 versus TaMYB2, TaMYB4, TaMYB5 is due to a crosstalk
between the four genes is an interesting question. Another salt stress-induced MYB
gene in wheat, TaMYB32, was isolated and mapped [32]. All five genes mentioned
above still await functional characterization. TaMYB2 might be particularly inter-
esting: its closest homologue in Arabidopsis is AtMYB15, a drought-inducible gene
that is expressed in stomatal guard cells [27] (see above). It will be interesting to see
whether TaMYB2 also displays guard cell-specific expression and, more important,
whether similar to AtMYB15 [28], TaMYB2 overexpression also confers salt and
drought stress tolerance.

Astudyexaminingtheexpressionlevelsof10MYBgenesintworecombinant inbred
wheat lines that have contrasting salt and drought tolerance revealed four genes
responding to short-term salt treatment [33]. One of these genes, TaMYBsdu1, is
upregulated in leaves and roots under long-term drought stress. Moreover,
TaMYBsdu1 expression is more strongly induced upon salt treatment in the tolerant
thaninthesusceptiblegenotype.TaMYBsdu1couldbeanimportantregulator inwheat
adaptation to both salt and drought stresses [33]. Its closest homologues in rice and
Arabidopsis are a MYB protein of unknown function and AtMYB20/AtMYB85,
respectively. Interestingly,AtMYB85 expression is upregulated andAtMYB20 expres-
sion downregulated by salt and drought stresses [34, 35]. Neither AtMYB20 nor
AtMYB85 loss- or gain-of-functionmutants/transgenic plantshavebeen analyzedyet.

21.4.2
Rice

Plants growing in temperate zones have developed a strategy, termed cold acclima-
tion, to withstand subfreezing conditions. Cold acclimation involves the orchestrated
action of numerous genes whose expression is controlled by a small number of
transcription factors directly responding to the temperature stimulus. Substantial
research data exist for severalMYBgenes to be involved in low-temperature signaling
inArabidopsis [21]. Also, in crops evidence for a role of MYB genes in cold adaptation
is growing.

Cold is one if not the limiting factor in rice production. Particularly at the seedling
stage, rice is very sensitive to chilling. Once again, MYB proteins are playing at the
front in stress management.

OsMYBS3 is a single MYB domain-containing protein that had been previously
implicated in sugar signaling in rice [36]. Sound evidence exists for an additional role
of this protein asmediator of cold adaptation [37]:OsMYBS3 expression is induced by
cold. Loss-of-function results in a cold-hypersensitive phenotype, while transgenic
rice constitutively overexpressing OsMYBS3 is more cold tolerant (4 �C for at least
1 week). Thus, OsMYBS3 appears to be sufficient and necessary for cold tolerance
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in rice. Transcriptome profiling of loss- and gain-of-function plants revealed putative
OsMYBS3 target genes, including various stress-responsive genes. Interestingly,
OsMYBS3 was found to repress the well-known DREB1/CBF-dependent cold
signaling pathway. The different kinetics of cold-induced DREB1 (rapid) and
OsMYBS3 (slow) expression suggests that distinct pathways act sequentially and
complementarily for adapting short- and long-term cold stress in rice [37]. The closest
OsMYBS3 homologue inArabidopsis, At5g47390, is also induced by salt, as well as by
ABA and CdCl2 [22], indicating a functional similarity. More important, the
enhanced cold tolerance of OsMYBS3 overexpressing plants is not accompanied by
yield penalty in normal field conditions [37],makingOsMYBS3 particularly attractive
for improving cold tolerance in other crops (Table 21.3).

Equally promising is another cold-inducible MYB gene from rice, OsMYB4.
Constitutive overexpression ofOsMYB4 inArabidopsis conferred enhanced tolerance
to several abiotic stresses [8], suggesting that the function is evolutionarily conserved.
In fact, it was found later that ectopic expression of OsMYB4 also improves drought
and cold resistance in apple [7]. Despite its promising potential for genetic engi-
neering of other stress-resistant crops, OsMYB4 will have to be expressed in a more
controllable manner (see Section 21.8): both Arabidopsis and apple plants constitu-
tively expressingOsMYB4 showed reduced growth under normal conditions [7, 8]. So
far, no studies on OsMYB4 overexpressing or mutant plants in the homologous
system, that is, rice, have been reported.

ThericeMYBproteinOsMYB3R-2hasalsobeen implicated in thecold response [38].
OsMYB3R-2 specifically binds a mitosis-specific activator cis-element, found in the
promoters of cyclin-genes. Upon cold treatment, transgenic rice plants overexpressing
OsMYB3R-2 have higher transcript levels of several G2/M phase-specific genes.
Moreover, these plants display an enhanced cold tolerance, accompanied with elevated
levelsof theosmoprotectantproline.Therefore,OsMYB3R-2wasproposed tomediatea
cold resistance mechanism through regulation of the cell cycle [38].

21.4.2.1 Thirty-Seven Priority Candidates for Cold Signaling in Rice
The above examples might only be the tip of the iceberg in MYB-regulated rice
chilling response. A genome-wide, physiological and whole-plant-level analysis
reported by Yun et al. [39] provides amore holistic view of the chilling stress response
mechanism in rice.

Within a 96-h duration at which rice seedlings were exposed to 10 �C, 8668 genes
showed altered expression. The majority of chilling-induced transcription factors
were activated during the initial 24 h. Among these potential main determinants in
orchestrating the rice cold response are 37 members of the MYB gene family.

21.4.3
Soybean

In soybean, there are at least 156 MYB genes [40]. For 43 of these, altered expression
in response to treatment withABA, salt, drought, and cold stresswas observed. Three
candidates, GmMYB76, GmMYB92, and GmMYB177, were studied in more detail.
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They exhibit different dimerization characteristics and DNA binding preferences.
Overexpression of GmMYB76 or GmMYB177, but not GmMYB92, in Arabidopsis
resulted in an improved salt and freezing tolerance [40]. Together, this study suggests
a nonredundant function for these threeMYB genes in the plant stress response. The
remaining 40 stress-responsiveMYB genes are further attractive candidates for stress
tolerance improvement through genetic engineering.

21.5
Colorful MYB Proteins and Their Merits

ExcessiveUVradiation triggers the production of reactive oxygen species, followed by
cell death. Many plant species produce flavonols and anthocyanins as effective UV
protectants. Pigmented anthocyanin compounds also play an important reproductive
role as attractants for pollinating insects. On the other hand, accumulation of
anthocyanins can prevent plants from excessive herbivory insect attack [41].

For the human diet, the health-promoting effect of anthocyanins is of great
interest. Flavonols/anthocyanins offer protection against certain cancers, cardiovas-
cular disease, and age-related degenerative diseases; they have anti-inflammatory
activity, promote visual acuity, and hinder obesity and diabetes [42].

The identification and characterization of key regulators in flavonol production in
crops may therefore speed up the development of plants with enhanced UV
tolerance, improved pollination, and elevated nutritional/health value.

Anthocyanin biosynthesis is controlled by a distinct clade of R2R3 MYB tran-
scription factors [43]. In Arabidopsis, a number of MYB factors are involved in the
regulation of the phenylpropanoid pathway, mediating anthocyanin and flavonol
biosynthesis [21]. This pathway appears to be also regulated bymultiple MYB factors
in other plant species, including, for instance, apple [44–46], strawberry [47],
grapevine [48], persimmon fruit [49], tomato [50], and sweet potato [51].

Table 21.3 Highly attractiveMYB genes for genetic engineering, also in heterologous plant species.
Research data so far indicate that tolerance is not at the expense of growth, development, or seed
yield.

Strategy Reported effect Studied so far in species

OsMYB3 overexpression Cold tolerance Rice
Snapdragon MYB/MYC
overexpression

Anticancer effect due to antho-
cyanin accumulation in fruit

Tomato

IbMYB1 overexpression Potential health-promoting
effect due to anthocyanin
accumulation

Sweet potato

AtMYB60 inhibition Drought tolerance, anthocyanin
synthesis

A. thaliana, lettuce

GmMYB76 or GmMYB177
overexpression

Salt and freezing tolerance A. thaliana
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21.5.1
MYB Proteins for the Human Health

In an impressive scientific report [42], the huge potential of MYB proteins for the
engineering of crops with health-promoting activity was demonstrated: ectopic
expression of a bHLH and a MYB transcription factor, which had earlier been
found to interact to induce anthocyanin biosynthesis in snapdragon [52], in tomato
gave rise to fruits with substantially elevated anthocyanin levels. The anthocyanin
production in these dark-colored transgenic tomato fruits correlated with a massive
increase in antioxidant capacity. Strikingly, cancer-susceptible mice, which were fed
with these fruits, attained a longer life span [42]. MYB proteins may therefore open
novel approaches for human medicine. Particularly in countries with limited access
to a balanced and healthy diet, anthocyanin-accumulating crops may provide a
solution.

21.5.2
Anthocyanin Production in Grapevine

For winemakers, sun can be both a blessing and a curse. Quality and quantity of
sun is a major determinant in flavor development in ripening wine berries.
However, high light and the associated UV radiation are critical challenges for
wine plants. A number of wine MYB transcription factors have been identified and
characterized to various extents: VvMYBF1 controls flavonol synthesis through
activation of the flavonol synthase gene VvFLS. Overexpression of VvMYBF1 in
Arabidopsis complements the flavonol-deficient phenotype of Atmyb12. This
finding highlights the strong conservation and interspecies compatibility of plant
MYB proteins [48].

VvMYBPA1 was the first transcription factor found to be involved in the
regulation of protocyanin production during seed development in grapevine [53].
Later on, a second gene with high sequence similarity, VvMYBPA2, was identified.
VvMYBPA2 is expressed in berries and leaves. The proanthocyanidin profiles in
grapevine hairy roots ectopically expressing VvMYBPA1 or VvMYBPA2 were
altered. Transcriptomic studies of transformed grapevine organs ectopically expres-
sing VvMYBPA1 or VvMYBPA2 revealed putative target genes, including several
enzymes of the flavonoid pathway [54]. Considering the UV-protective role of
anthocyanins and the high light conditions often encountered in vineyards, it will
be a worthy experiment to assess the UV tolerance in VvMYBPA1/2 overexpressing
organs or plants.

21.5.3
A Red and Rich Sweet Potato

Purple-fleshed sweet potatoes owe their color – at least partially – to the activity of a
MYB transcription factor, IbMYB1 [51]. Transcript levels of this gene are particularly
high in the roots of the purple-fleshed variety. IbMYB overexpression leads to a drastic
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increase in anthocyanin levels through induction of all structural anthocyanin genes,
both in sweet potato and in heterologous plant species (Arabidopsis). IbMYB1 might
therefore be applicable to the production of anthocyanins as nutritive value [55], but it
might also serve as a UV protectant in other plant species.

21.5.4
Negative Control of Anthocyanin Production

The above-described proteins, along with a number of other MYB factors from
diverse species [43], are all positive regulators of the phenylpropanoid pathway. In
contrast,Arabidopsis AtMYB4 acts as a repressor by inhibiting the expressionof a rate-
limiting enzyme in this pathway. Accordingly, Atmyb4mutants accumulate sinapate
esters (major soluble phenylpropanoid metabolites) and exhibit an enhanced UV
tolerance, while overexpression – in Arabidopsis and tobacco – diminishes sinapate
ester levels and results inUVhypersensitivity. The transcriptional repressing effect of
AtMYB4 is conferred by a repressor domain located in the C-terminus of the
protein [56].

Similar motifs are found in and apparently confer a repressing effect on a small
number of other MYB proteins. FaMYB1, which had been isolated from ripening
strawberry, represses transcription of anthocyanin-related genes [47]. Heterologous
overexpression of FaMYB1 in tobacco represses flavonol and anthocyanin synthe-
sis [47]. Thus, the putative repressor motif contained in FaMYB1 is apparently also
functional in the (distant) heterologous species.

21.5.5
Anthocyanins, UV Protection, and the Crosstalk with Other Stressors

Apart from their role as major contributors to UV protection and as attractants for
pollinating insects, phenylpropanoid-regulating MYB factors might have a huge yet
mainly undiscovered potential; a recent study on the involvement of MdMYB10, a
regulator of anthocyanin production in apple fruit [45], in osmotic stress protection is
promising: overexpression ofMdMYB10 inArabidopsis resulted in improved growth
under high-sorbitol conditions. Accordingly, levels of anthocyanins and osmopro-
tectants were elevated in these plants [57]. A possible two-sided regulation of both
phenylpropanoid pathway and seemingly rather distant stress responses by a single
MYB factor is indicated by Arabidopsis AtMYB60. The gene is repressed upon UV
radiation (www.genevestigator.ethz.ch [58]). myb60 mutants are more drought tol-
erant, which is due to a constitutive reduction in stomatal opening (see above
section) [26]. Interestingly, when overexpressed in lettuce, AtMYB60 acts as tran-
scriptional repressor of anthocyanin biosynthesis [59]. Recently, also enhanced
anthocyanin levels have been reported for AtMYB96 activation-tagged Arabidopsis
mutants, which are more tolerant to drought [9] and pathogen infection [28]. So far,
the salt/drought/temperature tolerance of mutants and transgenic plants with
altered content or activity of MYB transcription factors involved in phenylpropanoid
biosynthesis has hardly been tested. This is worthy of future study.
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21.6
Regulating the Regulators

Members of theMYB factor family not only take an active part in gene regulation, but
many are also subject to transcriptional regulation themselves (summarized in
Table 21.1). In addition,MYB transcription factors are controlled at the posttranscrip-
tional and posttranslational levels. This is indicative of a sophisticated network fine-
tuningMYB-mediated cellular effects.Under acute conditions, plantsmust be able to
quickly prioritize stress responses at the expense of growth. Posttranslational regu-
lation ofMYBproteinsmay serve the immediate response, while their stress-induced
transcriptional accumulation is likely to mediate long-term stress adaptation. The
major mechanisms controlling MYB expression and activity are described next.

21.6.1
Transcriptional Regulation of MYB Genes

ManyMYB factor-encoding genes are expressed in a stimulus-dependentmanner. As
exemplified in the previous sections, transcript accumulation of individual MYB
genesunder certain stress conditions has often (successfully) been taken as indicative
of the process controlled by the respective proteins. Some MYB transcript levels are
altered in response to a diversity of small selection of stimuli or to one type of stress
exclusively (www.genevestigator.ethz.ch). A comprehensive survey of transcript
abundance of Arabidopsis MYB genes in response to various hormone and abiotic
stress treatments, as well as a phylogenetic comparisonwith rice, has highlighted the
complex regulation of this gene family in both species [22]. An overview of MYB
genes and their response to abiotic stresses canbe found inTable 21.1. Transcriptome
profiling of plant stress responses and their applicability for MYB research are
described in detail in Section 21.7.1.

21.6.2
miRNAs

InArabidopsis, a number ofMYB genes are targeted bymicroRNAs.miR159 appears to
beakeyregulator,controllingatleastfourAtMYBproteinsthatareinvolvedinantherand
pollen development [21]. Similar posttranscriptional regulatory mechanisms of MYB
proteins are likely to exist inotherplant species.The identificationofmiRNAs targeting
multiple MYB proteins in crops is a challenging but promising task. Manipulation of
miRNAs is a useful tool to repress related, that is, potentially functionally redundant
MYB proteins that negatively control stress tolerance. Interesting candidates in this
respect are AtMYB60 and its putative orthologues (see Section 21.3.2).

21.6.3
Posttranslational Regulation of MYB Proteins

Under acute stress conditions, plants need to respond rapidly. Cell damage has to be
immediately prevented, even before de novo synthesis of signaling components is
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accomplished. This can be achieved through posttranslational modification of
inactive transcription factors already residing in the cell. Moreover, cells also employ
this strategy to quickly inactivate signaling components. Examples of posttransla-
tionally modified proteins can be found in all plant transcription factor families.

Particularly under the aspect of employing transcription factors for genetic
engineering of plants, possible posttranslational modifications and their effects on
protein activity should be considered. Once again, knowledge aboutmodifications of
MYBproteins in (the better-studied)Arabidopsismay in some cases be applied to their
closest homologues in other species. Major types of posttranslational modification
are outlined in the following sections.

21.6.3.1 SUMOylation
SUMOylation is a type of posttranslationial modification in which the small ubiqui-
tin-related modifier (SUMO) is reversibly and covalently conjugated to a lysine
residue in a substrate protein. This process involves three biochemical steps, SUMO
E1 activation, E2 conjugation, and E3 ligation, and is reversed through the action of
ubiquitin-like SUMO-specific proteases. SUMOylation can lead to changes in
protein–protein interactions, resulting in an altered activity, stability, or localization
of substrate proteins [60–62]. Bioinformatic, genetic, and biochemical analyses of
Arabidopsis, rice, tomato, and Medicago indicate that components of the SUMO
conjugation and deconjugation systems are conserved in plants [63].

At present, knowledge on SUMOylated proteins in plants is very limited. Putative
SUMOylation targetmotifs (characterized by theminimal consensusmotifYKXE/
D, where Y is a large hydrophobic residue; X, any amino acid; E/D, glutamate or
aspartate) are found in several plant proteins, including a number of MYB
transcription factors. Modification through SUMOylation has been reported for
the MYB protein AtLAF1. Disruption of the AtLAF1 SUMO motif resulted in an
altered nuclear distribution [64]. However, the functional relevance is still unclear.

A sophisticated mutual regulation between MYB factors and SUMOylation was
reported by Miura et al. [63]: the Arabidopsis MYB-like protein AtPHR1 is a
SUMOylation target of the SUMO E3 ligase AtSIZ1, involved in the phosphate
starvation response. In turn, SUMOylated AtPHR1 functions as the transcriptional
activator of AtSIZ1.

Another plant SUMO targetMYBprotein, AtMYB30, has been studied thoroughly
in vitro, and three SUMOylated lysine residues, located at the C-terminus, have been
identified [65]. The experimental system reported by the authors can be applied to test
candidate proteins, from any species of interest, for SUMOylation. In this context, it
is interesting to note that a few MYB proteins from other plant species display
homology to the SUMOylation-site-spanning region of AtMYB30, and at least some
of the SUMOylation motifs are conserved (Pitzschke, unpublished).

21.6.3.2 Phosphorylation
Phosphorylation is ameans of reversiblemodification that can change the properties
of a protein. Protein kinases attach phosphate groups to serine, thereonin, or tyrosine
residues of target substrates, while protein phosphatases reverse this process. A
fascinating stress-related transcription factor involved in stress and MYB regulation
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is the bZIP protein AtVIP1. AtVIP1 has been shown to be a target of the stress-
activated kinase AtMPK3 [66]. Upon phosphorylation, AtVIP1 migrates into the
nucleus where it activates the expression of stress genes, including AtMYB44. Thus,
AtVIP1 directly linksMAPK activation to transcriptional reprogramming.Moreover,
it further amplifies the stress signal perceived from the MAPK cascade by driving
expression of further transcription factors, which in turn modify expression of
subsequent target genes [67]. Interestingly, both Atmpk3 [68] and Atmyb44
mutants [29] are impaired in ABA-dependent stomatal closure. Whether this defect
in Atmpk3 is primarily due to a nonfunctional VIP1–MYB44 pathway is yet to be
determined.

Rather than being transcriptionally regulated through MAPKs, some MYB pro-
teins are likely to be directly modified by MAPKs: several MYB proteins are among
the candidates identified through a proteomic approach using high-density protein
microarrays to determine phosphorylation targets of Arabidopsis MAPKs [69]. A
MAPK phosphorylation-controlled MYB factor has been reported from pine.
PtMYB4 has a potential role in xylem differentiation. Phosphorylation had no effect
on (in vitro) DNA binding activity of PtMYB4, but it altered its capacity to promote
transcription [70].

21.7
Databases and Transcriptome Studies – Resources for MYB Research

Omics-based approaches are promising tools for identifying candidate key regulators
in the stress response. A number of links to transcriptome profiles and databases
relevant for abiotic stress/MYB research in crops are listed in Table 21.2.

21.7.1
Transcriptomic Profiling of Abiotic Stress Responses in Crops

The characterization of many stress-related plant MYB genes has been preceded by
isolation of candidate genes from transcriptome studies. From the vastly increasing
information extracted from transcriptomic approaches, combined with large-scale
EST sequencing in crops and phylogenetic studies, a global picture is emerging.
These rich sources of data, handled in a smart manner, can elucidate stress-specific/
cross-species similarities and thus aid the development of more directed approaches
toward generating multiple stress-resistant crops. A targeted search for stress
signaling components can, for example, be performed by screening published
microarrays for genes differentially expressed upon a certain stimulus. This will
reveal not onlyMYB genes as putative regulators, but also their possible downstream
targets (i.e., those whose promoters contain MYB binding sites).

A promising and targeted approach to identify MYB factors (and other key
components) potentially involved in abiotic stress resistance is the comparison of
transcription profiles between non- and stress-exposed plants or between stress-
susceptible and -tolerant cultivars.
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The latter has, for example, been applied in tomato, where aMYB gene is among
the transcription factors that show altered expression specifically in drought-tolerant
genotypes [71]. Likewise, in wheat TaMYBsdu1was found through comparison of
expression profiles in wheat cultivars exhibiting contrasting salt and drought
tolerance (see above) [33]. Similarly, IbMYB was identified as a gene particularly
highly expressed in purple-fleshed sweet potato (see above) [55].

Changes in expression profiles in response to stresses have been studied in
numerous plant species. Not surprisingly, MYB transcription factors are on the
�candidate lists� that arose from such screens. A selection of transcriptome studies is
given below, stressing the versatility of such approaches.

By means of microarray analysis of cold-treated rice plants, a number of
candidates, including MYB-encoding genes, involved in the chilling response, were
identified [39]. Transcript and metabolic profiling data are now also available for
common bean, an important legume for human consumption. Phosphorus defi-
ciency is a major limiting factor for nitrogen fixation and is widespread in areas
where common bean is grown. From the comparison of P-deficient versus control
nodules, a number of candidate genes, including 37 transcription factors, 3 of
which are annotated as MYB genes, were identified [72]. In Arabidopsis, at least two
MYB proteins are involved in the phosphate starvation response (AtPHR1 and
AtMYB62) [73, 74], once again stressing functional conservation. Given their
widespread cultivation, excellent characteristics for the human diet (protein rich!),
and the suitability for enriching nitrogen content in soil, leguminous plants are very
attractive for research aimed at improving yield/stress tolerance. It is reasonable to
assume that MYB proteins act in abiotic stress signaling in probably all legume
species. In this context, a database of gene expression profiles of salt-treated roots in
Medicago truncatula (http://bioinformatics.cau.edu.cn/MtED/) is worth mention-
ing. This database provides a number of useful bioinformatics tools and is intended
to help in selecting gene markers to improve abiotic stress resistance in
legumes [70].

A heterologous oligonucleotide microarray approach leads to the identification of
drought-induced genes in banana. [75]. Many of these, including MYB genes,
displayed homology to genes underlying QTL for drought and cold tolerance in
rice. Similar experimental approaches may speed up the discovery of key regulators
in abiotic stress signaling in other crop species. First attempts toward microarray
studies for the identification of abiotic stress-responsive genes in sunflower have
been reported [76].

Despite the merits of microarray studies, one has to be cautious with data
interpretation. On the one hand, transcript abundance does not always correlate
with protein abundance or activity. On the other hand, most expression studies cover
only one or few time points; therefore, genes with transient transcript accumulation
might bemissed. Even if a stress persists, regulatory proteins (such asMYBs)maynot
have to be synthesized continuously. Rather, once they have initiated downstream
signaling through induction of their target genes, subsequent signaling components
�take over.� Transient accumulation of MYB transcription factors is also a means of
preventing �spillover.�
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The fine-tuning of MYB-mediated signaling is exemplified by AtMYB4. AtMYB4
negatively regulates the expression of a rate-limiting enzyme in the phenylpropanoid
biosynthesis (see above). The repressing effect exerted by AtMYB4 occurs in a dose-
dependent manner. Moreover, upon UV exposure, AtMYB4 expression is down-
regulated, indicating that derepression is an important step in acclimation toUV [56].

21.7.2
Transcription Factor Databases

Another milestone in plant stress research was the development of transcription
factor databases (TFDB) (see Table 21.2). These have become available forA. thaliana,
polar rice, Chlamydomonas reinhardtii, and Ostreococcus tauri [77]. A similar fruitful
database and excellent tool providing amore substantial idea on the complexity of the
MYB (and other transcription factors) family also exists for wheat [30]. This tool
integrates information on 203 MYB and 116 MYB-related genes.

Another example is the database LegumeTFDB, integrating a diversity of infor-
mation for transcription factors ofGlycinemax, Leonurus japonicus, andM. truncatula.
Hyperlinks to available expression profiles as well as information on cis-elements in
transcription factor promoters will further aid the identification of stress-related
MYB proteins. [78]. For instance, the database can be searched for all TF genes, in a
given species, in a given TF family, whose promoters carry a stress-associated cis-
element(s) of choice. Questioning this database for members of the G. max MYB
gene family (333 members) that contain MYBR cis-element(s) returns 87 hits. In
contrast, the larger family of AP2_EREBP transcription factors (405 members)
contains proportionally fewer MYBR elements (87/405) (Pitzschke, own observa-
tion). The overrepresentation of MYBR elements in promoters ofMYB genes might
be indicative of a sophisticated crosstalk between severalMYBmembers. In addition,
autoregulation (a MYB protein regulating its own expression) is also a likely
explanation.

21.8
Genetic Engineering, Limitations, Optimizations, Practical Considerations

For the genetic engineering of stress-resistant plants, �simply� overexpressing a
transcription factor of interest might often not lead to the anticipated result. Two
reasons of failure and means to circumvent these problems are outlined as follows:

1) Overabundance of the transcription factor can have adverse side effects.
2) Posttranslational modification is required for full activity.

1) Most transcription factors carry a nuclear localization signal. Both bioinfor-
matic and in vivo studies document that the majority indeed localize to the
nucleus, that is, the subcellular site of action. Overexpression of a transcription
factor of interest that constitutively localizes to the nucleus and that does not
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require posttranslational modification or additional (limiting) transcription
factors for reaching full activity might result in hyperactivation of stress genes
to an undesirable extent, particularly if growth retardation or developmental
defects are the price of enhanced stress resistance conferred by constitutive
expression of stress genes. This is exemplified by the dwarfed phenotype of
Arabidopsis AtMYB96 overexpressing plants [28]. Moreover, in several cases
attempts to generate transgenic plants constitutively overexpressing MYB
genes were unsuccessful, possibly due to the toxicity of excessive amounts of
the protein (Pitzschke, unpublished) [65].
Here, amore controlled approachmight be themethod of choice. Tominimize

negative effects on plant growth due to the use of a constitutive promoter, the use
of stress-inducible promoters (rd29A, COR15A) to drive ectopic expression of
transcription factors was previously reported [79, 80]. Alternatively, a chemical-
inducible, ecdysone receptor-based system suitable for field applications [81]
may be used.

2) In some cases, transcription factors need to be posttranslationally modified to
achieve full activity. Such modification can alter the stability, localization,
dimerization properties, DNA binding activity, or cis-motif preference (see
Section 21.6.3). If the site and type of modification is known, protein variants
carrying single amino acid exchanges (e.g., mimicking a constitutively phos-
phorylated state of a transcription factor) should be considered. This strategy has
been successfully pursued for PtMYB4 frompine [70] and theMYB44-regulating
bZIP protein VIP1 [66]).

21.9
Outlook

The high functional conservation of MYB transcription factors across species will
accelerate the process of engineering crops with improved stress tolerance. As many
studies have shown, overexpression in heterologous plant species can indeed
produce the anticipated stress phenotype.

However, interfering withMYB transcription factor activity has its limitations that
one should be aware of: enhanced tolerance to one type of stress might be associated
with a reduced tolerance to other stress types. For instance, Arabidopsis mutants
lacking a functional MYB gene, AtBOS1 (AtMYB108), are more tolerant to infection
by a nectrotrophic pathogen (Botryotinia cinerea), but have a reduced resistance to
drought, salt, and oxidative stress. [82]. Therefore, in-depth studies of a range of stress
responses will have to be carried out before engineered plants are ready for the field.
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22
Transporters and Abiotic Stress Tolerance in Plants
Vandna Rai, Narendra Tuteja, and Teruhiro Takabe

Salt and drought are important factors in reducing the crop yields. Transporters play
significant roles for stress tolerance in plants. After completion of gene sequencing of
rice and Arabidopsis, rapid progresses in plant transporters have been made. Here,
recent progresses in the plant transporters such as NHX, HKT, sucrose transporters
and amino acid transporters for abiotic stress tolerance are discussed. Recently,
whole-genome expression profiling has been done to get the information on the roles
of transporters under drought and salt stress conditions. Salt- and/or drought-
tolerant and sensitive rice varieties, as well as expression profiling for Arabidopsis
transporters, were used to obtain the important genes for salt/drought stresses.
Recent progress on these approaches has also been discussed.

22.1
Introduction

World population is increasing at an alarming rate to reach about 9 billion by the
end of 2050. On the other hand, increase in food productivity is hampered by
worsening environmental problems. Salt and drought aremajor factors in decreas-
ing crop production on irrigated land worldwide. A recent estimate by FAO
suggested that around 6% of the world�s total land area and 20% of irrigated land
are affected by high salinity [1]. In India, 9 million ha of rice area is affected by
salinity, leading to a considerable loss of grain yield. Thus, there is an urgent need to
develop varieties that can growwell in saline environments to enable the farmers to
reap good harvests. However, there are only few instances where salt-tolerant
cultivars have been developed. The reason for this is that salt stress is a very complex
trait, has many components, and is caused by the coordinated action of multiple
stress-responsive genes. Recent progress in genetic approach is remarkable.
Analysis of various genomes suggested that 10% of all the proteins functions as
transporters, and in E. coli 42% of proteins are transporters. About 200 families of
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transporters are reported, among which ABC is the largest family. Here, tran-
scriptome and functional analysis of plant transporters in salt and drought stresses
will be described.

22.2
Basic Description of Transporters

Transporters vary in their structure and size from small organic molecules and
peptides to multisubunit complexes. Membrane transport proteins are divided into
three categories: pump, channel, and secondary transporters. Two modes of trans-
port across membranes are known: one is the simple diffusion where no carriers are
involved and the other is carrier-mediated diffusion. There are two modes of
mediated diffusion, one is passive transport and other is active transport (Figure
22.1). Passive transport is energy independent and occurs following the concentra-
tion gradient as mobile carriers (valinomycin, nigericin, dinitrophenol, etc.), protein
translocators (porins, erythrocyte glucose transporter), channel-forming ionophores
(gramicidin), voltage-gated channels (Naþ , Kþ , and Ca2þ channels), ligand-gated
channels, and mechanosensitive channels. Another is an active transport that is
energy dependent and occurs against concentration gradient. It is the primary active

Figure 22.1 Mechanism for passive transport.
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transport that utilizes energy of ATP hydrolysis that includes P-type ATPases (Hþ/
Kþ -ATPases, Ca2þ -ATPase), V-ATPases, and F1F0-ATPases (Naþ -ATPase, Hþ -
ATPase) (Figure 22.2). Themain roles of theATP-dependent (pump) proteins include
transport of molecules in specific directions independent of the environmental
situation and transport of ions to form a concentration gradient (active transport).
The secondary transporter system works through concentration gradient dependent
on cotransporter molecules (Figure 22.3). More than 100 species of secondary
transporter gene families are described [2]. Compared to those in the pump and

Figure 22.2 Mechanism for energy-dependent transport.

Figure 22.3 Mechanism for secondary transporters.
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channel systems, the genes involved in the secondary transporter system are most
divergent in plants. In plant system, many cations, anions, metals, and drugs are
cotransported with Hþ ions. Only few transporters use Naþ ions as cotransporter
molecules for efflux of ions from the cytoplasm, so plants do not need sodium
uptake. For secondary transport, different types are known, such as symporters
(two solutes move in same direction, lac permease, Naþ /glucose transporter),
antiporters (two solutes move in opposite directions, Naþ /Hþ antiporter), and
uniporters (mitochondrial Ca2þ transporter). Ion channels have the �gates� in the
membranes that help in opening or closing of gates with response to signals such as
mechanical or electrical stimulation and ligand binding. Many channel genes for
ion homeostasis and signal transduction (CytB and MscS) are found in plants. The
MIP (major intrinsic protein) gene family encoding water transport proteins
are well developed in plants. MIP proteins are abundant in the plasma membrane
(15–20% of total membrane protein) and vacuoles (30–50% of total membrane
protein) of plants. Therefore, a high level of water transport is carried out at plant
cell membranes.

22.3
Role of Transporters for Salt Tolerance in Plants

22.3.1
Naþ Transporter

Plant salinity tolerance is a function of Naþ exclusion, tissue tolerance to Naþ , and
osmotic tolerance [3] and depends to a varying extent on each of these three
components, even within a single species [4]. Water and ions (primarily Naþ , Kþ ,
and Cl�) transport is the key to these three mechanisms of salinity tolerance for
transport both into and throughout theplant as this transport is highly interconnected
withsalinity tolerance(Figure22.4).Forsalinesoils,NaCl is thedominantsaltandboth
Naþ andCl� aremetabolically toxic to plants at high concentrations in the cytoplasm.

An extensive study was done on model plant Arabidopsis for salinity stress and
many geneswere foundout for salt tolerance that consisted of a groupof transporters,
including AtNHX1, AtSOS1, and AtHKT1 [5–12]. The AtNHX1 gene was identified
by sequence homology to the Nhx1 gene in Saccharomyces cerevisiae. The AtNHX1
transporter functions in Naþ sequestration into the vacuole during salinity stress to
maintain a high Kþ/Naþ ratio in the cytosol [6, 7]. The salt overly sensitive 1 (SOS1)
gene, which has been identified in a genetic screen [8], encodes a membrane protein
that is homologous to plasma membrane Naþ /Hþ antiporters from bacteria and
fungi [13]. Mutant analyses of sos1 plants have led to a working model of the SOS1
transporter under salinity stress, where SOS1 prevents Naþ level in xylem sap by
unloading/loading of Naþ into xylem vessels decided by the strength of salinity
stress, and influenced Naþ transport from roots to shoots [13]. SOS1 also functions
in direct Naþ extrusion to outer environment from the root tip where meristematic
cells do not have large vacuoles for Naþ sequestration [13]. Direct Naþ extrusion by
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SOS1 from mature epidermal zones of Arabidopsis roots was also suggested [14].
AtHKT1;1was identified as anArabidopsis homologue of thewheatTaHKT2;1 [9, 15].
When expressed in heterologous systems such as S. cerevisiae and Xenopus laevis
oocytes, AtHKT1;1 prefers selective Naþ transport. The disruption of the AtHKT1;1
gene makes plants hypersensitive to Naþ resulting in severe leaf chlorosis and Naþ

overaccumulation in shoots under saline conditions [10, 16–19]. For some species
such as rice and wheat, the concentrations of Naþ , but not Cl�, in shoot or root are
negatively correlated with salt tolerance [20–23], while the reverse is true for other
species. In soybean, leaf Cl� was negatively correlated with salt tolerance, but there
was no significant correlation for leaf Naþ [24].

22.3.1.1 Uptake of Naþ to the Root
Naþ uptake ismediated byCa2þ -sensitive and -insensitive processes. Addition of up
to 10mm Ca2þ to the external solution will (generally) reduce the toxic effects of
Naþ [24], probably due to the inhibition of unidirectional Naþ influx byCa2þ . Ca2þ -
sensitiveNaþ influx likely occurs throughnonselective cation channels (NSCCs) [25].
Many candidates for NSCCs are present, such as cyclic nucleotide-gated channels
(CNGCs) [26] and glutamate-activated channels (GLRs), but still the genetic nature of
NSCCs is not well known.

22.3.2
Kþ Transporter

Potassium (Kþ ) is an essential macronutrient that is required for diverse cellular
processes, such as osmotic regulation,maintenance ofmembrane potential, enzyme

Chloroplast

Figure 22.4 Plant cell showing NHX and HKT type of transporters function.
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activity, protein and starch synthesis, respiration, and photosynthesis. Various
studies have indicated that increasing cytosolic Kþ levels relative to Naþ , thus
increasing theKþ/Naþ ratio, is crucial for Naþ tolerance in plants, andmaintaining
high Kþ/Naþ ratio in shoots is highly correlated with salinity tolerance in glyco-
phytes [17, 28]. Physiological experiments have shown that the Kþ content in
glycophytes can reach 1.5–5% of the dry weight, and the majority of Kþ absorbed
in roots are transported to shoots, which is amajor limiting factor of the shoot growth
and yields of crop plants. Since excessive Naþ ions inhibit various important cellular
processes, many of which are directly correlated with Kþ transport and essential
functions of Kþ , it is not surprising to see that Kþ alleviates toxic effects of Naþ and
that a high Kþ/Naþ ratio in shoots, especially in leaves, is preferred by glycophytes.

Plant cells utilize Kþ as a major osmotically active solute to maintain turgor and
drive irreversible cell expansion and reversible changes in cell volume. Potassium is a
major factor in resistance to drought, salinity, and fungal diseases [29]. Plants possess
a large number of genes encoding Kþ transporters, including high-affinity trans-
porters and ion channels [10]. The Kþ channels contribute to more than 50% of the
nutritional Kþ uptake under most field conditions [30]. Arabidopsis thaliana AKT1
(ArabidopsisKþ transporter 1) was reported to be channel mediated that is regulated
by voltage (a process known as gating in which the channels open and close), and in
this case to favor channel opening at negative voltages that promote net Kþ influx.
AKT1 and its relatives are members of the Kv-like (Shaker-like) family of channel
proteins that form functional units as tetrameric assemblies around a central pore
[31, 32]. Other channels such as SKOR and GORK facilitate Kþ

flux outward across
the plant plasma membrane. In the root, SKOR is primarily localized to xylem
parenchyma cells and is thought to enable the efflux of Kþ from these cells into the
xylem for transport to the shoot [33]. GORK contributes to stomatal closure, which is
important for plant adaptation to environmental change [34]. Membrane depolari-
zation is required for potassium ion flux through SKOR and GORK. Both SKOR and
GORK share the samebasic structural features of the inward-rectifyingKþ channels,
including AKT1 and KAT1 (Kþ channel of A. thaliana 1), although their gating
characteristics differ profoundly.

22.3.3
Cl� Transporters

Mechanisms of Cl� transport in plants are not well known; however, it is very
important tominimizeCl� toxicity for salt tolerance. Key aspects of Cl� transport that
contribute to salt tolerance in some species include reduced net xylem loading,
intracellular compartmentation and greater efflux ofCl� from roots. Candidate genes
for anion transporters are identified that may be contributing to Cl� movement
within plants during salinity [35]. The initial uptake of Cl� (and Naþ ) at the root–soil
interface would control the transport of these ions to shoots. NaCl-induced efflux of
Cl� has been observed in several species, for example, in the halophyte Diplachne
fusca [36], barley [37, 38], sorghum [39], andArabidopsis [40]. Genotypic differences in
Cl� efflux have also been observed. In a recent study, using scanning ion-selective
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electrodes, roots of salt-tolerant Populus euphratica treated with 100mm NaCl for
15 days exhibited a significant net efflux of Cl� at 400–1200mM from the apex [41].
Under the same conditions, no efflux ofCl�was observed in the salt-sensitivePopulus
popularis and responses were NaCl specific (and not a result of hyperosmotic stress).
The conclusion from this study was that Cl� (and Naþ ) extrusion from P. euphratica
roots contributed to ion homoeostasis under saline conditions [41].

22.3.3.1 Intercellular Compartmentation of Cl� is One Way to Cope with
High Cl� Toxicity
Compartmentalization of Cl� between different cell types in both roots and shoots
contributes to salt tolerance in some species. In leaves, Cl� is preferentially
accumulated in the epidermis, reducing Cl� toxicity in mesophyll cells that are
more important for photosynthesis. A salt-tolerant cultivar of barley was more
effective in excluding Cl� frommesophyll cells, compared to a more sensitive barley
cultivar [42]. In a study comparing a salt-tolerant barley cultivar with a salt-sensitive
durum wheat, Cl� was preferentially accumulated in the epidermis compared to the
mesophyll, but to a similar extent in both species [43]; thus, allocation of Cl� to
particular cell typesmight not be amajor factor contributing to salt tolerance. Further
work with other genotypes that have similar shoot Cl� concentrations, but differ in
salt tolerance, could help determine if partitioning of Cl� in epidermal cells, away
from the mesophyll, contributes to salt tolerance. Another form of intercellular
compartmentation of Cl� in leaves is the accumulation of Cl� in salt glands or
bladders. These highly specialized cell structures are unique to some halophytes,
which can accumulate Cl� (and Naþ ) in salt glands on leaf surfaces to lower internal
leaf ion concentrations. Cl� secretion via salt glands can be significant, with
approximately 20% of leaf Cl� excreted from salt glands of L. fusca at 100mM
NaCl [44]. A cation-chloride cotransporter (CCC) was localized to leaf trichomes and
hydathodes in Arabidopsis [45] and was recently identified in salt-tolerant indica
rice [46]. However, the exact role of these transporters in Cl� transport is still not very
clear. At the root level, Cl� transport across different cell types from the cortex to the
xylem could affect the total flux of Cl� to the shoot [47].

Intracellular compartmentation of Cl� is also important since low shoot concen-
trations of Cl� and Naþ are not always correlated with salt tolerance. Most species
can �exclude� Cl� and Naþ up to 90–98%, [48], but salt tolerance is improved by
efficient sequestration ofCl� andNaþ in vacuoles to prevent toxic level accumulation
in the cytoplasm. Halophytes have mechanism for controlled uptake of Cl� (and
other ions) to maintain turgor-related growth and this relies on the effective
sequestration of Cl� into vacuoles [49, 50].

Plant cell vacuoles have capacity to accumulate up to 500mM Cl� [51]. In the
halophyte Suaeda maritima growing at 200mM NaCl, Cl� concentrations ranged
from 86 to 95mM (cytoplasm), 430 to 465mM (vacuole), and 111 to 130mM (cell
wall), with similar values found for Naþ [52]. Using the fluorescent dye lucigenin,
initial Cl� transport into tonoplast vesicles from the salt-tolerant ice plant (Mesem-
bryanthemum crystallinum) followed saturation kinetics, with a Km of about
17mM [53]. This Km is significantly higher than those found for less salt-tolerant
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species, for example, red beet (6.5mM) [54]. The vacuolar Cl� transport in the
halophytic ice plant saturates at higher Cl� concentrations than that for less salt-
tolerant species [53]. InAtriplex gmelini, Cl� concentrations of isolated vacuoles were
260mM,whichwas almost the same as thatmeasured in protoplasts, suggesting that
for this halophyte, most of the leaf Cl� (and Naþ ) is compartmentalized into
vacuoles [55]. For some species, there is indirect evidence thatmore efficient vacuolar
sequestration of Cl� is associated with salt tolerance as salt-tolerant genotypes of
citrus, grapevine, and Lotus with low shoot Cl� actually have higher root Cl�

concentrations compared to the more sensitive genotypes [47], suggesting more
efficient compartmentation of Cl� in root vacuoles for the tolerant genotypes. The
efficient intracellular compartmentation of Cl� is linked to salt tolerance. In a
comparison between two maize genotypes that differ in salt tolerance, the more
salt-sensitive genotype had consistently higher root cytoplasmic Cl� concentrations
than the tolerant genotype (based on 36Cl flux analysis and electronmicroscopy) [52].
The estimates of cytoplasmic Cl� concentrations were surprisingly high, with
approximately 563mM in the sensitive genotype and 360mM for the tolerant
genotype (measured at 100mM NaCl) [52]. These values are consistent with other
published estimates, as cytoplasmic Cl� was also predicted to be about 350mM for
barley at 100mM NaCl [38]. High ion concentrations in the cell wall may result in
reduced turgor, leading to reduced shoot growth in the more sensitive genotype.

22.4
Amino Acid Transporters

One of the metabolic adaptations to high salinity in plants is the accumulation of
compatible solutes [56]. Glycine betaine and proline are potent compatible solutes
that are produced widely under salt/drought stress in flowering plants, such as
Gramineae, Amaranthaceae,Malvaceae, andCompositae [57].Within the amino acid
transporter (ATF) superfamily, the amino acid permeases (AAPs) mediate proton-
coupled uptake of structurally diverse amino acids, including proline. Proline
transporters (ProTs) preferentially transport proline but no other amino acids
[58, 59]. However, ProTs from tomato (LeProTs) were subsequently shown to
transport both betaine and proline, although tomato is a betaine nonaccumulating
plant [60, 61]. The homologous transporterswere isolated frombetaine accumulating
mangroveAvicenniamarina and were shown to transport betaine and proline [62]. So
far, functional properties of ProTs have been reported in betaine nonaccumulating
plants; A. thaliana (AtProT1–3) [58, 61], tomato (LeProT1–3) [60], and rice
(OsProT1) [63], and betaine accumulating plants; and mangrove (AmBet/ProT1–
2) [62], sugar beet (BvBet/ProT1) [64], and barley (HvProT1-2) [65, 66]. Among them,
the selectivity of rice ProT for betaine remains uninvestigated [63], and the barley
HvProT1 was reported to recognize proline, but not betaine [65]. All other trans-
porters mediate transport of both betaine and proline.

Betainet is a small, nontoxic molecule that increases the osmotic potential of the
cytoplasm without disturbing metabolism by stabilizing protein and membrane
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structure against the damaging effect of high salinity [67]. Since betaine is a stable
metabolic end product and not degraded in plants [68], accumulation patterns of
betaine at cellular and plant levels are regulated by the synthesis and transport
of betaine. In higher plants, betaine is synthesized by a two-step oxidation of
choline [69]. The first step (choline, betaine aldehyde) is catalyzed by ferredox-
independent choline monooxygenase in Amaranthaceae (e.g., spinach), while its
corresponding enzyme in Gramineae (e.g., barley) has not been found [70, 71]. The
last step is catalyzed by NADþ -linked betaine aldehyde dehydrogenase (BADH) [72–
74]. In Amaranthaceae, both steps are shown to be strictly localized in chloroplast
stroma [75]. On the other hand, in barley, two BADH proteins are localized in
peroxisomes and cytosol, respectively [76–78]. The accumulation of betaine is one of
the adaptive strategies to adverse salt stress conditions [79, 80].

When betaine was applied exogenously to old leaves, it was translocated prefer-
entially into young leaves and roots [64]. In response to salt stress, betaine levels
increased in all tissues, but most significantly increased in young leaves. Expression
of betaine transporter (BvBet/ProT1) wasmore strongly induced in old leaves than in
young leaves, indicating importance of long-distance translocation of betaine [64].

c-Aminobutyric acid (GABA) is a four-carbon nonprotein amino acid present in
prokaryotes and eukaryotes. One AtGAT1 (At1g08230) code for an Hþ -driven, high-
affinity GABA transporter from Arabidopsis was identified [81]. AtGAT1 did not
transport betaine and proline. AtGAT1 expression was highest in flowers and under
conditions of elevatedGABAconcentrations such aswounding or senescence.GABA
level increased under various stress conditions, such as low temperature,mechanical
stimulation, and oxygen deficiency [82].

22.5
Sucrose Transporters

Sugars are essential asmajor energy source, substrates for polymer synthesis, storage
compounds, and carbon precursors that are required for a large number ofmetabolic
reactions in plants. Several transporters are required for distribution of sugars not
only in the cells but also for long-distance transport [83]. Salinity stress enhances
sugar accumulation in melon fruits [84]. In plants, soluble sugars are present in the
form of glucose, fructose, and sucrose. Sucrose can be directly transported into sink
cells or tissue or can be taken up by sucrose transporters or hexose transporters [85].
Under abiotic stress conditions, galactinol and raffinoseaccumulate inplant cells [86].
Overexpression of GolS2, an abiotic stress-inducible gene, increases galactinol and
raffinose concentrations and improves abiotic stress tolerance in Arabidopsis [86]. It
showed that sugars might also function as osmoprotectants; however, not much is
known about their physiological function under abiotic stresses. The expression of
genes is induced under abiotic stress conditions not only for sugar synthases but also
for sugar transporters [87], and sugars might be transported to specific tissues or
organelles under abiotic stress conditions [88]. Facilitated diffusion and secondary
active transporters for sugars were found in plants [89–91]. They are mainly
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secondary active transporters [88, 92–94], and in many cases the activities of
secondary active transporters in plants depend on proton gradients. A plant sugar
transporter from Arabidopsis STP1 was isolated and was observed to be a proton/
hexose symporter localized at the plasma membrane. Two proton-dependent anti-
porters involved in glucose influx across the tonoplast were identified in Arabidop-
sis [88, 94]. From Arabidopsis, an abiotic stress-inducible transporter for monosac-
charides from ERD6 family was isolated and named ESL1 [89]. Expression of ESL1
was found to be induced under drought and high-salinity conditions and also with
exogenous application of abscisic acid. ESL1 is mainly expressed in pericycle and
xylemparenchyma cells andwasdetected at tonoplast in transgenicArabidopsisplants
and tobacco BY-2 cells. The Km for glucose uptake activity of mutated ESL1 in the
transgenic BY-2 cells was extraordinarily high, and the transport activity was
independent of a proton gradient, indicating that ESL1 is a low-affinity, facilitated
diffusion transporter. It was reported that ESL1might function coordinately with the
vacuolar invertase to regulate osmotic pressure by affecting the accumulation of
sugar in plant cells [89].

22.6
Transporters in Rice and Arabidopsis

When a comparison is made between numbers of membrane transporter genes in
Arabidopsis and rice, many transporter genes are found to be similar in these plants;
Arabidopsis has a more diverse array of genes for multiefflux transport and for
response to stress signals, and rice has more secondary transporter genes for
carbohydrate and nutrient transport [2]. In rice, a total of 1200 membrane transpor-
ters are identified, amongwhich 800 are secondary transporters, 180 are pumps, and
120 are channel transporters. In pumps, 153 are ABC and 57 are P-ATPase kinds of
transporters; in channels, MIPs are maximum 38, Hsp are 23, 14 CIC, and annexins
10; and in secondary transporters, MFS are 145, MC 56, DMT 57, CpA2 16, and
CACA 23 [2]. Whole-genome expression profiling was examined to find out trans-
porters under salt and drought stress conditions in indica rice.

Microarrays were used to identify differentially expressed genes of rice in response
to salt stress for shoots [95] and roots [96] and to compare rice with other cereals [97].
Problem with these approaches was that they also identified many false positives
because of treatment and theuse of different species. Tominimize these risks, theuse
of cultivars with different salt sensitivity for comparative transcriptomics studies was
used for salt and drought stress [98]. For salinity, CSR-11 (salt tolerant) and VSR-156
(salt sensitive), as well as for drought Vandana (tolerant) and IR-64 (sensitive), were
used to identify transporters involved in both stresses. Expression profiling was done
and presented as heat map (Figure 22.4) with a list of 72 genes that included all the
transporters expressed differentially. Arabidopsis microarray data for salinity stress
and drought stress were used. All differentially expressed transporters were extracted
after analysis (p< 0.05) and with a fold change>2. False discovery rates were kept at
<2% and heat map for 127 genes for transporters was presented (Figure 22.5). Venn
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diagram (Figure 22.6) for comparing the number of expressed genes under salt and
drought conditions showed that 52 genes were common to both stresses that include
mainly metal ion, peptide, amino acids Naþ /Hþ , sugar, cadmium/zinc, peptide,
cation transporter HKT1, phosphatidylinositol transfer-like protein III, aquaporin
TIP2.2, and high-affinity cationic amino acid transporters. QTL analyses using rice
(Oryza sativa) plants identified a gene contributing to salt tolerance of an indica rice
cultivar Nona Bokra. The gene encoded a Naþ transporter, named SKC1 or
OsHKT1;5 [28], which is an orthologue of AtHKT1;1. OsHKT1;5 was found to
function inNaþ exclusionfromxylem[28].TwomajorQTLcontrollingNaþ exclusion
from leaves inwheatwere also identified,which conferred salt tolerance encoding the
AtHKT1;1 orthologuesHKT1;4 andHKT1;5 [99, 100]. The common requirement of a
HKT-mediated Naþ exclusion from the xylem in Arabidopsis, rice, and wheat

Figure 22.5 The expression profiling of transporters differentially expressed under salt-tolerant
(CSR-11), salt-sensitive (VSR), drought-tolerant (Vandana), and drought-sensitive (IR-64)
conditions using hierarchical clustering of 70 genes.
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recommended that this is a widely conserved primary salt tolerance mechanism in
glycophytes [101]. Rice, a monocot model, contains nine HKT-like genes, which is
different fromdicotmodelplantArabidopsis thathasasingleAtHKT1[102]. In thecase
of Arabidopsis, 40 genes were common to salt and drought stress conditions (Figure
22.7), which were mainly water channels, ABC transporters, amino acid transmem-
brane transporter, sugar:hydrogen ion symporter, oligopeptide transporter, antipor-
ter/glucose-6-phosphate transmembrane transporter, oligopeptide transporter,
oxoglutarate:malate antiporter, copper ion transmembrane transporter, coupled to
transmembrane movement of ions, and sodium:hydrogen antiporter.

The rice genome size (430 Mb) is more than three times that of Arabidopsis (125
Mb), but the total number ofmembrane transporter proteins (1200) is only 1.20 times
that in Arabidopsis (1000). The total number of differentially expressed transporters
under salt and drought stress is 135 in rice, while it was 145 in Arabidopsis. Being a
wild plant, Arabidopsis lives under diverse soil conditions and under environmental

Figure 22.6 The expressionprofilingof transporters differentially expressedunder salt anddrought
conditions in Arabidopsis using hierarchical clustering of 127 genes.
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stress, whereas rice is a cultivated crop plant grownundermore stable environmental
conditions. Therefore, Arabidopsis has diverged more than the rice to form trans-
porter systems involved in multiefflux and stress response signaling. However, rice
has more pump and secondary transporter genes (ABC, P-type ATPase, MFS, and
POT) for carbohydrate and nutrient transport systems [2]. Amino acid (AAAP),
ammonia (Amt), sulfate (SulP), metal ion (ZIP), Ca2þ (CaCA), and Kþ transport
protein gene families (VIC, KUP) are specifically diverged in rice due to nutrient
acquisition growth in subtropical plants. It was found that HKT transporters, HKT6,
8, 11, 12, 14, 16, and 17, are differentially expressed. The genome of the japonica rice
cultivar Nipponbare has been reported to contain nine OsHKT genes with two of
them being nonfunctional [102]. Among the remaining seven OsHKT transporters,
OsHKT1;5 was found to be an AtHKT1;1 orthologue [102]. A phylogenetic analysis
using the amino acid sequences of HKT transporters has shown that the HKT
transporters are of two major subfamilies, class I and class II [103]. Remarkable
differences between these two classes of HKT transporters were found in the
structure of the putative selectivity pore-forming regions and the selectivity for Kþ

characterized in heterologous expression systems.HKT transporters aremembers of
a large Kþ transporter family, the HKT/Trk/Ktr family, which retains four selectivity
pore-forming regions (p-loops) that show similarity to a bacterial Kþ channel [104,
105]. It was found that a serine to glycine replacement in the first p-loop region of
AtHKT1;1 andOsHKT2;1 transporters that show a poorKþ permeability conferred a
robust Kþ permeability, while a glycine to serine replacement abolished the robust
Kþ permeability from typical class II transporters TaHKT2;1 and OsHKT2;2 [106].
The OsHKT2;1 transporter is an unusual class II HKT transporter. It is clearly
classified into the HKT2 transporter subfamily in sequence analyses [103]. The
OsHKT2;1 is a SGGG type, but not a class II representative GGGG-type transporter,
and shows a strong preference for Naþ -selective transport in yeast and X. laevis
oocytes, comparable to typical class I HKT transporters [2, 11].

Figure 22.7 (a) Venn diagram comparing transporters of rice expressed under salt and drought
stress. (b) Venn diagram comparing transporters of Arabidopsis expressed under salt and drought
stress.
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22.7
Conclusions

The outline above indicates the importance of plant transporters for abiotic stresses.
Genomics, proteomics, and molecular functional approaches, coupled with a strong
bioinformatics capability, now can be used efficiently for the study of plant trans-
porters involved in abiotic stresses. This understanding of plant transporters can be
used for the manipulation of the responses or their transfer to important cereal crop
species through conventional, marker-assisted, or transgenic approaches.
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Potassium and Sodium Transporters: Improving Salinity
Tolerance in Plants
Toshio Yamaguchi, Nobuyuki Uozumi, and Tomoaki Horie

Crop productivity can be greatly affected by soil salinity since high concentrations of
Naþ cause osmotic stress and ion-specific cytotoxicity in most plant species. Plants
have developed multiple mechanisms to alleviate Naþ stresses, which include
exporting Naþ from the cells, compartmentation to vacuoles, and preventing Naþ

from being transported to photosynthetic organs such as leaves. Recent advance-
ments inmolecular and genetic studies have led to the identification of several classes
of ion transporters that are involved in these processes and have extended our
understanding of the molecular mechanisms that plants use to circumvent Naþ

toxicity. Among these, the NHX-type tonoplast cation/Hþ antiporters, the HKT-type
plasma membrane Naþ(Kþ) transporters, and the SOS1-type plasma membrane
Naþ/Hþ antiporters have drawn particular attention due to their physiological
significance under salinity stress. Moreover, ectopic tissue-specific overexpression
of these molecules has provided promising evidence for the utility of a transgenic
approach toward improving crop salinity tolerance using genes encoding Naþ

transporters.

23.1
Introduction

Soil salinity imposes severe deleterious effects on crop productivity in most plant
species, mainly through osmotic stress and ion (Naþ )-specific toxicity [1–3]. The
accumulation of sodium cations (Naþ ) in the cytosol causes serious damage via
inhibition of essential cellular processes, including protein synthesis [4] and vital
enzyme reactions [5, 6]. Moreover, since photosynthetic processes have been shown
to be susceptible to salinity [7], it is important that photosynthetic organs are
protected from overaccumulation of Naþ in order to maintain efficient carbon
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fixation and biomass production [8]. Naþ is not an essential mineral ion in plants,
and removal of excessive Naþ from the cells is necessary to reduce Naþ toxicity.
Recent studies have revealed that some classes of Naþ transporters play crucial roles
in Naþ homeostasis during salinity stress [9–11]. Among them, the Arabidopsis
plasma membrane Naþ /Hþ antiporter SOS1 (salt overly sensitive 1), the Naþ

transporter AtHKT1;1, and the tonoplast Naþ /Hþ antiporter AtNHX1 have drawn
particular interest due to their capacity to transport Naþ , and their molecular
functions and physiological roles have been extensively studied. These Naþ trans-
porters have beendescribed in anumber of plant species, and they have been found to
contribute to Naþ extrusion, limited Naþ accumulation in leaves, and monovalent
cation sequestration in plant vacuoles to alleviate sodium stress under saline
conditions. In addition, some of these transporters have been shown to improve
salinity tolerance of crop plants when their encoding gene is overexpressed.

In this chapter, we will provide an overview of themolecular properties, regulation
mechanisms, and physiological roles of distinct classes of transporters that are
involved in plant Naþ tolerance, with particular emphasis on NHX-, HKT-, and
SOS1-type transporters. We will also summarize the advances in transgenic
approaches using these molecules and discuss the potential for using other Kþ or
Naþ transporters in the improvement of plant salinity tolerance.

23.2
NHX Transporters

23.2.1
Overview

One of the mechanisms that plant cells use to cope with Naþ stress is compart-
mentation of Naþ into the vacuoles, andmany reports have indicated that Naþ /Hþ -
exchangingNHX transporters are involved in this process (Figure 23.1) [2]. The plant
Naþ /Hþ exchanger NHX was first identified in Arabidopsis via a complementation
study using theDnhx1 yeastmutant [12], andNHX-type transporters have since been
identified in awide variety of plant species [13–16]. In general, plant genomes contain
genes encodingmore than one type of NHX isoform; for example, six NHX isoforms
have been identified in Arabidopsis, rice, and maize (AtNHX1–6, OsNHX1–6, and
ZmNHX1–6, respectively), four isoforms in tomato (LeNHX1–4), and at least two
isoforms in Japanese morning glory (Ipomoea nil; InNHX1-2). Most of the NHX
proteins studied to date have been shown to localize to the endomembranes
including the tonoplast (see below) and mediate Naþ /Hþ and Kþ/Hþ antiport
across the membrane by utilizing the Hþ gradient as a driving force, as demon-
strated using a yeast heterologous expression system [12, 17–20], isolated plant
vacuoles [21], and proteoliposomes containing purified NHX proteins [22, 23].

Phylogenetic analysishas revealed thatNHXfamily transportersbelong to the cation/
proton antiporter 1 (CPA1) family according to the transporter classification (TC)
system [24]. The NHX family includes a distinct subfamily called the IC-NHE/NHX
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family composed of intracellular (IC) cation/Hþ antiporters [14]. The members of IC-
NHE/NHX subfamily can be further subdivided into two groups, namely, class I and
class II [14, 15], although the functional relevance of this subdivision is yet to be studied.
The tonoplast localization of class I NHXs in various plant species has been well
documented using subcellular fractionation [17, 25–28], transient or stable expression
of GFP fusion proteins [17, 19, 29, 30], and immunomicroscopic analysis [28]. On the
other hand, subcellular localization of a class II NHXwas studied by expressing a GFP
fusion protein of LeNHX2 in onion epidermal cells, and it indicated a nonvacuolar
vesicular localization reminiscent of yeast ScNHX1 [12, 31, 32].

The spatial localization pattern of NHX transcripts has been studied in several
plant species, indicating diverse expression patterns of NHX isoforms. In rice,
OsNHX1 expression was found in whole tissues, although the expression was higher
in shoots than in roots [17]. MNhx transcripts of the ice plant Mesembryanthemum

Figure 23.1 Naþ movement in plant tissues
and the involvement of NHX-, SOS1-, and HKT-
type transporters in Naþ detoxification under
salinity stress. Naþ entering through the
plasma membrane of the root epidermis is
exported out of the cells by SOS1-type
transporters or compartmentalized into
the vacuole via NHX-type transporters in
order to maintain a low cytosolic Naþ

concentration [18, 19, 21, 25, 111, 112, 115,
117]. Excess Naþ that reaches stele through
radial movement is loaded into the xylem via
SOS1-type transporters [116]. HKT-type

transporters in xylem parenchyma cells function
in removing Naþ from the xylem stream to
protect shoots from overaccumulating Naþ

and also in loading Naþ into the phloem for
transporting it back to the roots (Naþ

recirculation) [64, 65, 67, 70, 85–88, 90, 104].
A low cytosolic Naþ concentration in leaves is
achieved through the actions of SOS1- and
NHX-type transporters. Note that HKT2;1
transporters have been shown to be a
Naþ influx transporter in wheat [98] and
rice [102] when extracellular Kþ availability is
limited.
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crystallinum were found in leaves, stems, flowers, seedpods, weakly in roots [33].
In Arabidopsis, AtNHX1 and AtNHX2 were the most abundant isoforms and
transcripts were widespread across roots and shoots, whereas expression ofAtNHX3
and AtNHX4 was almost exclusively detected in flowers and roots, albeit in lower
amounts than that ofAtNHX1 andAtNHX2 [18, 19].AtNHX5 transcripts were found
in all organs tested, although the expression level was lower than that of AtNHX1 or
AtNHX2 [18, 19]. The expression of AtNHX6 was found in roots and shoots, but the
amount of transcripts was very low [19]. InNHX1 and InNHX2 genes of I. nil were
expressed in virtually all organs tested. InNHX1 expression is extensively induced in
floral organs (particularly in flower limbs at 12 h before flowering), with induction
being necessary for flower color change during maturation [20, 29]. It might be too
early to generalize, but these results imply the possibility that some NHX isoforms
are ubiquitously expressed and play housekeeping roles, while other isoforms have
specific expression patterns for more specialized roles in the tissues where they are
expressed.

Hydropathy profiling of NHX proteins suggests the presence of 10–12 transmem-
brane segments and a relatively long C-terminal hydrophilic tail [34]. At present, the
structural properties of NHXs have been studied only for AtNHX1, and two distinct
topology models have been proposed. The first topology model was proposed based
on the results of protease protection assays of yeast vacuoles expressing AtNHX1
proteins with triple hemagglutinin (3�HA) epitope tags inserted into the hydro-
philic loops [34]. The proposed model was unlike any model for known Naþ /Hþ

antiporters and consisted of nine transmembrane segments with three membrane-
associated hydrophobic regions that would not span amembrane (TM3, 5, and 6) and
a C-terminal hydrophilic tail facing the vacuolar lumen [34]. The C-terminus
hydrophilic region of Naþ /Hþ antiporters had been shown to be involved in the
regulation of transport activity in mammalian NHE1 [35, 36] and ApNhaP from the
cyanobacteriumAphanothece halophytica [37]. In both cases, the C-terminal tails were
exposed to the cytoplasm and were therefore considered to be involved in sensing of
the cytoplasmic pH and cation environment. The regulation of transport activity via
the C-terminus has also been suggested for AtNHX1; truncation of the C-terminus
region of AtNHX1 resulted in increased Naþ transport without affecting Kþ

transport activity in yeast, suggesting that the C-terminal tail plays a role in
modulating cation selectivity of AtNHX1 [34]. However, it should be noted that
regulation of transport activity according to this model is supposed to occur from the
inside of the vacuole rather than from the cytosolic side, as in the case of the NHE1
and ApNhaP antiporters. In addition, it has been shown that another regulatory
protein is involved in the regulation of AtNHX1 activity via the C-terminus. Yeast
two-hybrid screening identified a calmodulin-like protein, AtCaM15, as a protein
interacting with the AtNHX1 C-terminus. This was confirmed by a pull-down assay
using a yeast expression system and affinity purified recombinant proteins [38].
Coexpression of AtCaM15 with AtNHX1 decreased Naþ transport activity in yeast
vacuoles, which suggested the involvement of AtCaM15 in the modulation of
AtNHX1 cation selectivity. AtCaM15 was found inside the vacuoles of yeast and
plant cells overexpressing AtCaM15, which further supports the above topology
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model. Interestingly, it was shown that the interaction between AtCaM15 and
AtNHX1 was enhanced as the pH became more acidic. These results indicate that,
at physiological conditions, AtCaM15 would be bound to the AtNHX1 C-terminus
and AtNHX1 would favor Kþ/Hþ antiport over Naþ /Hþ antiport due to the acidic
vacuolar luminal pH [38]. In addition, there are several reports that have shown
increased vacuolar pH under salinity stress [39, 40]. Such a pH change would cause
disassociation of AtCaM15 andAtNHX1, leading to increasedNaþ /Hþ antiport and
compartmentation of Naþ into the vacuoles under salinity stress.

Another topology model has been proposed on the basis of in vitro translation
experiments using truncated AtNHX1 genes. Sato and Sakaguchi [41] showed that
several transmembrane segments of AtNHX1 retain topogenic properties similar to
human NHE1 and suggested that AtNHX1 has a topology similar to human NHE1,
consisting of 11 transmembrane segments and an intramembranous hydrophobic
region (TM9) with the C-terminal tail exposed to the cytoplasm [41, 42].

23.2.2
Physiological Roles of NHXs

It has been well established that NHX isoforms mediate Naþ /Hþ and Kþ/Hþ

antiport and compartmentation of Naþ and Kþ into the vacuole (or intracellular
vesicles) at a cellular level (Figure 23.1); however, there are few experimental data to
clarify the physiological roles of NHX isoforms. The physiological roles of NHX
isoforms can be deduced from their spatial expression patterns (described above)
and, more important, from the stress-specific induction of each NHX isoform.
Although most of the NHX isoforms have been shown to be expressed under
nonstress conditions to some extent, the stress-specific expression of several iso-
forms has also been reported. AtNHX1, AtNHX2, and AtNHX5were induced by salt
and osmotic stresses [19, 43], indicating the potential roles of NHX isoforms under
these stresses. Rice OsNHX1 expression is also induced by salt and osmotic stress,
although the induction by osmotic stress was less than that by salt, indicating that
ionic stress is mainly responsible for this induction [17]. The induction of NHX
transcripts by salt stress has also been observed for MNhx in the ice plant and
InNHX2 in Japanese morning glory [29, 33]. These results suggest a general role for
NHXs under salt stress and, in some cases, under osmotic stress.

In addition to its role in stress response, the involvement of an NHX isoform,
InNHX1, in Japanese morning glory in the regulation of vacuolar pH has been well
documented; a natural variant of I. nil that has a transposon insertion in the InNHX1
locus shows a marked reduction in vacuolar pH of flower petal cells compared to
wild type, resulting in purple flower coloration in the mutant as opposed to the
blue wild-type flowers. Furthermore, specific induction of InNHX1 during flower
opening has been observed in wild-type petals [20]. Developmental stage-specific
induction has also been observed in grape (Vitis vinifera) VvNHX1 during fruit
maturation [44]. These results indicate the involvement of NHX isoforms in diverse
physiological roles, including cellular ion homeostasis, stress tolerance, and even
organ development.
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Characterization of a T-DNA insertion mutant of AtNHX1 (atnhx1) revealed that
this line is indeed susceptible to salinity, as the detrimental effects of sublethal
concentrations of NaCl on seedling establishment and leaf size were significantly
higher in the atnhx1 mutant than in the wild type [21]. Furthermore, the leaf
epidermal cells of the mature atnhx1 mutant were much smaller than those of the
wild type at an equivalent developmental stage (i.e., equivalent age and position). It
should be noted that this reduction in leaf cell size completely disappeared when
AtNHX1 was overexpressed in the atnhx1mutant. Vacuoles isolated from the leaves
of the atnhx1mutant showed almost no Naþ /Hþ and Kþ/Hþ activities despite the
other five isoform genes being intact, suggesting that AtNHX1 is the predominant
isoform in Arabidopsis leaves. These results indicate that AtNHX1 is also involved in
leaf cell expansion, probably via regulating cation accumulation in the vacuole, which
plays a central role in providing turgor necessary for cell expansion. Interestingly, the
transcriptional profiling of wild type and atnhx1 revealed that the loss of a functional
AtNHX1 had a large impact on the expression of other genes involved in ion
homeostasis, vesicular trafficking, and protein targeting, suggesting that AtNHX1
has important roles in these processes [45]. The exact mechanisms leading to these
alterations in gene expression are unknown at present. However, these resultsmight
indicate that cation and pH homeostasis mediated by NHX isoforms plays key roles
in a number of cellular processes in addition to stress tolerance.

The physiological role of another NHX isoform, tomato LeNHX2, has also been
studied by RNAi-mediated gene silencing, and it was found that the degree of gene
silencing showed a strong correlation with plant growth and development under
normal growth conditions: strongly silenced T0 lines showed poor growth compared
to nontransgenic plants and also failed to produce fruits or seeds [31]. Furthermore,
growth analysiswithmoderately silencedplants under saline conditions revealed that
silenced plantsweremore susceptible toNaþ compared to nontransgenic plants [31].
Although the exact mechanisms behind these phenotypes remain elusive, these
results indicate the physiological significance of LeNHX2 in the growth and devel-
opment of tomato plants.

23.2.3
Transgenic Approaches to Increasing Salinity Tolerance Using NHX Genes

It has been shown that overexpression ofNHX isoformsusing constitutive promoters
increases salinity tolerance of the host plant in all cases except one [46]. The first
successful case reported by Apse et al. [25] demonstrated that overexpression of
AtNHX1 markedly increased salinity tolerance in Arabidopsis. The transgenic plant
also showed increased vacuolar Naþ /Hþ antiport activity and cellular Naþ seques-
tration, indicating that overexpression of AtNHX1 increased the plant�s ability to
detoxify cellular Naþ by compartmentation into the vacuole [25]. Overexpression of
AtNHX1 has been successfully employed to increase salt tolerance in tomato [47] and
Brassica napus [48] without affecting their crop qualities. Enhancement of salt
tolerance by overexpression of the AtNHX1 gene has also been observed in other
plant species including wheat (Triticum aestivum L.) [49], buckwheat (Fagopyrum
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esculentum) [50], tall fescue (Festuca arundinacea) [51], and cotton (Gossypiumhirsutum
L.) [52]. In addition,AtNHX3 andAtNHX5have been shown to increase salt tolerance
when overexpressed in sugar beet (Beta vulgaris) [53] and Torenia (Torenia four-
nieri) [54], respectively. NHX isoforms from other plant species have also been
utilized to increase salt tolerance through overexpression, either in the plant species
of their origin or in heterologous host species. For example, enhanced salt tolerance
in rice has been successfully achieved by introducing an additional copy of the
endogenous OsNHX1 gene [17], as well as several NHX isoform genes from
halophytic species, namely, Chenopodium glaucum [55], Pennisetum glaucum [56],
andAtriplex gmelini [57]. In addition, it has been shown that the overexpression of the
MdNHX1 gene from the salt-tolerant rootstock of apple (Malus� domestica Borkh.)
conferred Naþ tolerance to a salt-sensitive variety of apple [58]. These observations
illustrate the effectiveness of the overexpression of NHX isoforms to produce salt-
tolerant crops.

It should be noted, however, that there are some arguments regarding the
mechanisms by which these transgenic plants circumvent Naþ cytotoxicity.
Although most of the above transgenic plants showed increased accumulation of
Naþ compared to their parental plants under saline conditions, there were some
cases where transgenics exhibited no significant increase in Naþ content, even
though they did display increased salinity tolerance [31, 59]. In one such case, an
Arabidopsis plant overexpressing LeNHX2 showed increasedKþ accumulation,while
Naþ accumulation was less than that of the wild type [31]. Increased Kþ content was
also observed in sugar beet overexpressingAtNHX3 [53]. These resultsmight suggest
that the acquisition of salt tolerance by NHX overexpression may be attributed to, at
least in some cases, the alteration of cellular Kþ homeostasis rather than increased
compartmentation of Naþ into the vacuole.

23.3
HKT Transporters

23.3.1
Overview

The first HKT-type transporter was identified in wheat (T. aestivum; TaHKT2;1,
originally namedHKT1). Thenomenclature �HKT� is based on the initial description
of the transporter�s high affinity for Kþ transport (high-affinityKþ transporter) [60].
However, subsequent detailed biophysical transport analyses revealed that TaHKT2;1
shows unique selectivity for Naþ , such that TaHKT2;1 mediates high-affinity Naþ /
Kþ symport when the extracellular concentration of Kþ is higher thanNaþ , but low-
affinity Naþ -selective uniport is preferred when the Naþ concentration far exceeds
that of Kþ [61, 62]. HKT transporters have been isolated from a wide variety of plant
species to date, including the halophyteM. crystallinum [63], and the ion selectivity of
those HKT transporters has been well characterized, indicating that HKT transpor-
ters in general mediate robust Naþ transport [9, 10].
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Several plant HKT transporters including AtHKT1;1 from Arabidopsis have been
shown to exhibit very poor Kþ permeability, preferring Naþ -selective uniport in
eukaryotic heterologous cells [64–66]. Experimental approaches to determine the
membrane structure of AtHKT1;1 have provided evidence for a four transmem-
brane–pore–transmembrane topology model [67], which is conserved in the Kþ -
conducting pore region of HKT/Trk/Ktr transporters as well as the Kþ channels of
prokaryotic and eukaryotic cells [68, 69]. Heterologous expression studies of the
Naþ -selective transporters AtHKT1;1 and OsHKT2;1, and the Kþ -transporting
TaHKT2;1 and OsHKT2;2, in combination with domain swapping and site-directed
mutagenesis have revealed that a glycine residue (G) at the filter position in four
putative p-loops is critical for robust Kþ permeability and more Naþ -selective HKT
transporters retain a serine residue (S) at the filter position of the first pore region
(SGGG type) in contrast to Kþ -transporting HKT transporters that conserve the
glycine residues in all four pore regions (GGGG type) [70]. Moreover, ion transport
analyses of the bacterial KtrAB Kþ transporter from Vibrio alginolyticus have
demonstrated that the glycines at the four filter positions are essential for robust
Kþ permeability [71]. Together, these analyses support the p-loop hypothesis put
forward for the HKT/Trk/Ktr transporters [68, 69]. Phylogenetic analysis of various
HKT amino acid sequences has indicated the existence of at least two major
subfamilies, namely, class I and class II [9, 10, 72]. One of the characteristics of
class I HKT transporters is higher selectivity for Naþ than other cations, which
contrasts with class II HKT transporters that show robust permeability for both Naþ

and Kþ . Differences in cation specificity between class I and class II HKT trans-
porters show a close correlation with the glycine residues at the filter positions in the
pore regions. Among the amino acid sequences ofHKT transporters that are publicly
available thus far, the filter positions of all class I HKT transporters are SGGG, as in
AtHKT1;1 and OsHKT2;1 [65, 70], except for VvHKT1;2 from V. vinifera, which has
the aspartic acid residue (D) in the second p-loop (SDGG type) [10]. Conversely, all
class II HKT transporters, except for OsHKT2;1, conserve glycine residues at the
filter positions, as in the cases of TaHKT2;1 and OsHKT2;2 (GGGG) [9, 10].
OsHKT2;1 is a unique class II transporter that exhibits class I transporter-like
features, SGGG-type filter composition, and more Naþ -selective transport [65, 70].
Note that independent analyses have indicated that OsHKT2;1 shows broader
selectivity to alkali monovalent cations in heterologous cells [66, 73]. More recent
reports, however, have demonstrated that the Naþ -selective transport by OsHKT2;1
and Naþ /Kþ symport by OsHKT2;2 observed in heterologous cells [65, 70, 74] are
consistently reproduced in the homologous plant cell systemof cultured tobacco BY2
cells (Nicotiana tabacum L. cv Bright Yellow 2 cells) [75]. It has been shown that
SGGG-type HKT transporters from Eucalyptus camaldulensis andM. crystallinum are
permeable to Kþ when expressed in heterologous systems [63, 76]. Conserved
positively charged residues and negatively charged residues have been identified as
residues essential for the function of Synechocystis Ktr transporters and plant HKT
transporters [77–79]. In particular, the electrostatic interaction present in HKT/Trk/
Ktr transporters is proposed to be one of the determinants for ion conductivity
resulting in the difference between ion channels and transporters [77, 80]. Several
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other residues that are important for ion conductivity have also been found in the
Vibrio Ktr transporter [81, 82].

23.3.2
Physiological Roles of HKTs

A. thaliana plants retains a single HKT gene, AtHKT1;1, in the genome [64]. Given
that genetic suppressor screening using sos3 (salt overly sensitive 3) mutant plants
revealed that AtHKT1;1 gene disruption rescues salt hypersensitivity of sos3 plants,
AtHKT1;1 was initially proposed to be a major pathway for Naþ entry into roots
during salinity stress [83]. Several subsequent reports, however, demonstrated that
independent athkt1;1mutant lines displayed hypersensitivity to Naþ , accompanied
by leaf chlorosis due to overaccumulation of Naþ in the aerial organs, while
maintaining lower root Naþ concentrations compared to wild-type plants [84–89].
These reports proposed an essential physiological function of AtHKT1;1 in the
salinity resistance mechanism in stelar cells in contrast to the proposed function
from the sos3 suppressor screening [83]. Berthomieu et al. proposed a �Naþ

recirculation� model, where AtHKT1;1 loads Naþ into the phloem and Naþ ions
are transferred from shoot to root via the downward phloem stream, thereby
preventing overaccumulation of Naþ in the shoots (Figure 23.1) [85]. On the other
hand, since localization of AtHKT1;1 has been observed at the plasmamembrane in
xylem parenchyma cells, a Naþ unloading model, which similarly prevents over-
accumulation of Naþ in shoots, especially in leaves, was proposed (Figure 23.1)
[84, 87–89]. Note that the role of AtHKT1;1 in the phloem needs to be further
investigated as independent laboratories have drawn different conclusions; a sig-
nificant effect of AtHKT1;1mutations on phloem sap under salt stress was found in
one study [87], similar to the findings of Berthomieu et al. [85], but Naþ recirculation
was concluded not to occur based on 22Naþ fluxmeasurements in another study [89].
Further investigationwill be needed tofigure out the precise physiological function of
AtHKT1;1 in stelar cells as a positive salinity resistance determinant. The discre-
pancies in the proposed functions of AtHKT1;1 in vivo, derived from the studies of
sos3 athkt1;1 double mutants and athkt1;1 single mutants, have not yet been
completely reconciled. However, one possible explanation has been proposed, in
which the effect of AtHKT1;1 mutations becomes predominant under higher
Ca2þ conditions in sos3 athkt1;1 double mutant plants, such that the plants display
athkt1;1-derived salt hypersensitivity that suppresses sos3-mediated phenotypes [88].

An interesting indirect relationship between AtHKT1;1-mediated Naþ removal
and Kþ homeostasis across xylem vessels has been proposed in the xylem Naþ

unloading model [87]. AtHKT1;1-mediated Naþ removal into xylem parenchyma
cells would cause depolarization of the cells, which in turn triggers Kþ loading into
xylem vessels, resulting in maintenance of high Kþ/Naþ ratios in the leaves. This
working hypothesis is consistent with similar HKT transporter-mediated mechan-
isms in crop plants, which are described below (for details, see Refs [9, 10]).

Xylem Naþ unloading by class I HKT transporters has also been demonstrated to
occur in the monocot crop plants rice and wheat. The SKC1 locus, one of the major
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QTL for salt tolerance identified by crossing a salt-tolerant rice cultivar Nona Bokra
with a salt-sensitive cultivar Koshihikari, has been found to control Naþ /Kþ content
in the xylem sap, and it encodes a class I HKT transporter (OsHKT1;5) [90]. A
comparison of OsHKT1;5 sequences highlighted several point mutations between
Nona Bokra-derived and Koshihikari-derived OsHKT1;5 transporter genes, which
were eventually found to be a cause of the difference in the Naþ transport activity of
the two OsHKT1;5 transporters such that Nona Bokra-derived OsHKT1;5 exhibits
significantly higher Naþ transport activity. Moreover, the Nona Bokra-derived
OsHKT1;5 was shown to maintain lower Naþ but higher Kþ contents in the xylem
sapduring salinity stress, indicating thatNonaBokra plants have the ability to retrieve
more Naþ from xylem vessels under salt stress [90].

Several genetic loci related to salinity tolerance have been found in wheat species,
namely, the Kna1 locus in T. aestivum [91] and the Nax1 and Nax2 loci in T.
monococcum [92, 93], which have been shown to be involved in the maintenance
of a high Kþ/Naþ ratio in leaves. The Nax1 and Nax2 loci were shown to play
important roles in preventing root-to-shoot Naþ transport by excluding Naþ from
the xylem [94]. Interestingly, the Nax1 locus has been demonstrated to be a leaf-
locatedmechanism controlling theNaþ content of leaves by excludingNaþ from the
xylem of the leaf sheath, thus preventing Naþ overaccumulation in the leaf blade. It
has since been suggested that the Nax1 locus encodes the TmHKT1;4 transporter, a
class I HKT transporter [95]. In addition, the Nax2 and Kna1 loci are proposed to
harbor the same gene,HKT1;5 (TmHKT1;5 and TaHKT1;5, respectively), which also
encodes a class I transporter [96]. Together with the results from analyses of the
AtHKT1;1 gene, these results indicate that xylem Naþ unloading is a common
essential mechanism of salinity tolerance in these plants. Genetic studies of wheat
class I HKT transporters implies that both HKT1;4 and HKT1;5 transporters might
be necessary to exert complete salinity resistance in crop plants [95]. Studies of the
molecular and physiological functions of HKT1;4, including OsHKT1;4 from rice,
will be important to fully understand class I HKT transporter-mediated salinity
resistance in plants.

Physiological functions of the class II HKT transporters have been less reported
compared to class I HKT transporters. Several independent studies have demon-
strated that mRNA accumulation of class II HKT genes in rice, wheat, and barley,
including OsHKT2;1 and TaHKT2;1, is induced under Kþ -limiting conditions
[65, 74, 97], which implies an essential role for these genes in Kþ homeostasis. In
addition, the TaHKT2;1 gene was found to be expressed in root cortical cells [60].
However, given that the TaHKT2;1 gene knockdown wheat plants were shown to
exhibit reduced root Naþ influx and increased Naþ sensitivity without showing any
significant effect on Kþ uptake, TaHKT2;1 has been suggested to play amajor role in
Naþ uptake in Kþ -starved rootswith a lesser contribution toKþ uptake [98]. The Kþ

uptake system in plants is suggested to be composed of multiple pathways [99–101].
Another possibility that should therefore be considered is that other high-affinity Kþ

transport systems would mask the effect of gene knockdown/knockout of Kþ -
transporting class II HKT transporters. Whether class II HKT transporters might
contribute to high-affinity Kþ uptake in plants remains to be elucidated.
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OsHKT2;1 is an atypical member of the class II HKT transporters that retains
SGGG filter amino acids and more Naþ -selective transport, as in class I HKT
transporters [65, 70, 74, 75]. It has been demonstrated that independent null
mutations of the OsHKT2;1 gene cause a reduction in the shoot biomass of the
rice mutant lines compared to wild-type plants under conditions with low Naþ and
no added Kþ [102]. Together with evidence for the lack of major Naþ absorption
ability in roots of Kþ -starved oshkt2;1mutant plants, the OsHKT2;1 transporter has
been assigned to play an indispensable role in Kþ starvation-induced nutritional
Naþ uptake and distribution in rice plants to maintain growth under low Kþ

availability (Figure 23.1) [102].
In the japonica rice cultivar Nipponbare, only two GGGG-type class II OsHKT

transporters, OsHKT2;3 and OsHKT2;4, were found to exist [74]. OsHKT2;3 and
OsHKT2;4 are highly identical proteins (more than 93% identity at the amino acid
sequence level). OsHKT2;4 has recently been found to display broad permeability to
not only Kþ and Naþ but also divalent cations including Ca2þ and Mg2þ [103].
Together with the evidence of the root hair plasma membrane localization of
OsHKT2;4, a novel physiological role for OsHKT2;4 in Ca2þ -linked processes
including Ca2þ uptake has been proposed [103]. However, evidence for the role of
OsHKT2;4 in Ca2þ homeostasis in vivo in rice plants (e.g., using the oshkt2;4 rice
mutant) is required to confirm this hypothesis.

23.3.3
Transgenic Approaches to Increasing Salinity Tolerance Using Class I HKT Genes

Since the function of known class I HKT transporters is uptake of Naþ into the cell,
ectopic overexpression of this class of transporter genes using constitutive promoters
might not be a recommended approach for improving salt tolerance in plants. In fact,
overexpression of AtHKT1;1 using the 35S promoter has been shown to lead to an
increase in Naþ susceptibility due to Naþ overaccumulation in shoots [104].
Recently, Møller et al. demonstrated that the targeted expression of the AtHKT1;1
gene in root stelar cells (including xylem parenchyma cells) using an enhancer trap
system successfully increased Naþ tolerance ofArabidopsis plants [104]. Patch clamp
analysis revealed that theNaþ influx capacities of transgenic root cells weremarkedly
increased.Moreover, the root-to-shoot transfer of Naþ was significantly decreased in
transgenic plants (determined using 22Naþ tracer), which is consistent with the
finding that the Naþ content in transgenic plants was lower in shoots but higher in
roots compared to control plants [104]. Interestingly, the highest Naþ accumulation
was found in root cortical cells with minor accumulation in stelar cells, suggesting a
radialmovement ofNaþ . Note that cortical cells are highly vacuolated and considered
to have a large capacity to sequester Naþ , probably via vacuolar Naþ (Kþ )/Hþ

antiporters (for details, see Section 23.2). These results suggest that overexpression of
AtHKT1;1 in root stelar cells enhanced retrieval of Naþ from the xylem stream to
stelar cells, which indirectly enhanced Naþ sequestration in the vacuoles of cortical
cells, resulting in protection of shoots from Naþ overaccumulation [104]. Similar
tissue-specific expression systems have been utilized to express AtHKT1;1 in root
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cortical/epidermal cells of Arabidopsis and cortical cells of rice. Interestingly, both
attempts increased salt tolerance in the transgenic plants [105]. Overexpression of
AtHKT1;1 in root cortical cells enhanced the expression level of endogenous class I
HKTgenes (AtHKT1;1 andOsHKT1;5 forArabidopsis and rice, respectively), thereby
increasing Naþ retrieval from the xylem and sequestration to the vacuole in cortical
cells simultaneously [105]. Together, these tissue-specific AtHKT1;1 expression
analyses have indicated that enhancing the activity for Naþ reabsorption from the
xylem vessels is a powerful approach for increasing plant salinity tolerance.

23.4
SOS1 Transporters

23.4.1
Overview

In addition to compartmentation of Naþ in the intracellular compartments, exclu-
sion of Naþ from the cytosol across the plasma membrane is also an important
mechanism to alleviate cellular Naþ toxicity in plants [1]. Earlier studies demon-
strated the presence of Naþ /Hþ antiport activity at the plasma membrane in a
number of plant species, including tomato [106, 107], barley [108], wheat [109], and
red beet [110], and this activity was presumed to be responsible for Naþ efflux from
the cell [1]. The SOS1 transporter is one of the best-characterized class of transporters
that show Naþ efflux activity in land plants. The SOS1 gene was first identified by
genetic screening as an essential gene that contributes to salt tolerance in Arabi-
dopsis [111]. Genetic mapping and positional cloning revealed that the Arabidopsis
SOS1 gene (also named AtNHX7, but hereafter referred to as AtSOS1) encodes a
large putative membrane protein (127 kDa, 1146 aa) that shares substantial simi-
larities to several knownNaþ /Hþ antiporters, including themammalianNHE1 and
the bacterial NhaA [112]. Detailed phylogenetic analysis with other cation/Hþ

antiporters showed that AtSOS1 is categorized into the CPA1 family along with
NHEs and NHXs, although it is more closely related to bacterial NhaP antiporters
[15, 112, 113]. An analysis of the subcellular distribution by overexpressing AtSOS1-
GFP fusion proteins in Arabidopsis plants indicated that AtSOS1 is localized in the
plasma membrane, which was further supported by results of subcellular fraction-
ation [114]. Promoter–GUS analysis has revealed that the AtSOS1 transcript is
predominantly found in the epidermal tissues of root tips and xylem parenchyma
cells of roots, stems, and leaves [115]. AtSOS1 mRNA expression is specifically
induced in shoots and roots by salt treatment, but not by cold or ABA treatment [112].
Interestingly, the induction of AtSOS1 expression appears to be under the control of
other AtSOS genes, namely, AtSOS2 (encoding a serine/threonine protein kinase)
and AtSOS3 (encoding a calcium binding protein) since induction of AtSOS1
expression by salt treatment in atsos2 and atsos3 mutant plants is partially and
almost completely abolished, respectively [112]. In addition, it seems that the mRNA
stability of AtSOS1 is also regulated by salinity stress since the amount of AtSOS1
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transcripts in transgenic Arabidopsis plants harboring an additional copy of the
AtSOS1ORFunder the control of a constitutive promoter was significantly increased
under saline conditions compared to nonstress conditions [116]. Hydropathy pre-
diction indicated that the AtSOS1 protein consists of 12 putative transmembrane
segments and a long C-terminal hydrophilic tail [112], although detailed structural
properties of AtSOS1 remain to be studied.

It has been shown that AtSOS1 is able to complement the Naþ sensitivity of yeast
mutants lacking functional genes for plasmamembraneNaþ -ATPases (Ena1–4) and
two Naþ /Hþ antiporters localized to the plasma membrane (Nha1) or prevacuole
(Nhx1) [115]. Interestingly, phenotypes not directly related to Naþ efflux (i.e.,
sensitivity to high external Kþ of the nha1 mutant and hygromycin B sensitivity
of the nhx1mutant) were not rescued by the expression of AtSOS1, suggesting that
AtSOS1 is aNaþ -specific transporter [115]. Transport activity of endogenousAtSOS1
was demonstrated by comparing the Naþ /Hþ antiport activities of highly purified
plasmamembrane vesicles from the leaves ofwild-type and atsos1mutantArabidopsis
plants pretreated with NaCl; the Naþ /Hþ antiport activity of plasma membrane
vesicles of the atsos1 mutant was significantly lower than that of wild type [117].
Further study using a similar approach characterized AtSOS1 both as a low-affinity
Naþ /Hþ antiporter (apparentKm¼ 22.8mM) that does not accept Kþ or Liþ as
substrates and as an electroneutral transporter [114].

It should be noted that AtSOS1 requires AtSOS2 and AtSOS3 to be fully activated
since AtSOS1 activities of plasma membrane vesicles from atsos2 and atsos3mutant
plants were similar to the atsos1mutant [117].Moreover, the addition of constitutively
active AtSOS2 proteins was found to significantly increase Naþ /Hþ antiport
activities [117]. A separate study using a yeast heterologous expression system
showed that AtSOS1 could be directly phosphorylated by AtSOS2 kinase [118], and
this phosphorylation by AtSOS2 is enhanced when AtSOS3, which is known to form
a complexwithAtSOS2 [119], coexisted. Furthermore, it has been shown that AtSOS3
is able to recruit AtSOS2 protein to the plasmamembrane [118]. On the basis of these
results, AtSOS1 is known to be a part of the so-called �SOS pathway,� in which
AtSOS3 delivers otherwise cytosolic AtSOS2 kinase to the plasmamembrane, where
AtSOS2 activates its target AtSOS1 by phosphorylation [114, 118].

SOS1 orthologues have been isolated from several plants, including rice [120],
wheat [121], tomato [122], and halophytic Thellungiella salsuginea (formerly T.
halophila) [123]. All these SOS1 orthologues are shown to at least have the ability
to rescue mutant yeast or Escherichia coli that are deficient in Naþ export, and recent
RNAi studies in tomato and T. salsuginea have indicated that SOS1 plays major roles
in salt tolerance in these plant species [122, 124–126] (see below).

In addition to the above orthologues, a SOS1-like gene, AtNHX8, has been
identified in Arabidopsis. AtNHX8 is the closest homologue of AtSOS1 and shares
more than 88% similarity in the hydrophobic region but lacks approximately half the
hydrophilic tail at the C-terminus (83 kDa, 756 aa). Detailed characterization using a
heterologous yeast expression system and atnhx8 null mutant plants indicate that
despite its high sequence similarity to AtSOS1, the AtNHX8 gene likely encodes a
Liþ /Hþ antiporter rather than a Naþ /Hþ antiporter [127].
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23.4.2
Physiological Roles of SOS1

The physiological significance of AtSOS1 in saline environments has been well estab-
lished in Arabidopsis, as atsos1 null alleles exhibit intense salt sensitivity [111, 112]. The
atsos1mutant has been shown to accumulate a higher amount of Naþ compared to
wild-type plants under severe salt stress, with the difference in Naþ accumulation
being more apparent in roots than in shoots [115]. Given that AtSOS1 expression
is found predominantly in the epidermis of Arabidopsis root tips and increases
with Naþ stress, and that its proposed function is as a Naþ /Hþ antiporter at the
plasmamembrane (see above), it has been suggested that AtSOS1 plays a critical role
inNaþ efflux fromroot cells, which limits netNaþ entry (Figure 23.1) [115, 117]. The
results fromproton fluxmeasurements have indicated that SOS1 is involved inNaþ -
dependent Hþ influx at the meristem zone of Arabidopsis roots, supporting this
view [128].

It has been suggested that AtSOS1 is also involved in the long-distance transport of
Naþ . The Naþ accumulation in shoots of atsos1mutant plants was less than that of
wild-type plants under moderate salt stress when cultivated in hydroponic or high
humidity conditions [116, 129]. This observation, together with the xylem paren-
chyma cell-specific expression pattern of the AtSOS1 transcript [116], prompted the
suggestion that AtSOS1 might play a role in loading of Naþ into the xylem stream
under moderate salt stress and no or low transpiration (Figure 23.1), although its
physiological significance in Arabidopsis is yet to be determined.

A recent RNAi study in tomato (Solanum lycopersicum) [122] has revealed another role
forSOS1 transportersunder salinity stress.TheSlSOS1-silenced line showed increased
Naþ content in roots and leaves compared towild typeunder salt stress, consistentwith
the suggested role for AtSOS1 inArabidopsis, but stems of silenced plants accumulated
lessNaþ compared to thewild type [122, 124].These results indicated thatSlSOS1plays
a key role in the retention ofNaþ in the stem in tomato. Although direct evidence is not
available at this point, the authors hypothesized that SlSOS1 might function in Naþ

efflux from the leaf cells to the xylem stream to protect the photosynthetic organs
(Figure 23.1), and the higher leaf/root Naþ and lower stem Naþ concentrations
observed in silenced plants were the consequence of a loss of this process, while the
xylem unloading of Naþ mediated by HKT1 remained intact [122, 124].

AnRNAi suppression study has also revealed a critical role of SOS1 inT. salsuginea,
which is an extremely salt-tolerant species closely related toArabidopsis. The silenced
plants exhibited faster Naþ accumulation under saline conditions and slower Naþ

efflux after removal of salt, indicating that SOS1 plays a similar role in Naþ efflux in
roots as observed in Arabidopsis [125]. Propidium iodide staining detected cell death
in the silenced plants, initially occurring at the elongating zone of the roots and
expanding to older tissues as the salt stress continued, indicating that SOS1 protects
these susceptible regions from Naþ accumulation by excluding it at the root tip,
where SOS1 is most abundantly expressed [125]. The expression level of SOS1 in
wild-type T. salsuginea was reported to be 10 times higher than that of Arabidopsis
under saline conditions [125]. Furthermore, the suppression of SOS1 expression
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resulted in a loss of its halophytic nature, as root growth inhibition and partial
chlorosis were observed at 200mMNaCl, conditions underwhichT. salsuginea plants
can usually grow without symptoms but are toxic to Arabidopsis [125]. These results
indicate that SOS1 plays a key role in the halophytism of T. salsuginea [125].

Besides its critical roles in salt tolerance, SOS1 appears to be involved in several
other cellular processes that do not seem to be directly related to Naþ transport. A
recent study using fluorescent probes reported that the loss of a functional AtSOS1
gene resulted in altered pHhomeostasis, both in the cytosol and in the vacuole of root
cells [130]. Since AtSOS1 expression has not been found in the tonoplast membrane,
the change in the vacuolar pH homeostasis is likely to be an indirect consequence
of the alteration in plasmamembraneHþ

flux, which has also been demonstrated by
the electrophysiological study of atsos1 [131]. In addition, fragmentation of the
vacuoles and defects in endocytosis under salinity stress have been observed in
atsos1mutants [130]. This is probably related to the altered cellular pH homeostasis,
as modulations of Hþ -translocating protein activities often affect intracellular
membrane trafficking [113, 132–134]. In addition, SOS1 appears to play a role in
protecting the root plasma membrane Kþ uptake under salinity stress since
inhibition of root Kþ permeability under moderate salinity stress and growth under
Kþ -limiting conditions were observed in atsos1 but not in wild-type plants [135].

23.4.3
Transgenic Approaches to Increasing Salinity Tolerance Using SOS1 Genes

It has been shown that ectopic expression of AtSOS1 using the 35S promoter in
Arabidopsis confers resistance to salinity stress, as less growth inhibitionwas observed
in transgenic plants compared to nontransgenic plants under salinity stress [46, 116].
Transgenic plants and undifferentiated calli also exhibited less accumulation of Naþ ,
suggesting that enhancement of salinity tolerance by overexpression of AtSOS1 could
be due to the limitation of Naþ accumulation, which occurs through increased Naþ

efflux via AtSOS1 [116]. Similar growth improvements under saline conditions have
also been observed in Arabidopsis plants that overexpress the T. salsuginea SOS1 [125]
orOsSOS1 [120]. These results indicate that overexpression of a SOS1 gene could be a
valid approach to improve the salinity tolerance of crop plants.

23.5
Other Molecules that are Potentially Useful for Improving Salt Tolerance

23.5.1
HAK/KUP/KT Transporters

Kþ is an essential macronutrient for growth and the most abundant cation in plant
cells. Kþ ions play vital roles in many homeostatic processes including osmoreg-
ulation, maintenance of membrane potential, and photosynthesis [100, 136]. Kþ is
also an important factor in determining salt tolerance since Kþ absorption is
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competitively blocked by Naþ and Kþ alleviates the toxic effects of Naþ [9–11].
Therefore, one potential strategy to engineer salt-tolerant plants is to enhance Kþ

acquisition during salinity stress. Recently, the relatively Naþ -insensitive Kþ

transport function of the OsHAK5 transporter from rice was identified in heterol-
ogous E. coli and yeast cells, and attempts have been made to utilize this as a tool to
increase salinity tolerance in plant cells [137]. OsHAK transporters are members of
the HAK/KUP/KT transporter family that constitutes a major Kþ transporter family
in plants [100]. Constitutive expression of OsHAK5 in cultured tobacco BY2 cells was
found to increase Kþ accumulation but decrease Naþ accumulation during salt
stress compared to control cells, conferring increased salt tolerance to the BY2
cells [137]. The study suggested that enhanced Kþ acquisition would also lead to a
decrease in Naþ accumulation, presumably due to depolarization of the membrane
potential through increased Kþ uptake. These results indicate that the plasma
membrane localized Naþ -insensitive Kþ transporters could be a tool to produce
salt-tolerant plants. Further evaluation of the effect of OsHAK5 expression on plant
salt tolerance will be needed at the individual plant level, in addition to identification
of similar Naþ -insensitive Kþ transporters/channels.

23.5.2
ENA1/PMR2A

Fungi, including budding yeast (Saccharomyces cerevisiae), have a plasma membrane
Naþ -ATPase that mediates Naþ efflux as a major means of resisting salt stress [138,
139]. Although S. cerevisiae retains a tandem array of P-type Naþ -ATPase genes, only
the ENA1/PMR2A gene encoding Ena1p was found to be strongly induced by salt
stress [140, 141]. Ena1p tagged with the triple hemagglutinin tag (Ena1p-3HA) was
expressed in cultured tobacco BY2 cells [142]. Ena1p-3HAexpressingBY2 cells showed
increased NaCl and LiCl tolerance by maintaining lower levels of Naþ and Liþ than
control cells under salt stress conditions [142]. These results indicate that Ena1p is a
candidate for increasing plant salt tolerance. ENA1-like P-type ATPases have been
found in a primitivemossPhyscomitrella patens [143]. PpENA1was demonstrated to be
a Naþ pump andwas suggested to play an important role in extrudingNaþ under salt
stress as amechanism for themoss to resistNaþ toxicity [143]. It seems likely that such
Naþ pump activity was lost in flowering plants during evolution, and it might suggest
that theNaþ pumpsystem is a not favorablemechanismdue to the energy-consuming
nature of the Naþ pump. Further study using Ena1p expressing transgenic plants in
combination with tissue-specific promoters will be necessary to evaluate the utility of
the Naþ -ATPase for increasing plant salt tolerance.

23.6
Conclusions

Merely two decades ago, there was no evidence for Naþ influx/efflux or a Naþ

circulation system in plants because of Naþ being a nonessential element for plant
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growth and development. Since the cloning ofHKT, SOS1,NHX, andHAK/KUP/KT
transporter genes from higher plants, numerous Naþ transporters have been
characterized. A large number of studies have provided evidence that these trans-
porters play crucial roles in plants, and these studies have revealed the detailed
mechanisms involved in the removal of Naþ from cells to prevent cytotoxicity.
Moreover, these studies have shed light on the potential for developing engineered
elite traits using ion transporter genes. Further progress in identifying and charac-
terizing the transporters involved in Naþ /Kþ homeostasis can be expected to
increase our understanding of the mechanisms underlying this process in addition
to aiding the development of tools for improving salinity tolerance in plants.
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Piriformospora indica, A Root Endophytic Fungus, Enhances
Abiotic Stress Tolerance of the Host Plant
Manoj Kumar, Ruby Sharma, Abhimanyu Jogawat, Pratap Singh, Meenakshi Dua,
Sarvajeet Singh Gill, Dipesh Kumar Trivedi, Narendra Tuteja, Ajit Kumar Verma,
Ralf Oelmuller, and Atul Kumar Johri

Piriformospora indica is an endophytic fungus that colonizes the roots of bothmonocot
and dicot plants includingmembers of the family Brassicaceae, which are nonhost for
arbuscularmycorrhizal fungi (AMF) and canalsobe grown axenically. Like theAMF,P.
indica was found to be involved in the enhancement of plant tolerance against abiotic
stress. Growth promotion in plant is a characteristic effect of the fungal colonization,
which canalsobeobservedunder the stress conditions.P. indicamodulates thedefense
systemandalters themetabolism to compensate the loss inphotosynthesis andprevent
oxidative damage caused by stress. Primarily, P. indica induces the defense system,
especially the ascorbate–glutathione (ASH-GSH) cycle, and maintains a high antiox-
idative environment during salt and drought stress. P. indica also induces sevaral
antioxidative enzymes during salt and drought stress that are involved in detoxification
of reactive oxygen species (ROS) such as superoxide dismutase (SOD), catalase (CAT),
ascorbate peroxidase (APX), glutathione reductase (GR), peroxidase (POD), mono-
dehydroascorbate reductase (MDHAR), dehydroascorbate reductase (DHAR), and so
on. P. indica also increases the level of osmolytes such as polyamine and proline in
response to salinity and drought stress. Interplay of antioxidative environment
mediated by ASH, osmolytes (polyamine, proline, etc.), and strong activity of anti-
oxidative enzyme system leads to maintenance of plastid integrity and therefore
enhanced photosynthetic efficiency in colonized plant during abiotic stress. In
addition, P. indica also induces salt and drought stress-responsive genes of the plant,
which may play an important role in enhanced abiotic stress tolerance of crop plants.

24.1
Introduction

The unfavorable environmental parameters, such as drought, salinity, cold, freez-
ing, high temperature, water logging, high light intensity, UV irradiation, nutrient
imbalances, metal toxicities, nutrient deficiencies, climate change, and so on are
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termed as abiotic stress. Only 10% of the world�s arable land is free of stress. Abiotic
stresses have become an integral part of crop production. In general, plants suffer
from dehydration or osmotic stress under drought, salinity, and low-temperature
condition, which causes reduced availability of water (dehydration) for cellular
function and maintenance of cellular turgor pressure. Prolonged period of dehy-
dration leads to high production of ROS in the chloroplasts, causing irreversible
photoinhibition and cellular damage. Because of cellular damage, mainly the cell
membrane integrity is disturbed, and therefore plant roots are unable to absorb
minerals efficiently, causing nutritional stress [1]. Plants respond to stress as
individual cell and synergistically as a whole organism. Generally, stress signal is
first perceived by receptors of the plant cells. Following this, the signal information
is transduced, resulting in activation of various stress-responsive genes. The
products of these stress genes ultimately lead to a stress tolerance response
or plant adaptation and help the plant to survive and surpass unfavorable condi-
tions [2, 3]. The response could also result in growth inhibition or cell death, which
would depend on the number and type of the genes, those that are up- or
downregulated in response to the stress. The overall stress response of a plant is
a coordinated action of several genes encoding signaling proteins/factors, including
protein modifiers (methylation, ubiquitination, glycosylation, etc.), adapters, scaf-
folds, and antioxidative system [2, 3]. Furthermore, plant growth-promoting fungi
(PGPF) such as arbuscular mycorrhizal fungi (AMF), ectomycorrhizae, and other
endophytic fungi [4], as well as plant growth-promoting rhizobacteria (PGPR) [5] or
plant growth-promoting bacteria (PGPB) [6], confer abiotic tolerance and decreased
yield losses in cultivated crop plants. AMF can act as a biofertilizer, bioprotectant,
and biodegrader [7] and, in turn, modulate stress responses and increase the lowest
limit of tolerance of the plant to abiotic stresses. Several studies are available on the
impact of AMF on plant�s abiotic stress tolerance, suggesting that AMF play a
comprehensive role in plant�s stress tolerance, and colonization of AMF induces a
molecular signaling cascade that affects stomatal conductance, transpiration, pho-
tosynthesis, leaf dehydration, root hydration, hydraulic conductivity, growth, nutri-
ent uptake, low weight metabolites (e.g., sugars, glycerol, amino acids, and sugar
alcohols), and morphology. However, application of AMF in sustainable agriculture
is limited due to unavailability of axenic culture and its host specificity, as AMF
cannot colonize a group of important crop plants.

A recently discovered root endophytic fungus of the Sebacinaceae family, Pir-
iformospora indica, can colonize the roots of many plant species, including Arabi-
dopsis [8–19]. Infestation ofP. indica can be intercellular or intracellular (Figure 24.1);
however, unlikeAMF, they donot formarbuscular structures in plant cells [10]. There
are several reports which suggest that P. indica can mimic the effect of AMF
colonization to plants; besides, this fungus is axenically cultivable and has a broad
host spectrum. P. indica can provide several benefits to host plants, such as better
tolerance to biotic (diseases) and abiotic stresses, for example, drought and salinity
stress, and improved plant fitness by increasing growth performance under normal
and stress conditions [18, 20]. The ability of P. indica to promote plant growth, higher
seed yield, seed oil content, and so on of various host plants under conditions that are
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not optimal for the plants is well documented [8, 11, 18, 21, 22]. It can act as a
bioprotector and facilitate hardening ofmicropropagated plants that are transferred to
soil and the natural environment [23, 24]. It also has a stimulatory effect on
adventitious root formation in ornamental stem cuttings. There are also studies
showing that culture filtrates of the fungus are rich in nutrients and can promote
growth yield [22]. However, the exact nature of plant growth promotional effects is still
unclear [25, 26]. P. indica was reported to activate both nitrate reductase that plays a
major role in nitrate acquisition and a starch-degrading enzyme, glucan-water
dikinase, involved in early events of starch degradation in the plants such as tobacco
andArabidopsis [15]. Root infestation resulted in promotion of plant growth and yield.
In this chapter, we have emphasized the effect of P. indica colonization on the abiotic
stress tolerance and the mechanism for these stress tolerance in colonized plants.
Colonizationmay lead to activationof various genes involved in stress acclimation and
their roles inmaintenance of cell homeostasis and activation of antioxidant systemare
also discussed.

Figure 24.1 Trypan blue staining of maize
plant roots showing intracellular P. indica
chlamydospores (black arrow) observed at day
10. The fungus forms intercellular and
intracellular pear-shaped chlamydospores

within root. Fungus grows into cortex tissue but
does not colonize vascular tissue of the root and
never colonizes the shoot tissue. Adapted from
Ref. [9], reprinted with permission from the
Society for General Microbiology � 2009.

24.1 Introduction j545



24.2
Role of P. indica in Salt Tolerance

Soil salinity is a major threat to crop yield and a widespread problem. Around 7% of
the global land surface is covered with saline soil [27]. Out of 1.5 billion ha of
cultivated land, about 77 million ha (5%) is affected by excess salt content mainly
induced by irrigation with groundwater of high salt content [28]. At present, it is a
well-known fact that crop yield is low in saline soil, mainly due to decrease in efficient
nutrient uptake, plant water holding capacity, and adverse effect on photosynthesis.
Salinity and drought exert their influence on a cell mainly by disrupting the ionic and
osmotic equilibrium [3]. Thus, excess of Naþ ions and osmotic changes in the form
of turgor pressure are the initial triggers, leading to a cascade of events that can be
grouped into ionic and osmotic signaling pathways, the outcome of which is ionic
and osmotic homeostasis, resulting in stress tolerance. Many crop species are
extremely sensitive to soil salinity and are known as glycophytes, whereas salt-
tolerant plants are known as halophytes. In general, glycophytes cannot grow at
100mMofNaCl, whereas halophytes can grow at salinities over 250mMofNaCl. The
salinity-sensitive plants restrict the uptake of salt and strive to maintain an osmotic
equilibrium by the synthesis of compatible solutes, such as amino acids and sugars.
The salinity-tolerant plants have the capacity to sequester and accumulate salt in the
cell vacuoles, thus preventing the buildup of salt in the cytosol andmaintaining ahigh
cytosolic Kþ/Naþ ratio in their cells. Recent studies suggested that P. indica could
enhance the ability of plants to cope with salt stress. Waller et al. [18] have shown that
P. indica colonization enhanced salt tolerance of barley plants. The detrimental effect
of moderate salt stress was completely abolished by P. indica with a higher biomass
gain. This effect of enhancement of salt tolerance by P. indica was similar to that of
AMF. However, AMF-induced salt tolerance is due to improvement in plant nutrient
uptake and ion balance, protecting enzyme activity and facilitating water uptake.

Earlier studies suggested salt-induced increase in lipid peroxidation and reduction
in metabolic heat production [31] in salt-sensitive plants, while they remained
unchanged in salt-tolerant cultivars. Baltruschat et al. [32] assessed the impact of
P. indica colonization on biochemical markers for salt stress, such as metabolic
activity, fatty acid composition, lipid peroxidation, and marked reduction in meta-
bolic heat production in salt-sensitive barley plants. Reduction in plant metabolic
activity is recognized in salt-stressed plants. Salt-induced responses, that is, heat
emission and ethane production in P. indica-colonized salt-sensitive plant, resemble
those of salinity-tolerant plants because P. indica increases the metabolic activity in
leaves of salt-stressed plant and therefore recompenses the salt-induced inhibition of
metabolic activity. Calorimetric studies indicated that the rate of metabolic activity
increased in leaves of P. indica-infected plants after salt treatment. Prior studies have
also shown that the extent of natural herbicide resistance ofwild oat biotypes is tightly
correlated with the rate of heat production upon herbicide exposure, owing to the
activation of metabolic pathways required for defense responses [33]. This suggests
that enhanced tolerance to salt stress can be associated with highermetabolic activity
inP. indica colonized plants [32]. Salt stress can induce ionic stress and osmotic stress
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in plant cell, leading to enhanced accumulation of ROS that are harmful to plant cell
at high concentration.On the onehand, ROS accumulation can be toxic to living cells,
causing oxidative damage to DNA, lipids, and proteins, and on the other hand, ROS
can act as signaling molecules for stress responses. Several studies have demon-
strated that tolerance of plants to salt stress is associated with the induction of
antioxidant enzymes [34–36]. Recent reports suggest that P. indica induces antiox-
idative environment in the cell by altering the activities of different enzymes involved
in ROS-scavenging system [9, 37]. Exogenously applied unsaturated fatty acids can
protect barley plants during NaCl-induced stress [38]. Lipid desaturation could be an
important component of plant tolerance in response to salt stress. P. indica coloni-
zation leads to a significant reduction in the proportion of oleic acid in barley leaves
and also induces changes in fatty acid composition similar to those induced by
salinity [32]. Such effects on the fatty acid composition of host plants may display a
symbiotic adaptive strategy mediated by the endophyte to cope with salt stress in
hostile environments [37]. Owing to its original habitat, P. indica might induce
similar effects on fatty acid composition of the host plants [32].

It has been shown that P. indica is able to produce auxin when associated with
plant roots [39] or changes in phytohormone synthesis and perception in plants [40–
42]. Exogenous auxin has been found to transiently increase the concentration of
ROS and then prevent hydrogen peroxide (H2O2) release in response to oxidative
stress (caused by paraquat) and enhanced APX activity, while decreasing CAT
activity [43, 44]. In a recent study, it was found that P. indica increases the level of
osmolytes such as polyamines and amino acid proline (unpublished data) in
colonized plants. This increase in polyamine content is due to the upregulation
of methionine synthase in colonized plant, which plays a crucial role in biosynthesis
of polyamines and ethylene [10]. A well-known adaptive response of plants under
salt stress is the synthesis and accumulation of low molecular weight organic
compounds in the cytosol and organelles, which are collectively known as com-
patible osmolytes because they accumulate and function without perturbing intra-
cellular biochemistry. Transgenic tobacco plants overproducing polyamines also
have enhanced tolerance toward salt stress, and salt treatment induces antioxidant
enzymes such as APX, SOD, and glutathione S-transferase (GST) more significantly
in these transgenic plants than in wild-type controls [45]. The major function of
osmolytes is osmotic adjustment to counteract higher inorganic salt in vacuole and
root medium, protection of membrane, and stabilization of proteins. The osmolyte
proline protects membranes and proteins against the adverse effects of high
concentrations of inorganic ions and temperature extremes. Proline may also
function as a protein-compatible hydrotrope and as a hydroxyl radical (OH.)
scavenger [46].

In a previous study, Waller et al. [18] has reported that P. indica enhances the
level of antioxidant buffer ascorbate and induces dehydroascorbate reductase
activity in colonized plant. Ascorbic acid is directly involved in detoxification of
H2O2 by coupling with glutathione cycle or NADH. Moreover, it acts directly to
neutralize oxygen free radicals [47]. During early stage of salt exposure, P. indica
maintains the redox balance ascorbate and increases its concentration in colo-
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nized plant; however, over time, the concentration decreases in both the salt-
treated colonized and the control plants. Several studies suggested that the
tolerance of plant to salt stress is associated with the capability of detoxification
of ROS, which is directly related to the induction of antioxidant enzymes [32].
Overexpression of CAT, APX, or DHAR in transgenic plants enhanced tolerance to
salt stress [48, 49]. However, Arabidopsis double-mutant plants deficient in
cytosolic and thylakoid APX also show enhanced tolerance to salinity, suggesting
that ROS such as H2O2 could be responsible for activation of an abiotic stress
signal that leads to enhanced stress tolerance [50]. Exposure to NaCl increases the
activities of antioxidant enzymes CAT, APX, DHAR, MDHAR, and GR, but this
initial induction of activity cannot sustain and decreases over time. However, in
the presence of P. indica, the decrease in the enzyme activity is less pronounced
and delayed. The elevated levels of GR, MDHAR, and DHAR activities affect the
ascorbate level during salt exposure in P. indica colonized plant. Ratio of ascorbate
to DHA decreased in the salt-sensitive Lycopersicon esculentum under salt stress
and increased in the salt-tolerant L. pennellii [51]. Earlier, investigations have shown
that ascorbate content decreased in salt-sensitive and salt-tolerant pea cultivars aswell,
but thedeclinewas greater in the salt-sensitive plants [34]. The importance of ascorbate
in cellular protection under salt stress has also been demonstrated in an ascorbate-
deficientArabidopsismutant. Impaired in the ascorbate-glutathione cycle, thismutant
accumulated high amounts of ROS and showed increased sensitivity to salt stress [52].
Constant exogenous application of ascorbate increased resistance to salt stress and
attenuated the salt-induced oxidative burst [53]. Alternatively, ascorbate can improve
the tolerance of barley to high salinity via processes related to root growth. Ascorbic
acid and high ratio of reduced to oxidized ascorbate accelerate root elongation and
increase root biomass [54].

Under salt stress condition, MDHAR activity remained elevated in roots of both
salt-sensitive and -tolerant plants. P. indica maintains a sustainably higher CAT and
APX activity in salt-sensitive plants during salt exposure. CAT activation is a well-
knownmarker of oxidative stress and catalyzes the degradation of hydrogen peroxide
into water and thus reduces the oxidative damage to cell. APX is an integral
component of glutathione-ascorbate cycle and it detoxifies peroxides such as hydro-
gen peroxide into water using the ascorbate as substrate. Furthermore, it was found
that during the interaction with P. indica, enhanced glutathione pool was observed in
the plant leaves [18]. As glutathione is a key component in the glutathione-ascorbate
cycle, it can suppress the effect of ROS on leaves and, consequently, on photosyn-
thesis. The exact mechanism responsible for P. indica-mediated upregulation of the
plant antioxidant system is not yet known. The hormonal signaling in the enhance-
ment of salt tolerance of the plant in P. indica colonized plant cannot be rule out.
Sebacina vermifera, an endophyte closely related to P. indica, downregulates ethylene
production in Nicotiana attenuata [40]. During the interaction, induction of methio-
nin synthase takes place, and thus an increased level of ethylene has been observed in
plant root. Ethylene signaling may be required for the plant salt tolerance and it may
induce some antioxidant enzyme during heat stress. However, the function of
phytohormones in salt tolerance has not been clear yet.
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24.3
Role of P. indica in Drought Tolerance

Water deficit stress is known as drought stress, which reduces agricultural produc-
tion mainly by disrupting the osmotic equilibrium and membrane structure of the
cell. Climate models have indicated that drought stress will become more frequent
because of the long-term effects of global warming, which highlights the urgent need
to develop adaptive agricultural strategies for a changing environment. Actually, the
water stress within the lipid bilayer results in displacement of membrane proteins,
which contributes to loss of membrane integrity, selectivity, disruption of cellular
compartmentalization, and loss of membrane-based enzyme activity. The high
concentration of cellular electrolytes due to the dehydration of the protoplasm may
also cause disruption of the cellularmetabolism. To avoid drought stress, plants close
their stomata, repress cell growth and photosynthesis, activate respiration, reduce
leaf expansion, and start shedding older leaves to reduce the transpiration area [1].
The components of drought and salt stress crosstalk as both these stresses ultimately
result in dehydration of the cell and osmotic imbalance. Overall, drought stress
signaling encompasses three important parameters [55]: (a) reinstating the osmotic
and the ionic equilibrium of the cell to maintain cellular homeostasis under
the condition of stress, (b) control and repair of stress damage by detoxification,
and (c) signaling to coordinate cell division to meet the requirements of the plant
under stress.

Recent works suggest thatP. indica is involved not only in salt stress tolerance but
also in drought stress tolerance. Sherameti et al. [56] has shown that P. indica
enhances drought tolerance of Arabidopsis. Furthermore, the authors found that
after exposure for 84 h to drought stress at the seedling stage, none of the
uncolonized plant recovered and survived, while about 50% of the P. indica-
colonized plant produced seeds. P. indica is also found to be involved in enhancing
the drought stress tolerance of other plants, such as maize, mustard, cabbages,
cress, and tobacco. The primary visible effect ofP. indica-induced drought tolerance
on the plant is shoot growth. In another study on Chinese cabbage, no visible effect
of drought was seen [57]. Like salt stress, drought stress also induces strong
oxidative stress and generates ROS in plant. ROS act upon the polyunsaturated
lipids of membrane and thereby formmalondialdehyde (MDA). The production of
this aldehyde is used as a biomarker to measure the level of oxidative stress.
Drought stress promotes MDA accumulation in the leaves, while P. indica colo-
nized plant contains a lower amount ofMDA, suggesting that P. indica prevents the
colonized plant from oxidative stress. Furthermore, P. indica induces the antiox-
idant enzyme activity in plant leaf during the drought stress. Three enzymes, SOD,
CAT, and POD, were found induced in the colonized plant. The induction of CAT is
somewhat different; it is found induced in both control and colonized plants, but
the induction is higher in colonized plant. PODs are a large family of enzymes that
detoxify hydrogen peroxide, organic hydroperoxides, or lipid peroxides to generate
alcohols. PODs contain a heme cofactor in their active sites that is synthesized in
the plastid. In addition, PODs contain redox-active cysteine residues that directly
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measure the redox potential in cell or organelle. The most important organelle in
the leaf that controls the redox potential in the cell is plastid. These enzymes can
play an important role in the detoxification of ROS.Hence, one can understandwhy
the amount of MDA is reduced in colonized plant.

P. indica induces not only the antioxidative enzymes but also the antioxidative
molecules such as ascorbate under the drought stress. The fungus induces the
accumulation of ascorbate in root and shoot, especially leaves of the plant, and
maintains a higher antioxidative environment in plant cell. At the molecular level,
fungus induces monodehydroascorbate reductase 2 (MDHAR2) and dehydroascor-
bate reductase 5 (DHAR5) in the colonized plant [58]. MDHAR2 andDHAR5 are the
important part of the ascorbate–glutathione cycle that maintains ascorbate in its
reduced state. MDHAR2 converts MDHA into the ascorbate using NADH, while
DHAR5 converts DHA into ascorbate using its integral part, the glutathione cycle,
and finally gives an antioxidative environment to the cell mediated by ascorbate. The
importance of these two genes was analyzed using the knockdown (KO) lines of
Arabidopsis, and it was found that growth, flower development, and seed production
werenot promoted by fungus andwere inhibited under drought stress. This indicates
that both the enzymes are crucial for the plant to respond to the fungus and the
fungus-mediated growth promotion and cannot be fully replaced by other members
of the gene family [58]. It has been demonstrated that loss of benefits for the plants
could be caused by a shift from mutualism to parasitism, a phenomenon that
occurred due to an uncontrolled growth of fungal hyphae in the roots [59]. During the
drought stress, KO lines were found over colonized root, indicating that these
mutants were less protected against the fungal colonization. Furthermore, an
antifungal protein PDF1.2, which is not expressed in uncolonized root, but expressed
at a detectable level in colonized root, is several times upregulated in KO lines, where
interaction shifts frommutualism to parasitism. This suggests that these two genes
of ascorbate-glutathione cycle contribute to the repression of defense gene expression
against P. indica under drought stress condition [58]. Taking all the studies into
consideration, activation of antioxidative system in leaves is a major target of the
fungus and plastids are the main targets of drought stress in leaves.

The most crucial adverse effect of drought stress is the reduction in photosyn-
thetic efficiency, pigment content, and proteins of the photosynthetic machinery
and the biosynthetic pathways in the stroma of the plastids. P. indica does not target
specific photosynthesis genes or proteins to establish drought tolerance, but creates
preventive atmosphere in the cells that stabilizes plastid function by inducing
different antioxidative enzymes. However, chloroplast is a major organelle site for
antioxidative activity in the cells where SOD, APX, PODs, MDHAR, and DHAR are
localized [60], and induction of these enzymes in the leaves may stabilize the plastid
structure and detoxify the ROS during the drought-induced oxidative stress. The
ultimate/crucial effect of P. indica colonization on leaves under drought condition is
the increase in chlorophyll content. Drought stress also has a strong effect on
photosynthesis. The photosynthetic efficiency (Fvariable/Fmaximum, Fv/Fm) values
around 0.83 reflected the potential fluorescence quantum efficiency of photosystem
II, which are sensitive indicators of plant photosynthesis performance [61], and the
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values lower than 0.83 indicated the exposure of stress [62]. Drought stress
decreases the Fv/Fm values in uncolonized plant, but colonization of fungus
compensates the loss in Fv/Fm values and is equal to that of unstressed plant. The
difference in the Fv/Fm values clearly demonstrates the beneficial effect of the
fungus on photosynthetic efficiency under drought stress [56, 57]. Besides, P. indica
impeded the drought-induced decline in photosynthetic efficiency and degradation
of chlorophylls and thylakoid proteins [57]. Interestingly, P. indica does not
influence any specific photosynthetic genes or protein that may lead to an increase
in photosynthetic efficiency, but a plastid-localized CAS protein appears to be a
specific target in the chloroplast during the drought stress. CAS protein is identified
as a chloroplast-localized Ca2þ -sensing receptor protein that is crucial for proper
stomatal regulation in response to elevations of external Ca2þ . CAS fulfils this role
through modulation of the cytoplasmic Ca2þ concentration under stress condition
and is also involved in signaling [63]. Drought stress induces the mRNA and protein
level in the leaves and it is likely that the fungus counteracts drought stress by
elevating cytoplasmic calcium transients, which finally results in stomata closure in
the guard cells. A large number of genes involved in drought tolerance are more
quickly and strongly upregulated in P. indica-colonized Arabidopsis leaves upon
exposure to drought stress. This result was further validated when a P. indica-
insensitive Arabidopsismutant (pii) was found less tolerant to drought stress and did
not upregulate the stress-related genes in the presence of P. indica. Hence, P. indica-
mediated drought tolerance to Arabidopsis is associated with the priming of the
expression of rather diverse set of stress-related genes in the leaves [42, 56].

These stress-related genes are involved in rather different cellular processes.
Phospholipase Dd (PLDd) is involved in phospholipid metabolism at the plasma
membrane; calcineurin B-like protein 1 (CBL1)/CBL-interacting protein kinase 3
(CIPK3) is involved in cytoplasmic signaling; histone acetyltransferase (HAT),
dehydration response element binding protein 2A (DREB2A), and ANAC072 control
the gene expression in the nucleus; and other proteins such as salt and drought ring
finger 1 (SDIR1) and early response to dehydration 1 (ERD1) have a role in protein
degradation and response to dehydration 29A (RD29A) with cytoplasmic function.
RD29A and ERD1 are the reporters of drought stress responses. ERD1 is a plastid-
localized caseinolytic protease that is induced by dehydration or cold stress. PLDd is
associatedwith the plasmamembrane and specifically induced under drought stress.
This plasma membrane-bound PLDd is activated in response to hydrogen peroxide
and the resulting phosphatidic acid (PA) functions to decrease hydrogen peroxide-
promoted programmed cell death [64]. DREB2A is a transcription factor that
specifically interacts with cis-acting, dehydration-responsive elements involved in
drought stress-responsive gene expression inArabidopsis. Intact DREB2Aexpression
does not activate downstream genes under normal growth condition, which suggests
that this transcription factor requires posttranslational modification for activation.
However, the activation mechanism has not yet been clarified, but a constitutive
active formofDREB2Ashowed improveddrought stress tolerance inArabidopsis [65].
SDIR1 is an E3 ubiquitin ligase localized in intracellular membranes of all tissues of
Arabidopsis and is a positive regulator of ABA signaling, induced by drought and salt

24.3 Role of P. indica in Drought Tolerance j551



stress but not by ABA. Overexpression of SDIR1 is involved in an ABA-dependent
pathway leading to stress tolerance [66].

Calcium (Ca2þ ) signaling is an important part of the early signaling system inplant
response to various stimuli [67, 68]. Alterations occurred in cytosolic-free Ca2þ

([Ca2þ ]cyt) in response to abiotic signals [69], such as drought [70]. Ca2þ acts as a
secondary messenger in plant cells and links different input signals to many diverse
and specific responses [68]. The Ca2þ signaling system is based on multifactorial
processes that startwithaspecificCa2þ signatureand theavailabilityofaspecificsetof
Ca2þ sensorsandendwith targetgenesandproteins that activateprecisedownstream
events [69, 71]. The source of theCa2þ contributing to the rise in [Ca2þ ]cyt (apoplasts
or internal stores or both) is crucial for the physiological responses [70, 72]. Sun
et al. [57] found that theexpression levelsof thedrought-relatedgenesDREB2A,CBL1,
ANAC072, and RD29A were upregulated in the drought-stressed leaves of P. indica
colonized plants. Furthermore, the CAS mRNA level of the thylakoid membrane-
associatedCa2þ -sensingregulatorandtheamountof theCASproteinwerealso found
to be increased. Thus, Ca2þ signaling is involved in P. indica-induced drought stress
tolerance inplants.CBL1 isan importantplayer inCa2þ signalingand integratesplant
responses to abiotic stresses, including drought stress ABA-independent pathways.
Besides CBL1, a calcium sensor-associated kinase, CIPK3, has multiple functions in
stress responses and might be a crosstalk node in stress and ABA signaling path-
way [73]. Interestingly, CIPK3 primarily modulates cold- and salt-induced gene
expression but not drought-induced gene expression; however, the level was earlier
upregulated in P. indica colonized seedlings during the drought stress. Another
transcription factor DREB1B, involved in dehydration and cold responses, works on
the recruitmentbyHAT.Thus,P. indicamight controlgeneexpressionmoregenerally
byregulatingcrucial factors involvedinhistoneacetylation.Theearlierupregulationof
the genes involved in stress responses in P. indica-colonized plants is themodulation
of the defense systembymolecular signaling, whichfinally resulted in the prevention
ofwater loss,balancedshiftofmetabolism,andfunctionalandstructural integrationof
the organelles and cell.

24.4
Conclusions

P. indica is a root endophytic fungus that has a broad host spectrum, including the
monocot, dicot, and Brassicaceae family, which are not colonized by the mycorrhizal
fungus. This interaction provides a critical linkage between the plant root and the soil.
As a result, P. indica colonized plants are often more competitive and better able to
tolerate environmental stress than the uncolonized plants. Plant responses to
colonization by P. indica can range from growth promotion to multistress tolerance.
Growth promotion in plant is the characteristic effect of the fungal colonization and
visible under stress condition. This growth promotion may be due to the nutritional
transfer by the fungus to the plant and phytohormone signaling mediated by auxin
and cytokinine secreted by colonized fungus. On the basis of the reports available, we
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proposed a diagrammatic representation of ROS-scavenging system of plant (Fig-
ure 24.2), showing how P. indica influences the glutathione–ascorbate cycle that
resulted in enhanced oxidative stress tolerance under the abiotic stresses. P. indica
modulates the defense system and alters the metabolism to compensate the loss in
photosynthesis and prevention of oxidative damage due to stress. As the role of
P. indica in abiotic stress tolerance has been shown under the controlled green house
conditions, therefore we suggest the use of P. indica can also be tested in the
agriculture field.We, further, suggest that this endophytic fungus is a good candidate
for the application in sustainable agriculture to help crop plants overcome salt,
drought, and other abiotic stresses.
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25
The Micromics Revolution: MicroRNA-Mediated
Approaches to Develop Stress-Resistant Crops
Camilo L�opez and �Alvaro L. P�erez-Quintero

In the past two decades, small silencing RNAs (ssRNAs or sRNAs) have emerged as
one of the most exciting and revolutionary discoveries in molecular biology. ssRNAs
are noncoding molecules used by eukaryotes in transcriptional and posttranscrip-
tional gene silencing, endogenous mechanisms for gene regulation and defense
against invasive nucleic acids.MicroRNAs (miRNAs), a type of ssRNAs, play a pivotal
role in endogenous regulation of gene expression via cleavage or translational
repression of complementary �target� mRNA molecules. Plant miRNAs were first
described inArabidopsis in 2002 and nowhave been identified inmore than 120 plant
species (including crops and model species); thus, plant miRNA research is one of
the fastest growing fields in molecular biology. The first families of miRNAs
identified were known to mainly target transcription factors and were involved in
growth and development regulation. The initial tools for miRNA identification were
often time consuming, expensive, and difficult. In the last few years, various �omics�
approaches have been developed to study miRNAs, allowing the spread of miRNA
studies to a larger number of plants and the discovery of novel miRNAs and their
functions. Notably, variousmiRNAs are now known to play a role in biotic and abiotic
stress, which has led researchers to consider them as a promising tool to develop
stress-resistant crops. In this chapter, we review the role miRNAs play in the way
plants react to biotic and abiotic stress. We highlight the new methodologies being
used to discover miRNAs and to understand their functions in plant responses to
environmental stimuli.We also discuss and emphasize the possibilities of generating
crop plants with increased stress tolerance using microRNA-mediated technologies.

25.1
Introduction: Silent Molecules Scream Out Loud

There is a clear reason why RNA is at the core of the central dogma of molecular
biology. Although it was once regarded as a simple mediator between DNA and
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protein, we now recognize its role in various cellular processes and its importance as
being a possible precursor to all life forms. In the past 20 years, a newbreakthrough in
the �RNAworld� has significantly changed not only our perception of the RNA�s role
in the cell but also our general ideas on genetics and molecular biology: the small
silencing RNAs (ssRNAs).

The story begins in 1990 when plants from the genus Petunia were genetically
transformed with a chalcone synthase gene expecting to obtain deep purple flowers
but getting instead completely white flowers. The phenomenon was called cosupres-
sion and could not be fully explained at that moment [1, 2]. This silencing phenom-
enon was then described in plants as well as in animals and fungi, receiving names
such as RNA interference (RNAi), quelling, and posttranscriptional gene silencing
(PTGS) [3–5].

We now know that gene silencing is present inmost groups of eukaryotes and it is
governed by small silencing RNAs (ssRNAs). ssRNAs are 18–30 nucleotides (nt) long
molecules that interact with complementary nucleic acids and are involved in the
control of gene expression, defense against invasive nucleic acids and transposons,
heterochromatin regulation, and epigenetic modifications [6]. All ssRNAs share
some similarities in their biogenesis and their action mechanism. They originate
from exogenous or endogenous double-stranded RNAs (dsRNAs) that are processed
by RNase enzymes, Drosha, Dicer, and/or Dicer-like (DCL), to their final functional
size, and then interact directly with Argonaute (AGO) proteins that associate with
other proteins forming the RNA-induced silencing complex (RISC). Alternatively,
they can also be incorporated into the RNA-induced transcriptional silencing (RITS)
complex. Both complexes will use the ssRNA as a template to recognize and modify
complementary nucleic acids [7–9].

Among the different classes of ssRNAs, microRNAs (miRNAs) (�21–22 nt) and
small interferenceRNAs (siRNAs) (21–24 nt) have been extensively studied.miRNAs
and siRNAs are chemically indistinguishable and can produce silencing in a similar
manner. They differ in their biogenesis: siRNAs commonly originate from invading
or aberrant nucleic acids (transposons, viruses, and transgenes), whereas miRNAs
originate from endogenous genes. Another important distinction is that siRNAs act
in cis, silencing the samemolecule fromwhich they are derived, whilemiRNAs act in
trans, silencing mRNAs from other genes [9–11].

Recently, various types of ssRNAs have been described. Among these, we find the
trans-acting siRNAs (ta-siRNAs) (21–22 nt), a type of ssRNA that combines both
siRNA and miRNA pathways since they originate from a nuclear TAS gene that is
transcribed to an mRNA, which is then cleaved by a miRNA. The cleaved product is
then processed into siRNAs directed against another mRNA, thus acting in trans
[12, 13]. There also are natural antisense transcript-derived siRNAs (nat-siRNAs)
(21–24 nt) that are quitar porque tambien hay trans-acting nats siRNAs derived from
naturally occurring overlapping regions of sense and antisense transcripts [14]. The
heterochromatic siRNAs (hcRNAs) or repeat-associated siRNAs (ra-siRNAs) (�24nt)
are derived from transposons, repeat elements, and heterochromatin regions. They
function in the RNA-dependent DNA methylation pathway by mediating histone
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modification and/or DNA methylation at the target sites [15, 16]. The long siRNAs
(lsiRNAs) (30–40 nt) depend on DCL1 and AGO7 for their biogenesis and function
by decapping or by 50-30 degradation of target mRNAs [17]. The long miRNAs
(lmiRNAs) (24 nt) are involved in asymmetric DNAmethylation [18]. Special cases
found only in animals are the relatively long scan RNAs (scnRNAs) (�29 nt), which
are involved in genome editing in Tetrahymena thermophila [19]. The piwi-RNAs
(piRNAs) (24–31 nt) are coded in large clusters and are processed in a manner
independent of Dicer; they associate specifically with the PIWI subfamily of AGO
proteins and are restricted to metazoans [20, 21].

There has undoubtedly been a revolution in molecular biology caused by these
ssRNAs; this revolution is driven not only by the implicit importance of these
molecules in eukaryote molecular biology but also by their potential applications in
various areas. They include prospective developments for gene therapy, cancer, stem-
cell research, and antiviral treatments for humans and animals [22] as well as
important improvements in various plant traits [23].

25.2
The Silence within: Plant miRNA Pathway

miRNAs were first discovered in Caenorhabditis elegans in the early 1990s, in which
genetic screenings in a mutant with developmental abnormalities revealed a short
noncodingRNA(lin-4) complementary to a codinggene (lin-14) tobe responsible for the
phenotype [24]. Themolecularmechanism became clearer after it was determined that
the phenotype was due to a gene silencing process guided by dsRNAs [3, 25, 26]. It took
some time until the full picture of the miRNAs was revealed, and it was not until 2002
that miRNAs were discovered for the first time in plants [27, 28]. We now know that
these miRNAs act in similar silencing pathways and are present in many eukaryotes.

In plants, miRNAs originate from nuclear genes (named MIRNA genes) and are
transcribed by RNA polymerase II into primary miRNAs (pri-miRNAs), with sizes
varying from100 nt to a few kilobases. ADCLprotein processes the pri-miRNA into a
precursormiRNA (pre-miRNA: 70 to 400 nt). This pre-miRNA forms a characteristic
hairpin-like structure. A subsequent processing step byDCL slices the pre-miRNA to
form a miRNA:miRNA� duplex (21–22 nt). The duplex is then methylated and
exported from the nucleus to the cytoplasm where it will join an AGO protein to
form the silencing complex (RISC). Only thematuremiRNA strand, which is usually
the onewith less stable 50 end pairing, is retained in the complex, while the passenger
(miRNA�) strand is degraded. This complex will guide the silencing of complemen-
tary mRNAs (targets) [10, 29, 30].

One important difference between animal and plant miRNAs is the higher degree
of complementarity in themiRNA:target pair in plants to produce effective silencing.
Other differences include the targeted region in the mRNA (any mRNA region for
plants and 30 UTR for animals,) and the outcome ofmiRNA silencing (mostlymRNA
cleavage in plants and translational repression in animals) [31, 32].
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Since their first discovery in Arabidopsis, the repertoire of known miRNAs has
grown to include more than 120 miRNA families from more than 120 plant
species [33]. Most of the described miRNAs are known to target transcription factors
and play a role in different developmental processes such as leaf polarity and shape,
vascular tissue and meristem development, transition from juvenile to mature
growth phase, flowering time and flower organ identity, stomatal development, and
so on [34–37]. There is also mounting evidence of their importance in biotic and
abiotic stress responses in plants [38, 39].

25.3
The Next-Generation Microscope: New Tools for miRNA Studies

Todate, too fewmiRNAshave been studied and even less discovered using traditional
�forward� genetic approaches [40, 41].MostmiRNAs are coded bymultiple loci in the
genome and show in consequence functional redundancy. For this reason and their
small size, the identification ofmiRNAs by loss-of-functionmutant screenswas often
too difficult [29]. Reverse genetics is, therefore, the tool of choice for miRNA studies.
To identify new miRNAs, two approaches were traditionally used, often simulta-
neously, computational prediction of miRNAs and/or cloning and sequencing of
small RNAs. Computational approaches relied on various characteristics of known
miRNAs such as their conservation among species (both primary and secondary
structure), their position in intergenic regions or introns, and thehigh-energy folding
for the miRNA precursors. These approaches were useful only in plants with
sequenced genomes or with large sets of ESTs (expressed sequence tags) or GSS
(Genome Survey Sequences) [42, 43].

Direct cloning of small RNA libraries does not need fully sequenced genomes, and
was the method used to discover many plant miRNA families. Briefly, this method
involves (i) RNA isolation and recovery of the ssRNA fraction in an acrylamide gel, (ii)
ligation of adapters, (iii) reverse transcription, and (iv) cloning and sequencing by
traditional methods. This was often time consuming and expensive, and some
miRNAs with low expression were difficult to obtain [29, 43].

To identify stress-responsive miRNAs, it is crucial to determine differential
expression of miRNAs in different conditions. Northern blot hybridization and
microarray analyses were often used for this purpose, with the disadvantage of not
giving an accurate quantification. Quantitative PCR (qPCR)-based strategies were
then developed for quantifyingmiRNA andmiRNAprecursors and have proved to be
effective [43]. Although these previous methods are being used and constantly
improved upon, miRNA investigation seems to be moving in a new direction
propelled by next-generation sequencing technologies.

The sequence-by-synthesis (SBS) technology or Solexa/Illumina sequencing [44]
seems to be the most suitable strategy for miRNA identification and expression
studies. This approach uses reversible nucleotide terminators to sequence short
DNA fragments (signatures). The processing prior to sequencing involves basically
the same steps as traditional sequencing except for cloning (reverse transcription
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and adapter ligation). Although the sequence length of SBS is short (around 100
bases at present) compared to other technologies such as 454 or pyrosequencing
(400 bases), it is long enough to capture the full-length sequence of small RNA
molecules. More importantly, with SBS millions of signatures in parallel are
obtained. This enhanced capacity is enough to capture almost all the small RNA
molecules present in a given sample [45]. Also, Solexa/Illumina sequencing allows
amore accurate quantification of miRNAs, based on the number of reads [46]. This
has allowed extensive studies on miRNA expression under different conditions in
plants [47–49].

After miRNA identification and expression quantification, the next logical step is
the miRNA target prediction and validation. There is software available for target
prediction, constructed on base-to-base complementarities, pairing energy, or
both [50, 51]. Target prediction is considerably easier in plants than in animals given
their higher degree of complementarity in themiRNA:target pair, although there are
still some obstacles to overcome for an accurate target prediction such as target
accessibility and prediction of translational repression [52, 53].

To validate miRNA targets, quantification using Northern blot was commonly
used. It was usually accompanied by transformation approaches such as miRNA
overexpression. A cheaper and more powerful method is based on 50 RACE. This
method detects in vivo products ofmiRNA cleavage by reverse transcription and PCR
of the 50 end of a cleaved miRNA target. The sequencing of the PCR product reveals
the precise position of target cleavage [54].

Target validation, like miRNA discovery, has been revolutionized by next-
generation sequencing technologies. Recently, a pair of methods has been
developed to allow deep and simultaneous sequencing of all mRNAs cleaved by
miRNAs at a given stage: the degradome sequencing methods. The strategy
involves capturing either uncapped polyadenilated mRNAs or capped nonpoly-
adenilated mRNAs, which are miRNA-cleaved products that are then sequenced
using next-generation technologies. These methods also have the additional
advantage of being useful to identify new targets that were not predicted by
bioinformatics [55–57].

Some of the disadvantages of next-generation sequencing for both miRNA
discovery and target validation include their cost, the large data sets generated, and
the work on bioinformatics needed to process the data. The last is especially
problematic because there is not yet clear consensus on the computational methods
used for the analysis of these data. However, as these technologies get cheaper and
bioinformatics software becomes more sophisticated, miRNA research will be more
accessible to different groups worldwide.

25.4
Small Weapons for the Arms Race: Plant miRNAs and Biotic Stress

Plants are commonly attackedby pathogenic bacteria, fungi, viruses, insect pests, and
nematodes. Understanding and controlling these attacks is of special agronomical
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interest given the enormous economical losses and the human welfare risks
associated with plant diseases. Many advances have been gained in the understand-
ing of plant–pathogen interaction with the aim of developing biotic stress-resistant
plants. miRNAs have not been excluded from molecular plant pathology and the
importance of this pathway in both plant defense and pathogen attack seems to be
greater than was once thought for plants.

A general mechanism ofmiRNA-mediated �antipathogen� defense is represented
in Figure 25.1. This mechanism involves mainly an increased expression of
miRNAs targeting negative regulators (or repressors) of plant defense, as well as
the repression of miRNAs targeting positive regulators of plant defense, thus
activating or enhancing defense responses. In the case of viruses, direct targeting
of viral genomes by plant miRNAsmay also be involved. Pathogen counterdefense is
exerted mainly by suppressing the silencing pathway. We will next examine this
general model in detail.

Figure 25.1 General mechanism of miRNA-
mediated plant–pathogen interactions.
Discontinuous lines indicate
hypothetical pathways. T3SS: type-3
secretion system; PAMP: pathogen-

associated molecular pattern; R protein:
resistance protein; DCL: Dicer-like;
AGO: Argonaute; RISC: RNA-induced
silencing complex; RNA pol: RNA
polymerase.
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25.4.1
Suppress and Conquer: Viruses versus Plant miRNAs

The main plant defense against viruses is mediated by the siRNA pathway, through
the generation of virus-derived siRNAs (vsRNAs). In this mechanism, dsRNAs are
produced during viral replication and are then processed into primary and secondary
siRNAs that silence mRNAs from the virus and stop its replication [39]. The siRNA
pathway can be considered an �adaptive� response in the sense that virtually any
replicating virus could be recognized and silenced by the plant. It is also effective
because the signal is amplified and transferred from cell to cell preventing the spread
of the virus to noninfected cells [58, 59].

Since their discovery, miRNAs have been postulated as important molecules in
plant antiviral response. A few evidences support this hypothesis: the presence of
viral suppressors affecting the miRNA pathway [60], the presence of conserved
20–24 nt sequences between plant and virus genomes [61], the differential suscep-
tibility to virus in miRNA defective plants [62, 63], and the increasing amount of
evidence of antiviral activity of miRNAs in animals [64].

Because virus nucleic acids interact directly with the host, miRNAs could be a
suitable tool to affect the outcome of the virus–host interaction. Plant miRNAs could
target viral genomes to directly impair their replication. This has so far been
demonstrated in various cases in animal-infecting viruses [64–66]. The possibility
of this process naturally occurring in plants has long been discussed, bearing inmind
the possible disadvantages that the miRNA pathway has with respect to the siRNA
pathway. Mainly, themiRNApathway is not an adaptive response since the evolution
of viral genomes would be fast enough to surpass the evolution of miRNAs,
rendering the former ineffective in the short term [67, 68].

Employing a bioinformatics approach, we showed that several endogenous plant
miRNAs have potential antiviral activity through complementarity with plant-infect-
ing viral genomes, including miRNA families known to be differentially regulated
under viral infection [65]. This is also strengthened by experiments using artificial
miRNAs (amiRNAs) showing that the miRNA pathway can be effective in antiviral
defense and that target complementarity is enough to impair viral replication (see
Section 25.7.2) [66–68]. Our results may indicate a supporting antiviral function of
the miRNA pathway to the siRNA defense mechanism or they may reflect an
ancestral antiviral role for miRNAs [65].

Viruses could also encode miRNAs directed against the plant genomes (or even
their own genomes) that will use the host miRNA machinery to be processed and
execute their silencing effect. This mechanism has been described only in animal-
infecting viruses [69, 70]. So far, the closest mechanism found in plants is encoding
of sRNAs by the cauliflower mosaic virus (CaMV) that share complementarity
with Arabidopsis genome regions [71].

There could also be indirect mechanisms mediated by miRNAs that could
affect plant–virus interactions. For example, the expression of plant miRNAs
targeting plant transcripts can be altered in response to virus recognition to affect
the viral replication and spread. Indeed various plant miRNAs are now known to be
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upregulated or downregulated after viral infection [72–77].However, the effect of this
differential regulation in the outcome of the interaction is not well established in
most cases. There are some exceptionswhere a clearer role formiRNA regulation has
been established:miR1885 is induced in response to Turnipmosaic virus infection in
Brassica rapa and is known to target aTIR-NBS-LRRclass disease-resistance gene [76].
In the case ofmiR164, it has been proved that its induction upon viral infection is due
to hormone-dependent specific transcriptional activation [74]. Notably, next-gener-
ation sequencing or microarray methods have not being used yet for miRNA profile
expression studies under viral infection, so the regulation ofmanymiRNA-mediated
processes upon viral infection is still unknown.

Nevertheless, viruses count on a powerful tool to interfere with the plant silencing
machinery: the viral suppressors of gene silencing. These suppressors are proteins
coded by the virus that affect siRNA and miRNA biogenesis in different ways. Some
interfere with the processing of dsRNAs into ssRNAs [78], while others can interfere
with the loading of sRNAs into RISC through ssRNA sequestration, can directly
interfere with AGO proteins [79, 80], ormay interfere with other processes including
ssRNA methylation and spread of ssRNAs between cells [81]. The abundance of
silencing suppressors among viruses reflects the strong selective pressure that plant
sRNA-mediated silencing imposes on viral replication.

25.4.2
Being Effective: Bacteria versus Plant miRNAs

Plant resistance proteins have being considered themainmolecules involved in plant
defense against pathogens. An arms race model of protein evolution has been
proposed for this system. In this model, a first layer of plant defense is achieved
through the recognition of common features of microbes called PAMPs (pathogen-
associated molecular patterns) or MAMPs (microbe-associated molecular pattern) by
PAMP receptors called PRRs (pattern recognition receptors) [82]. This recognition
triggers a series of events including callose deposition, ROS (reactive oxygen species)
production, ion fluxes and reprogramming gene expression. This mode of action is
usually known as PAMP-triggered immunity (PTI) [82]. To overcome PTI, bacteria
have developedproteins called effectors that are injected into theplant cell through the
type III secretion system (a syringe-like complex capable of secreting proteins) [82].
These effectors affect the PTI, thus resulting in a successful infection. In response,
plants have developed resistance (R) proteins that specifically recognize bacterial
effectors and trigger a specific defense response. Thismechanism is usually known as
effector-triggered immunity (ETI) [82].

Plant–bacteria interactions, unlike the virus case, do not involve nucleic acid
exchange as a general mode of action (with known exceptions as with the genus
Agrobacterium). Therefore, the antibacterial function of miRNAs may be exerted
fundamentally through the regulation of host gene expression. Suchmechanismwas
first revealed in the interaction between Arabidopsis and Pseudomonas syringae pv.
tomato strain DC3000 (PtoDC3000), where miR393 was found to be induced in
response to theflagellin-derived peptide flg22, themost-studied PAMP. ThismiRNA

566j 25 The Micromics Revolution: MicroRNA-Mediated Approaches to Develop Stress-Resistant Crops



targets the F-box family of auxin receptors TIR1 [83]. TIR1 silencing impairs auxin
signaling, consequently restricting bacterial growth. These results did not only dem-
onstrate the role miRNAs play in antibacterial defense but also implied a previously
unknown importance of auxin in pathogen defense [83]. It was later discovered that
PtoDC3000 can use effectors to suppress the miRNA pathway to promote disease.
Effector proteins, AvrPto and HOPT-1, were found to interfere with miRNA accumu-
lation through DCL1 and AGO activity, respectively [84]. Taken together, these results
suggest an important role plant miRNAs play in response to bacteria.

Some other miRNAs have been identified to be differentially expressed under
bacterial infection. Notably, miR167 and miR160 are both induced in response to
PtoDC3000 and target auxin responsive factors [39, 48]. However, it has also been
found in Arabidopsis that miR160 and miR393 expression is reduced in response to
infection by Agrobacterium tumefasciens, with a consequent increase in the auxin
level [85]. This suggests that some miRNAs could act in a pathogen-specific manner
upon bacterial infection.

miRNAs 162, 168, and 825 have been shown to be downregulated in response to
PtoDC3000 [48]. miR162 and miR168 regulate elements of the miRNA pathway
(DCL1 and AGO1). The repression of these miRNAs would produce an overall
increase in miRNA silencing activity, thus revealing a bacteria-responsive regulatory
loop in the miRNA pathway and a crucial role for DCL1 and AGO in antibacterial
defense [86, 87]. Recently, it has been confirmed that AGO1 plays a crucial role in PTI
because AGO-impaired plants are more susceptible to bacterial infection and show
decreased callose deposition andgene expression in response toPAMPs [49].miR825
targets Cu/Zn-superoxide dismutases (SOD) and may play a role in ETI since its
expression was detected to be downregulated specifically upon recognition of
avrRpm1 and avrRpt2, two Pseudomonas effectors [88].

The repertory of PAMP-responsive miRNAs has been recently expanded in the
Arabidopsis-PtoDC3000 system through the next-generation sequencing analysis,
which allowed the identification of 16 upregulated miRNAs, among them not only
the already known miR167 and miR160 but also miR158, miR169, miR391, and
miR396 [49]. Eleven downregulated miRNAs (including miR156, miR398, and
miR773) were also reported [49]. However, the mechanism by which bacteria-
responsive miRNAs undergo transcriptional regulation has not been extensively
studied. The promoter region of miR393 seems to be PAMP responsive, but the
signaling between PAMP recognition and miRNA induction is unknown [89].

Studies on bacteria-responsive miRNAs outside Arabidopsis have not been pub-
lished. However, our preliminary study, employing next-generation sequencing,
allowed us to identify 14 upregulated and 10 downregulated conserved miRNA
families during infection by Xanthomonas axonopodis pv. manihotis in Manihot
esculenta (cassava), an important food crop in Third World countries. These include
some known bacteria-responsive miRNAs such as miR160, miR167, and also new
ones such asmiR394,miR477 (both upregulated), andmiR535 (downregulated). We
have also identified bacteria-responsive miRNAs that are not shared withArabidopsis
such as miR2911 (upregulated, and probably restricted to the close relatives of
cassava and Populus) (P�erez-Quintero et al., unpublished results).
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Other types of ssRNAs have been identified to mediate antibacterial responses,
including a nat-siRNA induced upon R protein recognition of effector avrRpt2 in
Arabidopsis; this nat-siRNA targets a negative regulator of ETI [90]. A lsiRNA is also
responsive to PtoDC3000 infection and silences another negative regulator of
ETI [17]. Both these ssRNAs make the plants resistant to bacterial infection.

In addition, miRNAs also play a role in regulating the interaction with beneficial
bacteria. For example, in Medicago truncatula miR169 regulates the expression of
transcription factor MtHAP2-1, involved in nodule development in response to
Rhizobium infection. The expression of miR169 restricts the action of MtHAP2-1 to
the nodule meristematic zone, thus promoting nodule differentiation [91]. Recently,
various studies have addressed the role of miRNAs in symbiotic interactions with
nitrogen-fixing bacteria, specifically in M. truncatula and soybean (Glycine max).
DifferentmiRNAs appear to be involved in various stages of bacteria colonization and
root nodule formation. These include some of themiRNAs involved in the regulation
of the auxin-silencing pathway such as miR160 and miR393 [92]. Other families
known to be involved in symbiotic interactions are miR168 and miR159, which are
differentially expressed duringnitrogen-fixing bacteria recognition [92], andmiR172,
highly expressed in mature nodules [93]. Some species-specific miRNAs such as
miR222, miR283, and miR235 in soybean may also play a role in symbiotic
interaction [93]. Notably, most miRNAs known to be involved in interaction with
beneficial bacteria are conserved among a wide group of plants including plants that
do not form nodules.

25.4.3
To be Determined: Other Plant Pathogens and miRNAs

Too little is known about the role of miRNAs in plant interaction with other
pathogenic organisms such as oomycetes, fungi, nematodes, and insects. With the
notable exception of miRNAs role in the interaction of Pinus taeda with the rust
fungus Cronartium quercuum f. sp. fusiforme, where 10 families are known to be
downregulated in galls induced by the pathogen, including various species-specific
miRNAs that target resistance protein, [94]. Undoubtedly, this is an exciting field to
be explored and hopefully the new technologies will serve to enrich our knowledge
of miRNAs role in interaction with various pathogens.

25.5
A Versatile Response to a Changing Environment: miRNAs and Abiotic Stress

As sessile organisms, plants cannot move to escape from extreme and changing
conditions of the environment. Thus, plants have evolved different strategies to
respond to these changes: morphological adaptations, physiological responses, and,
at the molecular level, a fine-tuned reprogramming of gene expression. Regulating
transcription initiation has been classically considered the main mechanism to
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control gene expression. In consequence, several transcription factors involved in
response to abiotic stresses have been discovered and characterized. With the
discovery of miRNAs, a new layer of complexity in regulation of gene expression
has been added. Several miRNAs have been recently identified to be responsive to
different abiotic stresses; some of these are represented in Figure 25.2. This section
describes the role the miRNA pathway plays in response to abiotic stress.

25.5.1
Elementary: Soil Elements� Uptake and miRNAs

Macro- andmicronutrients in soils are essential to plants; however, the availability of
these nutrients is not homogeneous in all soil types. Plants have developed different
strategies to respond to the fluctuating nutrient concentrations in the environment
including miRNA regulation [95]. One of the most studied miRNAs associated with
abiotic stress is miR399, which is involved in the response to phosphorus (P) stress
conditions. First identified inArabidopsis and rice [96], miR399 is induced under low
P conditions and targets a gene encoding for an ubiquitin-conjugating enzyme

Figure 25.2 Some miRNA families involved in
abiotic stress responses and their targets.
Arrows indicate induction and blocked lines
indicate inhibition. Some arrows have been
shortened and some relations have been
obviated for a better understandingof the figure.
MYB and TCP: transcription factor families;

CDS: Cu/Zn-superoxide dismutases; COX:
cytochrome-c oxidase; CCS1: chaperone; GRF:
growth regulation factor; HAP2¼NF-YA:
nuclear transcription factor Y alpha; TIR1:
transport inhibitor response 1; ARB: auxin F-box
(AFB); PDH: proline dehydrogenase; PHO2:
phosphate 2, ubiquitin-conjugating enzyme.
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E2 [96], named PHO2, which is subsequently downregulated as miR399 is
induced [97–100]. When expressed, the miRNA (miR399) and its target (PHO2)
colocalize in the vascular cylinder of the root [98]. Arabidopsis transgenic plants that
overexpress miR399 do not show accumulation of PHO2 even under high P
concentration, accumulate more P in shoots than wild plants, and show classical
P toxicity symptoms (chlorosis and necrosis) [99]. The fact that toxicity observed in
transgenic plants overexpressingmiR399 was caused by the enhanced Pi uptake and
the retention of P in old leaves suggests a transmission of a shoot-derived signal to
roots that should move through the phloem [98, 100]. Recently, it was demonstrated
that this signal is, in fact, the miR399 itself, which moves from shoots to roots
conserving their function in these distal cells [101, 102].miR399 seems to specifically
function in response to P deficiency since it is not regulated in response to other
nutrients (nitrogen, potassium, sulfate, or carbohydrates) [97, 99]. In addition,PHO2
is protected from miRNA-mediated degradation to reduce the content of P in the
shoots; this is achieved through the expression of the noncoding endogenous gene
IPS1 (induced by phosphate starvation 1), whose sequence is complementary to
miR399, but it is not cleaved by it and is therefore employed to sequester themiRNA
and allow PHO2 accumulation [103]. This mechanism is known as target mimicry
and has great potential for genetic transformation (see Section 25.7.1).

The use of large-scale genomics approaches allowed the identification of additional
induced (miR156,miR778,miR827, andmiR2111) and repressed (miR169,miR395,
and miR398) miRNAs in Arabidopsis under phosphate deficiency [102, 104]. In
soybean, using miRNA-based microarrays made it possible to identify 57 P-respon-
sive miRNAs from 27 families. Various cis-elements related to phosphorus response
were also found such as PHT1 element (high-affinity phosphate transporter 1) and
PHR1 element (regulator of P-deficiency response) [105].

Regarding other nutrients, to study miRNA responses to nitrogen (N), the gene
expression profile from specific root cell types was measured in response to an N
influx.On the basis of the gene expression data, it was demonstrated thatmiR167was
repressed in response to nitrogen and concomitantly the expression of its target
ARF8 (an auxin response factor, ARF)was induced. Transgenic plants overexpressing
miR167 showed loss of nitrogen control over lateral root emergence [106]. Other
N-responsive miRNAs include miR169 and miR398 [102].

In the case of iron, somemiRNAs are known to be induced under iron deprivation
conditions in Arabidopsis including miR159a, miR169b, miR169c, miR172c,
miR172d, miR173, miR394a, and miR394b [107]. An IDE (iron deficiency-respon-
sive element) was found in the promoter region of some of these miRNAs [107].

On the other hand, the soil may contain not only nutrients but also potentially
harmful contaminants such as heavy metals. Plants growing under conditions
simulating heavy metal stress (excess or limitation) have displayed differential
expression of some miRNA families. Three miRNA families are induced under
low concentrations of copper (Cu) in Arabidopsis: miR397, miR408, and miR857.
These miRNAs target laccases and plastocyanin, two secreted copper-containing
proteins [108]. In the case of the miR397:laccases pair, expression of target proteins
increases as copper concentration increases and is negatively correlated withmiRNA
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expression. However, proteins with similar function, but not regulated by the known
miRNAs, display similar behavior (perhaps, regulated by unknown miRNAs) [108].

InM. truncatula, 38 stress-responsivemiRNAswere identified in plants exposed to
high concentrations of cadmium (Cd), including the induced miR171, miR319,
miR393, andmiR529 and the repressedmiR166 andmiR398; of this set,miR393 and
miR171 (both induced) were experimentally validated [109]. Curiously, these families
were repressed in Brassica napus under similar Cd conditions [110]. In rice, using
next-generation sequencing of small RNAs from plants exposed to toxic concentra-
tions of Cd, it was possible to identify severalmiRNAswith tissue-specific differential
expression, including miRNAs induced mainly in roots (miR601, miR602, and
miR603) and miRNAs downregulated in leaves and roots (miR602 and miR606
in leaves and miR604 in roots) [111]. Among these, miR604 targets a gene coding
for a lipid transfer protein (LTP) previously associated with response to external
stimuli [111].

25.5.2
The Silent Treatment: Cold and miRNAs

In response to low temperature, plants switch on a series of responses to overcome
this condition, given the potential risks cold represents to the overall physiology of the
plant. Initially, mir393 and miR319 were found to be induced and miR298 to be
downregulated by cold in Arabidopsis; notably these miRNAs were also responsive to
salinity, dehydration, and ABA [96]. Recently, through microarray analyses miR396,
miR397, miR172, miR169, miR408, miR168, miR171, miR393, miR319, miR165,
and miR400 were added to the list of differentially expressed miRNAs under cold
conditions in Arabidopsis [112]. This miRNA data was subsequently employed to
develop a computational algorithm to predict and annotate additional miRNAs that
were further validated experimentally [113], managing to include miR156/157,
miR164, miR394, and miR398, as well as cold-responsive miRNAs [113].

Brachypodium distachyon shows cold tolerance and constitutes an excellent model
to understand the role of miRNAs in low-temperature response. Recently, several
miRNAs were identified to be expressed in B. distachyon plants grown under cold
conditions, including 27 conserved families and, more interestingly, 129 noncon-
served [114]. Three knownmiRNAs (miR169,miR172, andmiR397)were induced by
cold stress, and novel miRNAs miR911, miR912, miR913, miR917, and miR918
showed clear changes in their expression under cold treatment [114]. In P. thrico-
carpa, another set of 19 cold stress-responsive miRNAs was identified from micro-
array data, 15 induced and 4 repressed [115].

In general terms, the targets predicted by these cold stress-responsive miRNAs
include proteins with a broad spectrum of cellular functions, indicating a complex
regulation network in responses to low-temperature conditions. Promoter analysis
for some of thesemiRNAs has allowed the identification of several low-temperature-
responsive elements (LTRs) [112] as well as other stress-responsivemotifs such as the
ABA response elements (ABRE), MYB binding sites, and heat stress-responsive
elements (HSE) [113].
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25.5.3
Out of Breath: Hypoxia and miRNAs

Hypoxia or low availability of oxygen is a known cause of stress in plants. One of the
most typical conditions favoring the hypoxia is water logging that causes a drastic
reduction in productivity in important crops. So far, a couple of studies have addressed
differential expression of miRNAs under hypoxia. Using miRNA microarrays, 39
hypoxia-responsive miRNAs were discovered in maize, targeting not only mainly
transcription factors as usual but also proteins involved in carbohydrate and lipid
metabolism [116]. Similarly in Arabidopsis, 25 hypoxia-responsive miRNA families
were identified using next-generation sequencing. Importantly, similar changes in
miRNA expression to those caused by hypoxia were observed when a chemical
treatment directed to block the normal mitochondrial respiration was applied,
indicating a pivotal and active role of the mitochondria in the signal transmission
during the response tooxygendeprivation [117].Thesearch for cis-elements regulating
the expression of the above-mentioned miRNAs allowed the identification of motifs
such as ARE (anaerobic response element), LTR, and several hormone-responsive
elements (ABA, gibberellin, and ethylene) governing miRNA expression [116].

25.5.4
In Deep Water: Water Balance Stresses (Drought and Salinity) and miRNAs

The accelerated desertification of cultivable land and the climate changehave brought
several problems associated with water availability. Drought has the greatest effect on
agriculture, causing significant losses to several economically important crops [118].
The use of different approaches has allowed the identification of several drought-
inducedmiRNAs inArabidopsis such asmiR393,miR397, andmiR402 [96] as well as
miR167, miR168, miR171, and miR396 [112]. Conserved miRNAs, miR171 and
miR393, were also induced in rice plants by drought [119], but not in M. trunca-
tula [120]. These miRNAs target transcription factors and as mentioned in Sec-
tion 25.4, miR393 targets TIR, an F-box protein that is a positive regulator of auxin
signaling. The inhibition of TIR1, caused by increased expression of miR393,
suggests an arrest of plant growth under drought stress [96, 112]. In M. truncatula,
drought-inducedmiRNAs includemiR398 andmiR408 [120]. Together, these results
reinforce the idea of overlapping function of some miRNAs in response to different
conditions. In maize, miR474 was identified to be upregulated in response to
drought [47], causing repression of target proline dehydrogenase gene (PDH) and
thus favoring the accumulation of proline [47]. Proline has a protective function
during drought preventing membrane damage and protein denaturation [47].
Among the cis-elements regulating drought-responsive miRNAs, there are MYB
sites involved in drought induction (MBS) [112], as well as DREs (dehydration-
responsive element)/CRT (C-repeat) in the upstream region of rice miR169g that
binds the ERF/AP2 family transcription factors under drought stress [119].

Salinity has become a serious problem for plants predominantly due to intensive
agricultural practices that along with climate change produce long and hotter
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summers and cause decrease in rainfall. All these factors prevent the elimination of
excessive salts present in soils [121]. InArabidopsis, initial work showedmiR393 to be
strongly induced by salinity, while miR397b and miR402 were moderately
induced [96]; miR156, miR159, and miR394 were shown to be specifically induced
in response to salinity, while other 11miRNAswere also induced by cold and by other
abiotic stresses [112]. Thus, recent works have implicated miR156 and miR159 in
other types of stresses as well (Table 25.1). In maize, the comparison of miRNA
expression between twomaize lines, one salt tolerant and other salt sensitive, allowed
the detection of 18miRNAs induced only in the salt-tolerant line indicating a varietal-
dependent response to salt stress [122].

Some important loci-specific differences inmiRNA families and their targets have
been found in salinity responses. For example, from the 17 members of the miR169
family in rice, only miR169g and miR169n were induced in response to salt
stress [119, 123]. Of the several transcription factors of the NF-YA family predicted
as targets of miR169, only NF-YA8 was downregulated [123].

In rice, miR396 is repressed under salinity and alkaline stress [124]. In addition,
Arabidopsis and rice transgenic plants overexpressing miR396 show a decrease in
their tolerance to both stresses [124]. Also, seed germination was retarded in
transgenic Arabidopsis plants expressing constitutively miR417, a salt-repressed
miRNA, under conditions of high salinity, indicating a role of this miRNA as a
negative regulator of seed germination under salinity [125], whereas plants over-
expressing miR402 showed an accelerated growth under this stress condition [126].

25.6
The Strange Case of miR398: Crosstalk between miRNA-Mediated Responses to
Biotic and Abiotic Stresses

One of the best-characterized miRNAs related to stress responses is miR398 that
targets Cu/Zn-SOD enzymes (CSD1 and CSD2), cytochrome-c oxidases (COX), and
the chaperone CCS1 [29, 127, 128]. miR398 has been found to be repressed under
some abiotic stress conditions known to induce ROS (reactive oxygen species)
production in Arabidopsis, such as high light levels and heavy metals (Cu2þ and
Fe3þ ). ThemRNA expression of its targetsCSD1 andCSD2mRNAwas coordinately
increased [128]. These enzymes are involved in the ROS detoxification, by converting
superoxide radicals (O2

�) to hydrogen peroxide. The expression of miR398 was also
reduced after ozone fumigation, high salinity, or inoculation with avirulent strains of
the bacteria PtoDC3000 [88]. Curiously, in these cases only themRNA levels forCSD1,
but not for CSD2, were inversely correlated with the expression of miR398 [88]
indicating a possible specific role of these SOD enzymes in particular kinds of
stresses. In addition, it was shown that transgenic Arabidopsis plants overexpressing
a miR398-resistant version of CSD2 present a higher accumulation of CSD2 tran-
scripts and in consequence are more tolerant to different oxidative agents [128]. In
Populus trichocarpa plants treated with ABA or subjected to salt stress, miR398 is
induced at early stages (first 3–4h), but after 48h the induction declines and is finally
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Table 25.1 Commonly studied differentially expressed miRNA families under different types
of stress.

Family Target Plant Type Stress Regulation Reference

miR156 Squamosa-
promoter
binding
protein-like
(SPL)

A. thaliana A Cold " [113]

A. thaliana A Hypoxia " [117]
A. thaliana A P limitation " [104]
P. trichocarpa A Cold # [115]
A. thaliana B Bacteria infection

(Ps)
# [49]

A. thaliana B Viral infection " [73]
Nicotiana
benthamiana

B Viral infection " [159]

P. taeda B Fungal infection # [94]
miR159 MYB tran-

scription
factor, TCP
transcription
factor

A. thaliana A Cold " [96]

A. thaliana A Fe limitation " [107]
A. thaliana A Hypoxia " [117]
M. truncatula A Cd excess " [109]
A. thaliana B Bacteria infection

(Ps)
" [49]

P. taeda B Fungal infection # [94]
S. lycopersicum B Viral infection " [75]

miR160 Auxin
response
factor

P. trichocarpa A Cold " [115]

A. thaliana B Bacteria infection
(Ag)

# [85]

A. thaliana B Bacteria infection
(Ps)

" [48]

A. thaliana B Viral infection " [73]
N. benthamiana B Viral infection " [159]
P. taeda B Fungal infection # [94]

miR167 ARF A. thaliana A Drought " [112]
A. thaliana A N limitation # [106]
A. thaliana B Bacteria infection

(Ps)
" [48]

miR168 AGO1 A. thaliana A Cold, salinity,
drought

" [112]

P. trichocarpa A Cold " [115]
A. thaliana B Bacteria infection

(Ps)
# [48]
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Table 25.1 (Continued )

Family Target Plant Type Stress Regulation Reference

miR169 HAP2, NF-YA
transcription
factor

A. thaliana A Cold " [112]

A. thaliana A Fe limitation " [107]
A. thaliana A N limitation # [102]
A. thaliana A P limitation # [104]
B. distachyon A Cold " [114]
O. sativa A Drought " [119]
O. sativa A Salinity " [123]
A. thaliana B Bacteria infection

(Ps)
" [49]

A. thaliana B Viral infection " [73]
N. benthamiana B Viral infection " [73]

miR171 Scarecrow-like
transcription
factor (SCL)

A. thaliana A Cold, salinity,
drought

" [112]

B. napus A Cd excess # [110]
M. truncatula A Cd excess " [109]
O. sativa A Drought " [123]
S. lycopersicum B Viral infection " [75]

miR172 Apetala2-like
transcription
factor (AP2)

A. thaliana A Cold " [112]

A. thaliana A Fe limitation " [107]
B. dystachion A Cold " [114]

miR393 Transport
inhibitor
response 1
(TIR1)/Auxin
F-box (AFB)

A. thaliana A Cold, salinity " [112]

A. thaliana A Cold, drought,
salinity

" [96]

B. napus A Cd excess # [110]
O. sativa A Salinity # [160]
O. sativa A Drought " [123]
P. trichocarpa A Cold " [115]
A. thaliana B Bacteria infection

(Ag)
# [85]

A. thaliana B Bacteria infection
(Ps)

" [83]

miR396 Growth
regulating
factor (GRF)

A. thaliana A Cold, salinity,
drought

" [112]

M. truncatula A Cd excess " [109]
P. trichocarpa A Cold " [115]
O. sativa A Salinity # [124]

(Continued )
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accumulated again over a prolonged stress (72h). In Arabidopsis plants grown under
the same conditions, miR398 shows an opposite response, indicating a species-
specific behavior of some miRNAs in stress responses [129]. miR398 also plays an
important role in response to copper stress conditions. Under low copper concentra-
tions, it was demonstrated that the stability of COX5b mRNA was regulated by the
action of miR398 [128, 130]. It has also been shown to be repressed in Arabidopsis
plants growing in low nitrogen or phosphorus [102, 104], and in M. truncatula in
response to Cd [109]. Furthermore, miR398 was induced in response to cold and
sucrose in Arabidopsis [113, 131] and to drought inM. truncatula [120]. Importantly, it
has been shown that miR398 can produce silencing of targets with imperfect
complementarity (thus having targets that often escape traditional target prediction)
and produce silencing through translational repression instead of mRNA cleav-
age [127, 131].

The differential expression under various conditions of miR398 and other exten-
sively studied miRNA families is summarized in Table 25.1. As is clear from these
results,manymiRNAsmay be playingmore than one role in different types of stress.

Table 25.1 (Continued )

Family Target Plant Type Stress Regulation Reference

A. thaliana B Bacteria infection
(Ps)

" [49]

miR397 Laccase A. thaliana A Cold " [112]
A. thaliana A Cold, drought,

salinity
" [96]

A. thaliana A Cu limitation " [108]
B. dystachion A Cold " [114]
G. max A P limitation " [105]

miR398 Copper super-
oxide dismu-
tase (CSD),
cytochrome-c
oxidase, CCS1

A. thaliana A Cold " [113]

A. thaliana A N, P limitation # [102]
A. thaliana A Cu limitation # [128]
A. thaliana A P limitation # [104]
G. max A P limitation # [105]
M. truncatula A Cd excess # [110]
M. truncatula A Drought " [120]
A. thaliana B Bacteria infection

(Ps)
# [49]

miR408 Laccase (LAC),
plastocyanin-
like (PCL)

A. thaliana A Cold " [112]

A. thaliana A Cu limitation " [108]
M. truncatula A Drought " [120]

Type indicates type of stress (A: abiotic, B: biotic). "¼ induced #¼ repressed.
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The case of miR398 is revealing in the sense that although a clear biological role has
been established for this family with an evident effect on the outcome of stress
responses as in the case of ROS detoxification and copper regulation [128, 130], some
aspects of its regulation are still unclear, as well as the role itmay play in other types of
stresses.

As we have seen in this chapter, miRNA regulation may vary in a tissue-specific
[91, 105, 111], stress-specific, and species-specific manner (Table 25.1). In addition,
nontraditional miRNA-mediated silencing such as translational repression through
imperfect miRNA:target pairing (parameters for this type of pairing are still
unknown) can occur [53, 127, 131]. And more importantly, there are multiple layers
of complexity in miRNA regulation that are often difficult to assess; this complexity
arises frommultiple cis-elements that controlmiRNA transcription (e.g., onemiRNA
may be regulated by various transcription factors), as well as themultiplicity of targets
for onemiRNA, andmultiple loci expressing relatedmiRNA (families) and each loci
perhaps under different transcriptional control. Recently, through bioinformatics,
the complexity of miRNA regulatory networks was analyzed (although expression
levels and cis-regulatory elements were not yet considered), showing a high degree of
connectivity for some miRNAs [132].

Although differential expression has been the usual method for identifying
biologically relevant miRNAs, all the above-mentioned factors may be affecting the
outcome that these differentially expressed miRNAs may bring upon physiological
processes, making it hard to differentiate truly significant stress-responsivemiRNAs
from those resulting from interconnectivity or pleiotropic effects. Thismust be taken
into account when assigning a biological role to miRNAs, especially when genetic
transformation strategies for stress resistance are intended.

25.7
Viva la Revoluci�on: Using miRNA-Mediated Strategies to Develop
Stress-Resistant Crops

25.7.1
Imitation of Silence: Artificial miRNAs in Plants� Genetic Transformation

As we mentioned before, one of the big drivers behind miRNA studies is the
prospects that thesemolecules offer in genetic transformation to improve agronomic
traits in plants. One way to use miRNAs in genetic transformation is through
amiRNAs, which basically consist of transgenes made of endogenous miRNAs
modified to silence any desired target.

amiRNAs are designed from an endogenous miRNA precursor that is used as a
structural support in which the miRNA:miRNA� region is replaced with a specific
miRNA complementary to the desired target sequence. The processing in planta of
this new precursor will be the same as the endogenous one, as long as the secondary
structure of the precursor is kept intact [133–135]. When designing an amiRNA, the
sequence must be optimized in specificity and effectiveness; this means to select a
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sequence with no potential off-targets in the desired genome and with high affinity
for the target. Bioinformatics tools are available for these analyses [136]. The designed
miRNA and the passenger strand are then inserted to replace the miRNA:miRNA�

duplex in the endogenous miRNA precursors. The sequence can be inserted in
plasmids containing the precursor through directed mutagenesis, overlapping PCR,
or enzymatic digestion [136, 137]. The amiRNA transformation vector must have a
termination sequence and a promoter. Inducible and constitutive promoters have
shown good results in amiRNA-mediated transformation [133, 136, 138, 139]. A
schematic representation of this method can be seen in Figure 25.3.

Prior to amiRNAs, various methods for plant transformation and functional gene
studies based on small silencing RNAs were developed. These had some advantages
over traditional methods (i.e., transposon tagging, insertional mutagenesis, and
TILLING) like being able to simultaneously silence related genes and silencing genes
in an inducible or tissue-specific manner [133]. These methods were based on the
production of dsRNAs from a given source that produced siRNAs to silence the
desired gene, for example, antisense RNA, hp-RNA, and virus-induced gene silenc-
ing (VIGS) [140, 141]. Although these tools are still widely used, they have some
disadvantages regarding specificity and stability. The inserts used in these strategies
are often long (>200 bp) and will not only generate a large number of siRNAs
complementary to various regions of the mRNA but also possibly generate siRNAs

Figure 25.3 miRNA-related plant genetic transformation strategies: artificial miRNAs (amiRNAs)
and target mimicry. DCL: Dicer-like; AGO: Argonaute; RISC: RNA-induced silencing complex; RNA
pol: RNA polymerase.
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partially complementary to undesired regions of the genome (off-targets) that are
usually hard to predict. It is estimated that 50–70% of the genes in a genome could
produce off -targets if used in RNA silencing strategies [137, 139, 142]. Moreover,
these transgenes can be autosilenced resulting in a loss of the desired phenotype
(a silenced gene) after several generations [137, 138, 143].

Successful amiRNA-mediated gene-silencing experiments have been conducted in
dicotyledonous plants (A. thaliana,M. truncatula, tomato, tobacco, and soybean) [135,
144, 145], monocotyledonous plants (rice and wheat) [146, 147], mosses (Physcomi-
thrella patens) [142], and even algae (Chlamydomonas reinhardtii) [137, 138]. They have
shown to offer some advantages over other ssRNA-mediated strategies; these include
(i) specificity as high as with endogenous miRNAs, (ii) absence of off targets, and
(iii) absence of secondary siRNA formation or nonautonomous effects [135, 139, 144,
146, 148, 149]. They have been shown to be stable through various generations
[137, 138, 146]. Also, it is possible both to generate constructs expressing multiple
and unrelated amiRNAs due to their small size [66, 150] and to design amiRNAs
targeting specific alleles or splice forms of a given gene [136]. It has also been
proposed that amiRNAs pose fewer biosafety or environmental problems when
applied to agriculture than other strategies [23, 68].

There are, however, some difficulties in working with amiRNAs. The success rate
of amiRNA, inferred from various published studies, may vary from 75 to 90%
[66, 67, 139, 144, 148, 151]. The reasons why some genes cannot be silenced through
amiRNAs are not yet clear. Apossible explanationmay be the difficult accessibility of
the target mRNA to the RISC, which could be overcome in amiRNA design by
thermodynamically modeling mRNA accessibility [152]. Also, amiRNA activity may
be impaired by a negative regulation mechanism where the artificially produced
silencing is compensated by an increase in the transcription rates of the targeted
mRNA, though this has not been proved yet [136].

Along with amiRNAs, other novel miRNA-related strategies have been developed
to improve plant genetic transformation. Artificial ta-siRNAs have been designed in a
similar way to that of amiRNAs by replacing the siRNA region in the TASc1 ta-siRNA
gene (which requiresmiR173-mediated cleavage to produce siRNAs) with sequences
complementary to new desired targets, producing effective silencing [153]. There is
also a technique to improve amiRNA�s effectiveness by designing them from long
primary miRNAs instead of pre-miRNAs [154].

Likewise, another promising strategy is target mimicry, where a noncleavable
mRNA is inserted into the plant to interact in a non-silencingmannerwith amiRNA,
thus inhibiting its activity (Figure 25.3). This strategy would allowmodulation of the
expression level of endogenous miRNAs to achieve a greater expression of genes
normally regulated by miRNAs. Although this strategy has not being extensively
exploited yet, recently a valuable large-scale collection of knockdowns for Arabidopsis
was made comprising most known miRNA families in this plant [23, 103, 155].

So far, amiRNAs and related strategies have been used in a few model and crop
plant species, particularly Arabidopsis, where there are even ongoing efforts to have
amiRNA libraries covering all annotated genes [133]. In a short time, the techniques
have spread to a larger number of plant species and are rapidly becoming reliable
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tools for functional gene analysis [23, 145, 156]. amiRNAs are still a technique used
mostly for research purposes, and they have not been yet extensively employed in
crops to improve agronomical traits such as stress resistance. The potential for the
technique is great, and probably we are not so far fromhaving commercially available
crop varieties transformed with amiRNAs.

25.7.2
Biotic Stress Resistance

From early in their development, it was foreseen that one of the greatest potentials
for amiRNAs would be to produce plants with enhanced stress resistance, especially
for antiviral defense. Unlike other types of stresses, viral infection has been already
addressed through miRNA-mediated technologies. It has been demonstrated using
amiRNAs that the miRNA pathway in plants can function in antiviral defense.
Transgenic Arabidopsis and tobacco plants have been transformed to develop resis-
tance against TMV (turnip mosaic virus), TuMV (turnip yellow mosaic virus), and
CMV (cucumber mosaic virus) by inserting amiRNAS complementary into viral
genome regions [66–68, 150]. These efforts have revealed resistance at cellular level,
inheritable, more efficient than siRNA-mediated strategies, and successful in block-
ing viral replication and movement [66, 67]. Furthermore, it has been possible to
create transgenic plants with dimeric amiRNAs directed against different viruses
resulting in plants with a wide spectrum of viral resistance [66, 150].

There are, however, some difficulties to overcome when considering a widespread
use of amiRNAs in antiviral defense. The presence in many viruses of silencing
suppressors that interfere with themiRNAmachinery poses an obstacle that could be
solved by designing amiRNAs directed against silencing suppressors [66, 67]. The
most important objection comes from the fact that viral genomes evolve a lot faster
than plant miRNAs and can evade miRNA targeting by mutating the targeted
region [150, 157]. A solution has been proposed that mainly consists of a �polymeric
strategy� where transgenic plants have amiRNAs directed against several viral
regions, preferentially conserved [66, 68, 150]. The effectiveness of such strategy
has not being completely tested yet.

The use of amiRNAs to develop resistance against other pathogens can be slightly
more difficult than with viruses since there is no direct interaction with the
pathogen�s nucleic acids. Thus, efforts for amiRNA-mediated antipathogen resis-
tance should aim at modifying the plant defense responses through miRNA
regulation, which could also work as an indirect way for antiviral defense.

Our present knowledge of miRNA roles in antipathogen defense points to two
principal modes of regulating plant defense (Figure 25.1): the induction of miRNAs
targeting negative regulators of plant defense and the repression of miRNAs
targeting positive regulators of plant defense. These two strategies could be artificially
reproduced in plants in various ways: (i) by overexpressing pathogen-induced
miRNAs, (ii) using amiRNAs directed against negative regulators of plant defense,
and (iii) through target mimicry using mRNAs binding to miRNAs cleaving positive
regulators of plant defense.
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Overexpression of pathogen-induced miRNAs, as in the case of PtoDC3000-
responsive miR393 in Arabidopsis, has proven to increase resistance to bacterial
infection; however, some developmental defects have been observed [83] that are
undesirable when trying to take this strategy to crops. Additional attempts to improve
antipathogen resistance by miRNA overexpression are scarce.

In the case of amiRNAs and target mimicry, with these strategies, it could be
possible to accentuate existing miRNA-mediated responses in plants, for example,
by introducing new amiRNAs in plants to target auxin response factors coupled to
pathogen-inducible promoters (in the same way as miR393 and miR160 act) or
using pathogen-inducible target mimicry to further repress the activity of miRNAs
such as miR825. The techniques could also be used to develop novel resistance
mechanisms by insertion of amiRNAs targeting negative regulators of plant
defense, which are not normally under miRNA regulation. However, given the
mentioned difficulties in assessing miRNA roles in stress (see Section 25.6), these
approaches must be coupled to a complete understanding of miRNA-regulated
networks.

25.7.3
Abiotic Stress Resistance

By understanding the complex regulatory circuits involved inmiRNA-mediated gene
expression, it is possible to think of ways to manipulate these circuits to produce
plants with an increased tolerance to a particular kind of abiotic stress. There are
some examples where the manipulation of miRNA regulation has produced desired
effects in plants. In one case, overexpression of a mimic CSD gene, resistant to
miR398 degradation, produced plants more tolerant to higher levels of light and
heavy metals [128]. The potential to manipulate miRNAs to obtain desired traits is
great, although it should be considered carefully.

One possibility to modify miRNA-mediated responses to abiotic stress, which has
already been explored, is to produce transgenic plants overexpressing miRNAs to
increase the degradation of their target genes; varying results have been obtained
with this approach. For example, overexpression of miR402 (a salinity- and drought-
induced miRNA family) produced an accelerated seedling growth under salinity
stress condition [126], which would be a desired trait for crops to grow in difficult
soils. However, the overexpression of particular miRNAs could produce undesired
effects. For example, transgenic plants with constitutive expression of miR399
(normally induced under P starvation) displayed an increased accumulation of P
without great adverse effects [99], whereas in other cases, plants overexpressing
miR399 showed toxicity symptoms produced by the uncontrolled P uptake and by a
pronounced P translocation from roots to shoots [100].

Caution must also be exerted when trying to translate results from research in
model species into crops due to the mostly unknown species-specific effects on
miRNA responses despite the high conservation of some miRNA families. For
example, in one case, the overexpression of conserved miR396 in rice produced a
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reduced tolerance to salinity and alkali conditions [124], while the overexpression of
this miRNA in Arabidopsis increased the tolerance to drought and other abiotic
stresses [158].

Engineering new miRNA pathways using amiRNAs and target mimicry may also
be possible as our knowledge of abiotic stress responses increases.

25.8
Conclusions and Perspectives

The use of miRNAs as a tool for plant genetic engineering is exciting and likely to be
highly rewarding, and there are surely many ongoing efforts to exploit the miRNA
pathway for crop improvement. However, there are still large gaps in our knowledge
of miRNA-mediated regulation as is evident from the increasing inventory of
differentially expressed miRNA under stress conditions for which a clear physio-
logical outcome in stress responses has not been established.

The complexity of the regulatory networks mediated by miRNAs in plants is
perhaps still not fully perceived. There is undoubtedly a need to establish compre-
hensible links between the transcriptome, the microme (microRNome or micro-
transcriptome), the degradome, and the proteome (including regulatory cis-ele-
ments) in order to conceive themodification or creation of miRNApathways without
adverse physiological consequences. Efforts should thus be addressed tomodel gene
regulatory networks incorporating large sets of biological data; this is now more
feasible than once expected due to the significant improvements in sequencing
technologies, bioinformatics, and systems biology.

The expansion of miRNA research to plants different from the traditional
models may also be essential to future miRNA genetic transformation given the
species-specific differences in conserved miRNA regulation and the unexplored
potential of phylogenetically restricted miRNA families. This is particularly true
for stress responses where such variability is displayed among relatively narrow
phylogenetic ranges (e.g., the wide range of environmental adaptations among
the Poaceae). The results shown by miRNA research on relatively new models
for specific processes (such as soybean and M. truncatula for root symbiosis
studies and B. dystachion for cold responses) confirm the importance of this type
of studies, and it is our expectation that this field will grow to include less explored
plants such as mangroves for salinity and drowning tolerance and cassava for
drought tolerance.
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26
Transcription Factors: Improving Abiotic Stress
Tolerance in Plants
Tetsuya Ishida, Yuriko Osakabe, and Shuichi Yanagisawa

Plant growth and productivity are greatly affected by environmental abiotic stresses,
including drought, high salinity, high or low temperature, nutrient starvation, and
excess metals in soils. After perceiving these stress signals, plants modulate the
expression levels of various genes to adapt to and overcome environmental changes.
Transcription factors thus play central roles in the regulatory networks that mediate
the adaptation of plants to various environmental stresses. Although our knowledge
of the transcription factors associated with abiotic stress response in crops is still
limited, a number of such transcription factors have been recently identified,
mainly in the model plant, Arabidopsis thaliana. In addition, several examples of
transcription factors being successfully utilized to improve abiotic stress tolerance
have now been reported, suggesting that this is a promising strategy to enhance
stress tolerance in crops. In this chapter, we provide an overview of the present
knowledge of plant transcription factors associated with various abiotic stress
responses and their potential application to the enhancement of abiotic stress
tolerance in plants.

26.1
Introduction

Plants must adequately adapt to fluctuations in the environment in which they grow
as they cannot move from place to place. During the adaptation to stress conditions,
plants modulate the expression of numerous genes. For instance, it has been shown
by transcriptome analysis that drought stress induces expression of 277 genes, and
represses another 79 genes, in Arabidopsis [1]. The expression levels of individual
genes can be modulated through transcriptional control, alternative splicing events,
and changes in RNA stability. Furthermore, the abundance of functional and active
proteins can be regulated in response to stress signals by translational control,
posttranslational modifications, and degradation mechanisms. Although abiotic
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stress responses in plants likely include various mechanisms to induce specific
proteins, transcriptional control appears to be an important component of these
processes.

Transcriptional control is typically exerted through the action of transcription
factors that are specifically involved in particular signal responses. To more fully
understand the molecular mechanisms underlying stress-responsive gene expres-
sion and thereby uncover potential strategies to improve stress tolerance in plants,
the identification of the key transcription factors involved is absolutely necessary.
Only a limited number of such analyses using crops have been conducted to date, but
transcription factors associated with abiotic stresses, namely, drought, high salinity,
cold and heat, nutrient starvation, and excess metals in the soil, have been identified
in recent studies both in themodel dicotArabidopsis and in rice, amonocot plant and
one of the most important crops in the world. Furthermore, several successes in
improving stress tolerance have also been reported using these identified transcrip-
tion factors. In this chapter, we provide an overview of these successful applications
and also of the present knowledge of transcription factors involved in stress
responses in plants.

26.2
Transcription Factors Involved in the Drought Stress Response

Aswater limitation severely impacts agricultural productivity, the enhanced tolerance
to drought is one of the most important and sought after traits in the molecular
breeding of crops. Drought stress exerts its effects on various cellular and molecular
events in plants, particularly upon the expression of a variety of genes that are
involved in not only stress tolerance but also in the enhancement of stress response
pathways. Indeed, transcriptome analyses have now indicated that more than 300
transcripts are modulated by drought stress [1]. Owing to the diverse effects of
drought stress, plant responses to water stress are thought to be regulated by an
orchestrated but complex series of signaling networks, the details of which remain to
be elucidated [2, 3]. Furthermore, as drought and salinity stresses have been found to
cause similar changes in the transcriptome inArabidopsis [4], the signaling pathways
associated with these stresses may influence and activate each other or operate
through a sharedmechanism. In addition, a plant hormone, abscisic acid (ABA), has
been shown to play a critical role in drought stress. ABA is dramatically produced
under drought and salinity stress conditions and influences the expression of various
genes that respond to them. Drought and salinity stress signaling and ABA signaling
therefore are integrated into a complex regulatory network that forms part of the
stress response mechanism in plants.

The cellular processes that operate in response to drought stress are initiated by the
perception of these conditions by specific sensors. Recent studies have revealed
the role of AtHK1/AHK1 in the perception of drought stress. AtHK1/AHK1 is a
histidine kinase in the two-component signaling system, which also mediates
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osmotic stress signaling in prokaryotes [5, 6]. Tran et al. have shown that AHK1
functions as an osmosensor and that its overexpression improves tolerance to
drought stress in Arabidopsis [6]. RPK1, a receptor-like kinase that is localized to
plasmamembrane and controls several ABA responses inArabidopsis, was also found
to be involved in the early steps of osmotic stress signaling in plant cells [7, 8]. As the
components that function directly downstream of AtHK1/AHK1 and RPK1 have yet
to be identified, the molecular mechanisms underlying drought stress signaling in
plants remain mostly unknown. However, in the past decade, the knowledge of the
transcriptional control that functions during drought stress signaling has increased
markedly through the identification of several transcription factors that play critical
roles in the drought stress response in plants (Table 26.1).

26.2.1
DREB2 Transcription Factors

Similar to other types of transcriptional regulation, stress-responsive transcription
is mediated by particular cis-acting elements and trans-acting transcription factors
that recognize these cis-elements [3]. Indeed, the drought-responsive cis-element
(DRE, 50-TACCGACAT-30) has been identified in the promoter regions of drought
and salinity stress-inducible genes. Furthermore, a part of the DRE (50-CCGAC-30)
has also been reported to function as the cis-element that regulates transcription
from various cold-responsive gene promoters, and has been designated as the C-
repeat (CRT) and the low-temperature-responsive element (LTRE) [9–12]. This
suggests a close relationship between the regulatory mechanisms for drought and
cold stress-responsive gene expression. Transcription factors that specifically
recognize the DRE/CRTsequence have now been identified using yeast one-hybrid
screening and are referred to as DREB1/CBF (DRE binding protein 1/CRT binding
factor) and DREB2 [11, 13]. DREB1/CBFandDREB2 form the DREB/CBF family, a
subfamily of the plant-specific AP2 (APETALA2)/ERF transcription factor
family [14].

Although the function of DREB1/CBF was specifically characterized in the cold
stress response in Arabidopsis, as discussed further later, expression of the DREB2
genes, DREB2A and DREB2B, is induced by both dehydration and salinity stress
but not by cold stress [13–15]. Hence, DREB2 appears to be involved in both the
drought and the salinity stress response. This induction of DREB2 genes precedes
the induction of other stress-responsive genes that play roles in stress tolerance,
such as LEA (late-embryogenesis abundant protein) genes, in agreement with the
primary role of DREB2 in the drought stress response. However, the overexpres-
sion of DREB2A under the control of the cauliflower mosaic virus 35S RNA (35S)
promoter does not affect the stress tolerance of transgenic Arabidopsis plants. This
unexpected contradiction was resolved by further characterization of the DREB2A
protein, which revealed that posttranslational modification is necessary for its full
activation [13]. Indeed, Sakuma et al. showed that the negative regulatory domain
exists in the central region of DREB2A and that deletion of this negative regulatory
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domain results in the production of a constitutively active form of this protein [16].
Hence, transgenic Arabidopsis plants overexpressing the constitutively active form
of DREB2A showed a stronger tolerance to drought stress, accompanied by an
upregulation of various stress-responsive genes [16]. The protein that interacts with
the negative regulatory domain of DREB2A has recently been identified, as DRIP1
(DREB2A interacting protein 1), and is a C3HC4 RING domain-containing protein.
Furthermore, negative regulatory mechanisms for DREB2A activity was suggested
to involve 26S proteasome pathway-dependent proteolysis mediated by DRIP1 and
its homologue DRIP2 [17].

Interestingly, the upregulated genes in the transgenic Arabidopsis overexpressing
DREB2A include not only drought and salinity stress-responsive genes under these
conditions but also genes encoding heat shock proteins (HSPs) [18]. As expected,
transgenic Arabidopsis plants overexpressing such genes also show an increased
tolerance to heat stress, whereas the corresponding knockout plants are impaired in
this respect [18]. This observation also implies the presence of a complex regulatory
network involving a crosstalk among various stress signaling pathways.

26.2.2
Transcription Factors that Interact with the ABA-Responsive Element in Drought
Stress-Responsive Promoters

Drought and salinity stress conditions are partly mediated by ABA that induces
expression of various genes through theABA-responsive cis-element, theABRE.Both
DRE/CRT and ABRE have been found in many stress-responsive gene promoters,
suggesting that ABRE also plays a role in stress-responsive transcription [3]. AREB/
ABFs (ABRE binding proteins/ABRE binding factors) have been identified in Arabi-
dopsis, and theyarebZIP-type transcription factors [19, 20].Consistentwith their roles,
the AREB/ABF transcripts accumulate in response to the exogenous application of
ABA and to drought and salinity stress treatments [20]. Furthermore, the overexpres-
sion of ABF3 and ABF4/AREB2 in Arabidopsis increases the expression of ABA-
responsive genes such as the LEA genes and results in the enhancement of ABA
sensitivity, glucosesensitivity, anddroughtstress tolerance [21].Theoverexpressionof
ABF2/AREB1 inArabidopsis also enhancesABAandglucose sensitivity and improves
drought tolerance. In contrast, theabf2/areb1mutants exhibited reduced sensitivity of
glucose, which was not observed in the abf3 and abf4/areb2 mutants [22]. Similar
effects caused by overexpression of ABF/AREB proteins but different phenotypes by
disruption of ABF/AREB genes may be suggestive of redundant but different roles.
Similar to DREB2A, the modification of the ABF2/AREB1 protein was found to be
required for the full activation of ABF2/AREB1 [23, 24]. The overexpression of the
active formofABF2/AREB1 inArabidopsis, therefore, increasedABA-responsivegene
expression and drought tolerance more strongly [23, 24].

The transactivation activity of ABF2/AREB1 has been shown to depend on ABA
and thus is lower in the ABA-insensitive mutant abi1 [20]. Since the ABI1 protein is a
phosphatase 2C (PP2C) [25, 26], ABA-dependent phosphorylation/dephosphoryla-
tion is thought to be involved in the activation of AREB/ABF proteins. Indeed,
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Furihata et al. have shown that ABA treatment stimulates the activity of a 42-kDa
protein kinase inArabidopsis and induces the phosphorylation of Ser/Thr residues at
R-X-X-S/T sites in AREB1 [24]. Furthermore, it has been revealed that the activity of
the 42-kDa kinase toward ABF1, ABF2/AREB1, and ABI5 is impaired in the
snrk2.2snrk2.3 double mutant that harbors mutations in two genes encoding type-
2 SNF1-related protein kinases (SnRK2.2/SRK2D and SnRK2.3/SRK2I) [27]. The
snrk2.2snrk2.3snrk2.6 triple mutant shows severe phenotypes in terms of the ABA
sensitivity, the phosphorylation of ABF/AREBs, and the ABA-dependent gene
expression [28–31]. The SnRKs have, therefore, been shown to be involved in the
activation of AREB/ABFs. It was recently revealed that ABA promotes interactions
between ABA receptors, PYR/PYL/RCARs, and PP2Cs, ABI1 and ABI2, which are
negative regulators of ABA signaling [32, 33], and thereby inhibits PP2C activity to
control ABA signaling [34, 35]. Therefore, ABA likely regulates ABF/AREB activity
through the PYR/PYL/RCAR–PP2C–SnRK cascade and then contributes to the
drought and salinity stress response pathways, although the exact mechanism is
unknown.

26.2.3
Additional Transcription Factors Involved in the Drought Stress Response

Transcription factors of the MYB, NAC, and other families have also been suggested
to play roles in the drought response in plants [3]. One of these is a novel C2H2-type
transcription factor, DST (DROUGHTANDSALT TOLERANCE), which controls the
expression of genes involved in H2O2 homeostasis and mediates H2O2-induced
stomatal closure and abiotic stress tolerance in rice [36]. Both H2O2 and hydroxyl
radicals are typical reactive oxygen species (ROS). ROS production is induced by both
abiotic and biotic stress, including high light, osmotic stress, and pathogen attack,
andROS detoxification is one of themost important steps in stress tolerance. Further
characterization of DSTmight, therefore, clarify the interaction between ROS and
ABA signaling pathways in the drought and salinity stress responses.

Another transcription factor associated with drought and salt stresses is an
Arabidopsis factor that is structurally related to the human NF-X1 protein (nuclear
transcription factor X-box binding 1) and contributes to salt and defense
responses [37, 38]. Li et al. have shown that NFYA5, a drought stress-inducible
nuclear transcription factor Y, plays a role in controlling stomatal aperture and
drought tolerance [39]. Several transcription factors have also been found to regulate
stomatal apertures under conditions of drought stress. Overexpression of an NAC
transcription factor in rice, SNAC1 (stress-responsive NAC 1), which is expressed in
guard cells, leads to an increased ABA sensitivity and stomatal closure and results in
improved drought and salt tolerance [40]. Two MYB transcription factors, AtMYB60
andAtMYB61, which are also expressedmainly in guard cells, have been functionally
characterized as importantmodulators of stomatal aperture and drought tolerance in
Arabidopsis. AtMYB60 is anegative regulator of stomatal closure under drought stress
conditions and the atmyb60 null mutation results in the constitutive reduction of
stomatal opening,whereasAtMYB61 is a positive regulator of this process and its loss
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of function results in more-open stomata [41, 42]. OCP3, encoding a transcription
factor of the homeodomain family, also plays a role in controlling the ABA-induced
stomatal aperture and drought resistance [43]. These factors are likely to be associated
with complex mechanisms underlying drought stress signaling in stomata.

26.3
Transcription Factors that Mediate the Response to Cold Stress

As the expression of DREB1/CBF proteins (DREB1A-C/CBF1-3) is induced by cold
stress [13, 15], these factors appear to be specifically engaged in the transcriptional
regulation of cold stress-responsive genes. Consistent with their induction, the
overexpression of DREB1B/CBF1 under the control of the 35S promoter increases
tolerance to cold stress inArabidopsis [44]. Interestingly, however, the overexpression
of DREB1/CBF enhances the tolerance to not only cold stress but also drought and
salinity stress conditions [13, 45, 46], suggesting either that a crosstalk exists among
stress signaling pathways or that a mechanism shared by different stress signaling
pathways is activated. Although the improved tolerance to cold stress indicates that
the utilization of DREB1/CBF is an effective approach to improve cold stress
tolerance, transgenic Arabidopsis lines overexpressingDREB1/CBF also show severe
growth defects [45]. Hence, Kasuga et al.were able to overexpressDREB1/CBFunder
stress conditions using only a stress-inducible promoter [45]. As the newly generated
transgenic Arabidopsis did not manifest any negative effect in terms of plant
growth [45], the strategy with DREB1/CBF appears to be now a practical approach
that can be applied to crop improvement. In fact, the overexpression ofDREB1/CBF
genes also increased tolerance to freezing, chilling, and drought stress in various
plant species, including Brassica napus, tobacco, tomato, rice, wheat, and maize
[47–54]. The overexpression ofDREB1/CBF in Arabidopsis triggers the upregulation
of not only various stress-responsive genes including LEAprotein and cold-inducible
KIN protein genes but also a C2H2 zinc finger transcription factor gene. This gene,
termed STZ, is one of the direct target genes of DREB1/CBF [55, 56]. Because the
overexpression of STZ, which functions as a transcriptional repressor, also enhances
the tolerance to drought stress [56], the transcriptional cascade includingDREB/CBF
and STZ appears to play a key role in the cold stress response in Arabidopsis.

The presence of a complex regulatory mechanism underlying the expression
of DREB1/CBF in response to stress signals has been revealed. The ICE1 (inducer
of CBF expression 1), HOS1 (high expression of osmotically responsive gene 1), and
MYB15 genes were found to encode factors involved in this regulatory mechanism
(Figure 26.1). ICE1, a basic helix–loop–helix (bHLH) transcription factor, is a major
positive regulator ofCBF3 through the binding ofmultiple cis-regulatory elements in
the promoter and promotion of transcription [57, 58]. On the other hand, HOS1 is a
RING-type ubiquitin E3 ligase that negatively regulates DREB1/CBF gene expres-
sion [59]. Miura et al. showed that the low-temperature-induced sumoylation of ICE1
is mediated by the SIZ1 protein, a SUMO E3 ligase, and that this process is a key
regulatory component of cold stress-responsive gene expression [60]. This process is
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inhibited by HOS1, which mediates the ubiquitination and degradation of ICE1
[58, 61].MYB15 that interactswith ICE1 is another regulator that binds andnegatively
regulates transcription from the CBF promoters [62]. Thus, cold stress influences
DREB1/CBF gene expression via protein sumoylation and ubiquitination and fine-
tunes the expression of various stress-responsive genes during the stress tolerance
response in plants (Figure 26.1) [63].

On the other hand, CAMTA3, a member of the CAMTA (calmodulin binding
transcription activator) family of transcription factors, has been shown to be a positive
regulator of theDREB1C/CBF2 gene [64]. The camta3mutant plants show a reduced
induction of CBF2 under cold stress conditions, and the camta1 camta3 double
mutant shows a reduced freezing tolerance. This suggests a connection between
calcium signaling and cold-regulated gene expression.

26.4
Transcription Factors Mediating the Response to Heat Stress

Heat stress tolerance (thermotolerance) is also under the control of coordinated
signaling pathways [65]. Heat stress or heat shock induces the synthesis and
accumulation of heat shock proteins in both plants and animals. TheHSPs comprise

Cold stress

DREB1A

/CBF3

DRE/CRT

Stress-responsive gene expression

HOS1

SIZ1

(SUMO E3)

ICE1

MYB15

MYB BS DREB1A/CBF3MYC BS

SUMO

?

Chromosomal

DNA

Target genes Chromosomal

DNA

Figure 26.1 The transcriptional network that
operates during the cold stress response. The
DREB1A/CBF3 transcription factor that binds
the DRE/CRT cis-acting elements and

regulates transcription is expressed under the
control of multiple components, including
MYB15, ICE1, SIZ1, and HOS1, in response to
cold stress.
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five protein families, namely, the HSP100, HSP90, HSP70, and HSP60 families and
the small HSPs (sHSPs) [66]. HSPs primarily function as molecular chaperones to
prevent the aggregation of denatured proteins caused by heat shock and to promote
the appropriate refolding of denatured proteins [67].

The heat-inducible expression ofHSP genes is regulated by heat shock transcrip-
tion factors (HSFs) that are conserved in eukaryotes. HSFs bind to heat shock-
responsive elements (HSEs), which are conserved cis-elements in the HSP gene
promoters [68]. Among 21 HSFs in Arabidopsis, AtHsfA1a and AtHsfA1b have
already been shown to play important roles in the expression of HSP genes in the
early phase of the heat shock response [69, 70]. Furthermore, Guo et al. have
determined the AtHsfA1a binding sites in vivo and shown that they are located in
the promoter regions of a set of classical heat shock protein genes and a transmem-
brane CLPTM1 family protein gene [71]. A heat stress-induced HSF, AtHsfA2, has
also been shown to activate HSP expression and then enhance acquired thermo-
tolerance in Arabidopsis [72].

The heat stress response is mediated through the modulation of HSF activity by
HSPs. Under nonstress conditions, constitutively expressed HSFs are inactivated by
the binding of HSPs and maintained in the cytosol. However, when plants perceive
heat stress, the HSP–HSFcomplexes dissociate and the HSFs localize to the nucleus
to regulate gene expression [73–76]. Furthermore, the activity of HSFs is also known
to be regulated by additional mechanisms. For instance, the activity of HSFs is
modulated through phosphorylation/dephosphorylation events in response to heat
stress [74, 77]. On the other hand, the heat stress response has also been found to be
decreased by the heat shock factor binding protein 1 (HSBP1) that binds HSFs and
then inhibits HSF activity [74]. Interaction with HSBP1 thus represents another
regulatory mechanism for HSF activity.

Interestingly, the drought stress-responsive transcription factor, DREB2A, also
influences heat tolerance [16, 17]. The overexpression of DREB2A in Arabidopsis
increases heat tolerance by inducing the expression of the AtHsfA3 gene [78, 79].
NF-X1 that was initially identified as a transcription factor associated with the salinity
stress response [37, 38] has also been reported to contribute to heat tolerance [80].
These findings consistently indicate a connection between heat stress and other
stress signaling pathways in the complex regulatory network that mediates stress
responses in plants.

26.5
Transcription Factors Involved in Nutrient Deficiency

Plant nutrients in the soil, particularly nitrogen and phosphorus, are major factors
that affect plant growth. Plants have, therefore, developed mechanisms to effectively
absorb and utilize plant nutrients. In the past decade, several transcription factors
involved in nutrient deficiency have been identified. Furthermore, genetic modifica-
tions based on these factors suggest that theymay be potent tools for improving plant
growth under nutrient-deficient conditions (Table 26.2).
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26.5.1
Transcription Factors Involved in the Nitrogen Response

Nitrogen is amacronutrient that is required in abundance for plants. Plants actively
attempt to obtain inorganic nitrogen in the soil due to the constitutive constraints
on nitrogen availability in natural ecosystems. Although plants can use both nitrate
and ammonia in the soil as a nitrogen source, nitrate is the major source for land
plants. The possible roles of nitrate, nitrite, and glutamine as nitrogen signals that
regulate cellular processes in plant cells have been proposed in the past [83–87], and
nitrate has been well characterized as the main nitrogen signal. Therefore, both
nitrate-inducible responses and nitrogen-deficient responses are likely to be closely
related to nutrient-deficient stress responses. Transcription factors involved in
nitrate-inducible and nitrogen-deficient responses are given equal weight in this
section.

Table 26.2 Transcription factors involved in nutrient responses.

Nutrient Gene Gene family Species References

N ANR1 MADS A. thaliana [102, 103]
NSR1 MYB A. thaliana [95]
NLP7 RWP-RK A. thaliana [96]
LBD37/38/39 LBD A. thaliana [97]
GNC GATA A. thaliana [99]
Dof1 Dof Zea mays [101, 102]

P PHR1 MYB A. thaliana [94, 105]
PHL1 MYB A. thaliana [105]
PHR2 MYB A. thaliana [95]
OsPHR1 MYB O. sativa [108]
OsPHR2 MYB O. sativa [108]
MYB62 MYB A. thaliana [115]
ZAT6 C2H2 zinc finger A. thaliana [116]
WRKY75 WRKY A. thaliana [117]
WRKY6 WRKY A. thaliana [118]
BHLH32 bHLH A. thaliana [120]
OsPTF1 bHLH O. sativa [121]

S SLIM1 EIL A. thaliana [124]
Fe FER bHLH Lycopersicon esculentum [130]

FIT1 bHLH A. thaliana [132, 133]
AtbHLH38/39 bHLH A. thaliana [134, 135]
OsIRO2 bHLH O. sativa [136]
IDEF1 ABI3/VP1 O. sativa [139]
IDEF2 NAC O. sativa [143]

Zn bZIP19/23 bZIP A. thaliana [149]
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Transcriptome analysis of nitrogen-deficient response in rice roots has revealed
that the modulation of a number of genes, including putative transcription factor
genes, is induced by nitrogen-deficient conditions [88]. However, no additional
information on these genes has yet been reported. On the other hand, the
nitrate-inducible response in plants has been analyzed inmore detail. Transcriptome
analysis has revealed that the expression of numerous genes is modulated in
response to the nitrate supply even in the Arabidopsis mutant that has little nitrate
reductase (NR) activity [84, 89, 90]. Thus, nitrate has been suggested to function as a
signal molecule and to directly modulate gene expression because it is reduced to
ammonium by reductive reactions catalyzed by two enzymes, NR and nitrite
reductase (NIR), and then assimilated into glutamine. Furthermore, a cis-element
that is sufficient to drive nitrate induction was recently identified in promoter
analysis of the Arabidopsis gene for NIR [91]. This element did not respond to
glutamine, although the expression ofNIR was found to be repressed by glutamine,
in an experiment that defined the multiple cis-elements involved in the nitrogen
response [91].

Transcription factors that bind directly to the identified nitrate-responsive cis-
element have not been elucidated as yet. However, several genes encoding tran-
scription factors are known to respond to nitrogen starvation or nitrate supply.
Arabidopsis ANR1, which encodes an MADS transcription factor, is expressed
preferentially in roots [92]. Although lateral roots proliferate in response to a localized
nitrate supply, this proliferation does not occur when expression of ANR1 is
suppressed or ANR1 is disrupted [92, 93]. ANR1 was also found to be induced by
nitrate starvation and repressed by the subsequent nitrate resupply, suggesting a
possible feedback regulation of the lateral root growth rates via the nitrogen status of
the plant [93]. There are also seven other MADS-box genes, which are slightly
upregulated by nitrate starvation [93].

An Arabidopsis gene for NSR1, which is structurally close to the PHR1 (PHOS-
PHORUS STARVATION RESPONSE 1) transcription factor involved in the phos-
phate (Pi) starvation response [94], is also induced by nitrate starvation, although it
has not yet been characterized in any detail [95]. The Arabidopsis NLP7 gene that
encodes a RWP-RK transcription factor also appears to be involved in the nitrogen
response, although its expression is not regulated by the nitrogen source or by the
presence of nitrate [96]. When the NLP7 gene was disrupted in Arabidopsis, the
plants exhibited the features of nitrogen-starved plants, such as an increase in the
ratio of root/shoot, a longer primary root, and a higher lateral root density.
Induction of the nitrate transporter genes (NRT2.1 and NRT2.2) and the NR genes
(NIA1 and NIA2) by nitrate was found to be impaired in the nlp7 mutant. Thus,
NLP7 is a putative regulatory protein for nitrogen assimilation, although there is no
direct evidence that NLP7 directly regulates the expression of nitrate-inducible
genes.

The nitrate-inducible LBD37/38/39 genes of Arabidopsis are members of the
LBD (LATERAL ORGAN BOUNDARY DOMAIN) family of transcription fac-
tors [97]. Because these genes are induced by not only nitrate but also other
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nitrogen sources, ammonium and glutamine, these genes are nitrogen responsive
rather than nitrate responsive. Overexpression of LBD37, LBD38, or LBD39
suppresses the expression of PAP1 and PAP2 that encode MYB transcription
factors regulating expression of genes involved in anthocyanin synthesis [98]. The
overexpression of LBD37, LBD38, or LBD39 also repressed the expressions of
nitrate transporter genes and NR genes [97], suggesting that LBD37/38/39
proteins play negative roles in the nitrogen response.

An Arabidopsis gene, GNC (GATA, NITRATE-INDUCIBLE, CARBON-METABO-
LISM INVOLVED), was also shown to be a nitrate-inducible gene [99]. This gene
encodes a GATA transcription factor and is expressed in leaves and buds in response
to nitrate, but not in roots. In the gncmutant, the chlorophyll level is reduced and the
expression of genes involved in carbonmetabolism is repressed. The gncmutant was
also found to bemore sensitive to exogenous glucose, whereas transgenicArabidopsis
overexpressing GNC is less so. Carbon and nitrogen metabolism are closely
linked [100] because nitrogen assimilation requires not only inorganic nitrogen but
also the carbon skeleton 2-oxoglutarate (2-OG) that is produced from photoassimi-
lated carbohydrates. On the basis of the phenotype of the gnc mutant and the GNC
overexpressors,GNC is proposed to function in the regulation of carbon andnitrogen
metabolism in response to nitrate.

Although recent studies have identified several transcription factors involved in
the nitrate response and/or nitrate status in plant cells, the enhancement of
nitrogen assimilation, one of the most important agricultural traits sought after
by breeders, has not been achieved yet using these factors. However, such
enhancement was achieved using Dof1, a member of plant-specific Dof transcrip-
tion factor family (Figure 26.2) [101]. The transgenic Arabidopsis lines expressing
the Dof1 transcription factor, a putative regulator of 2-OG production, were found
to show enhanced nitrogen assimilation and a larger pool of organic nitrogen and
thus showbetter growth under the low-nitrogen conditions (Figure 26.2) [102]. This
suggested the importance of the coordinated modulation of carbon and nitrogen
metabolism in improving the adaptive ability of plants to nitrogen-deficient
environments.

26.5.2
Phosphate Starvation-Responsive Transcription Factors

26.5.2.1 PHR1 Involved in Phosphate Starvation Response
Phosphorus is a major structural component of nucleic acids and membrane lipids
and takes part in the regulation of many biochemical and physiological processes.
Plants acquire phosphorus as inorganic phosphate (Pi). Several transcription factors
involved in the Pi starvation response have been recently identified in vascular plants.
Among these, PHR1 fromArabidopsis thalianawas the first to be isolated and is thus
the most well characterized of these transcription factors [94]. The gene encoding
PHR1was identified by a genetic screen of a transgenicArabidopsis line harboring the
AtIPS1::GUS reporter construct that was specifically responsive to Pi starvation. In
the phr1 mutant, the root/shoot ratio was impaired and anthocyanin did not
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accumulate under Pi starvation conditions. Furthermore, the cellular Pi content was
lower in the phr1 mutant than in the wild-type Arabidopsis under Pi-sufficient
conditions. In accordance with the phr1mutant phenotype, the expression of several
Pi-responsive genes including genes encoding Pi transporters, acid phosphatases,
and enzymes involved in anthocyanin biosynthesis was found to be impaired in the
phr1mutant [94, 103, 104]. Conversely,whenPHR1was overexpressed inArabidopsis,
the Pi content in the shoots increased, accompanied by the elevated expression of
several Pi starvation-responsive genes [104].

PHR1 is a member of the MYB-CC gene family, which is a subtype of the MYB
superfamily and includes 15 members in Arabidopsis [105]. Among these, PHL1
(PHR1-LIKE1) is phylogenetically most closely related to PHR1. It has been shown
that PHR1 and PHL1 are functionally redundant in Arabidopsis [105] and form
heterodimers to bind an imperfect palindromic DNA sequence called P1BS (50-
GNATATNC-30), which are enriched in the promoter regions of many Pi starvation-
responsive genes [94, 105–107]. Although PHR1 expression is not affected by the Pi
status, another PHR1 homologue, PHR2, was found to be induced by Pi depriva-
tion [94, 95]. Thus, PHR2 could also be involved in the Pi starvation response,
although it has not yet been characterized in sufficient detail. Although rice has two
PHR1 homologues, OsPHR1 and 2, only the OsPHR2 overexpressor accumulates

Figure 26.2 Improvement of plant growth
by Dof1 under the low-nitrogen conditions.
(a) The glutamine content is lower in control
Arabidopsis plants than the transgenic
Arabidopsis plants expressing the Dof1
transcription factor, and control Arabidopsis
plants withered their leaves earlier when they
were grown under the low-nitrogen conditions.

(b) The metabolic pathway for nitrogen
assimilation in plants. PEP:
phosphoenolpyruvate; OAA: oxaloacetate;
PEPC: phosphoenolpyruvate carboxylase; PK:
pyruvate kinase; CS: citrate synthase; ICDH:
isocitrate dehydrogenase. PEPC, PK, CS, and
ICDH genes are putative target genes of the
Dof1 transcription factor.
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excess Pi in its shoots with upregulated levels of Pi starvation-responsive gene
transcripts, similar to PHR1 overexpressing Arabidopsis [104, 108].

In addition to the analyses of the physiological roles of PHR1 and related factors,
the molecular regulation of PHR1 expression has also been studied. Because the
expression levels of PHR1 and the nuclear localization of the PHR1 protein are
unchanged by the Pi status, posttranslational modifications can be considered to be
the regulatory mechanism for PHR1 activity [94]. Indeed, the PHR1 protein was
revealed to be sumoylated by SIZ1, a small ubiquitin-like modifier (SUMO) E3
ligase [109]. The functional relationship between PHR1 activity and sumoylation was
further shownby themodified expression of target genes of PHR1 in the siz1mutant.
These target genes, AtIPS1 and AtRNS1, were induced more slowly in the siz1
mutant than the wild type by Pi starvation, in agreement with the putative positive
regulation of PHR1by SIZ1. The siz1mutant also exhibitedmore severe Pi starvation
phenotypes under such conditions, such as retarded primary roots, extensive lateral
roots, and root hair development, an increase in the root/shoot growth ratio, and
anthocyanin accumulation, although the intracellular Pi content in the siz1 mutant
was similar to that of wild- type Arabidopsis [109].

A microRNA, miR399, was found to be another of the PHR1 targets [103].
In plants, miRNAs recognize specific mRNA sequences based on sequence
complementarity and function to cleave their target mRNAs. As the target of
miR399 is the mRNA of PHO2 encoding a ubiquitin-conjugating E2 enzyme,
Arabidopsis lines overexpressing miR399 exhibit a phenotype similar to that of the
pho2 mutant [103, 110]. Interestingly, other small noncoding RNAs from AtIPS1
and At4 contain a sequence motif that is partially complementary to miR399 and
inhibit the cleavage of PHO2 mRNA by miR399 [111, 112]. As the expression of
AtIPS1/At4 is also induced by Pi starvation, differential induction modes of
miR399 and AtIPS1/At4 and/or the translocation of miRNA399 has been sug-
gested to regulate the PHO2mRNA level in response to changes in the availability
of Pi [113].

26.5.2.2 Additional Transcription Factors Induced by Phosphate Starvation
In addition to PHR1 and its homologues, several other transcription factors have
been shown to be involved in the Pi starvation response. Some of them were
identified throughmicroarray analysis of Pi starvation-responsive genes [106, 114].
MYB62 of Arabidopsis encodes an R2R3-type MYB transcription factor and its
expression in leaves is induced by Pi starvation [115]. When MYB62 is over-
expressed, the root system architecture is altered. Furthermore, the root/shoot
ratio increases under conditions of Pi sufficiency, anthocyanin accumulates, and
the acid phosphatase activity is elevated. The expression of several Pi starvation-
induced genes has also been shown to be suppressed in MYB62 overexpressing
lines. Thus, MYB62 is suggested to function as a repressor of the Pi starvation
response [115].

Arabidopsis ZAT6, encoding a C2H2 zinc finger transcription factor, was also found
to be induced byPi starvation [116].Overexpression ofZAT6 inArabidopsis leads to an
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increased accumulation of anthocyanin and acid phosphatase secretion, a reduction
both in the Pi uptake and in the total Pi content, and retardation of primary roots in
young seedlings. However, when plants overexpressing ZAT6 become older, they
form longer lateral roots, which leads to an increased root/shoot ratio and total Pi
content. Moreover, the expression of several Pi starvation-inducible genes is sup-
pressed in the ZAT6 overexpressing lines, indicating that ZAT6 is also a repressor of
the Pi starvation response.

WRKY75 is another Pi starvation-inducible gene [117]. The suppression of
WRKY75 by RNAi results in an increased anthocyanin accumulation, reduced Pi
uptake, and reduced acid phosphatase activity. In addition, the lateral root
length and number and the root hair number are increased in these knockdown
plants, leading to an increased Pi content. Furthermore, the expression of Pi
starvation-inducible genes is also suppressed in the WRKY75 RNAi lines. Hence,
WRKY75 has been suggested to be a positive regulator of Pi starvation response.
The involvement of another WRKY gene, WRKY6, in the Pi starvation response
was also indicated by the phenotype of Arabidopsis lines overexpressing this gene
under low Pi conditions. Similar to the pho1 mutant, these transgenic lines
were found to be defective in loading Pi into the xylem [118, 119]. It was shown
that WRKY6 can bind to two W-boxes of the PHO1 promoter to repress the PHO1
gene. In addition, WRKY42, the closest homologue of WRKY6, also represses
PHO1 expression. Furthermore, degradation of the WRKY6 protein by the 26S
proteasome under low Pi conditions was found to cause the repression of
PHO1 [118], indicating a molecular mechanism for Pi starvation that is mediated
by a transcription factor.

Another Pi starvation-inducible gene in Arabidopsis, BHLH32, encodes a bHLH
transcription factor [120]. In the bhlh32 mutant grown under Pi-sufficient condi-
tions, the Pi starvation-inducible expression of PPCK (phosphoenolpyruvate car-
boxylase kinase) genes, anthocyanin accumulation, and root hair formations were
promoted. Also, the Pi content in the mutant was higher than that of the wild-type
Arabidopsis. Thus, BHLH32 is likely to be a negative regulator of the Pi starvation
response.

The OsPTF1 (Rice Pi starvation-induced transcription factor 1) gene encoding a
bHLH transcription factor was identified using a subtractive hybridization method
with a cDNA library that was constructed using mRNA from rice roots subjected to
Pi starvation [121]. The expression of OsPTF1 was found to be upregulated by
Pi starvation in roots but remained constitutively active in shoots. Transgenic rice
plants overexpressing OsPTF1 showed increase in the tiller number, shoot and root
biomass, and the Pi content under low Pi conditions compared to wild-type rice
plants.

Although the involvement of several Pi starvation-inducible transcription
factor genes in the Pi starvation response has been conclusively shown by
phenotypic analyses of the corresponding mutants and/or transgenic plants,
the molecular functions of these factors and their target genes remain to be
clarified.
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26.5.3
Transcription Factors Associated with the Sulfur Starvation Response

Sulfur is an essential macronutrient required for plant growth. Plants uptake sulfate
in the soil and use it for synthesis of cysteine and methionine, which are further
utilized for the biosynthesis of other sulfur-containing organic compounds. Because
of the important roles a number of sulfur-containing compounds play in plants,
sulfur starvation induces the expression of sulfate transporters and activates the
uptake of sulfate in roots. It is known that SULTR1;1 and SULTR1;2 are the high-
affinity sulfate transporters inArabidopsis, the transcripts of which are upregulated by
sulfur starvation and downregulated by the sulfur-containing metabolites, cysteine
and glutathione [122]. Analysis of theSULTR1;1 gene promoter revealed the presence
of a sulfur-responsive cis-element (SURE), which directs both the induction of this
gene by sulfur starvation and its repression by cysteine and glutathione [123].
Furthermore, a 7-bp sequence within the SURE was found to be the core sequence
that functions in the response to sulfur starvation. This core sequence is present in
many sulfur starvation-responsive gene promoters [123], although not in the
SULTR1;2 promoter. No SURE binding protein has yet been identified.

Although transcription factors directly regulate the expression of sulfur starvation-
responsive genes, a mutation in a gene encoding the SLIM1 (SULFUR LIMITA-
TION 1) transcription factor has been found to affect the sulfur starvation-responsive
gene. SLIM1 was identified through the analysis of an Arabidopsis mutant in which
the expression of GFP originating from the SULTR1;2 promoter::GFP construct was
abolished under sulfate starvation conditions [124]. SLIM1 is amember of the EIN3/
EIL family that includes the ethylene-responsive transcription factors, EIN3 and
EIL1, in Arabidopsis [125], but appears to be functionally distinguishable from other
members of the EIL family, as they cannot rescue the phenotype of the slim1
mutants [124]. In the slim mutant, the sulfate uptake activity was reduced and the
growth of primary roots was inhibited under the sulfur-limiting conditions. Tran-
scriptome analysis of the slim1mutant revealed that SLIM1 functions to upregulate
the genes for several isoforms of sulfate transporters, including SULTR1;1 and
SULTR1;2 that function to uptake sulfate and SULTR4;2 that functions to release
sulfate from the vacuoles in root tissues [122, 126] in response to sulfur starvation. In
addition, a serine acetyltransferase gene, SERAT3;1, involved in cysteine synthesis,
and a thioglucosidase gene involved in the degradation of glucosinolates for catabolic
sulfur recycling were found to be upregulated under sulfate starvation conditions in
the SLIM1-dependent manner [127]. The expression of genes encoding enzymes
involved in the biosynthesis of glucosinolate, a major sulfur-containing secondary
metabolite [128], was also affected by the slim1mutation. Hence, SLIM1 is proposed
to be a global regulator of sulfate metabolic pathways [124]. Since the level of SLIM1
mRNA is not modulated by changes in the sulfur conditions, posttranscriptional
modifications in response to sulfur starvation may be critical for controlling SLIM
activity [124]. Despite the close relationship between the SLIM activity and the sulfur
starvation response, it is still unknown whether SLIM directly regulates genes that
function in the regulatory network underlying the sulfur starvation response.
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26.5.4
Iron Response-Related Transcription Factors

Iron is an essential micronutrient for plants and is required for cellular processes
including photosynthesis and nitrogen fixation in legumes. Under aerobic or
alkaline conditions, iron is present in an oxidized low-soluble Fe(III) form in the
soil, which is not readily available for plants. Plants thus need to develop a
mechanism for the effective acquisition of iron in the soil. Higher plants, with
the exception of grasses, release protons around the roots to lower the pH, induce
the expression of Fe(III) chelate reductase to reduce iron to the more-soluble Fe(II)
form, and induce an Fe(II) transporter system for the uptake of Fe(II) into the root
epidermis. This plant response to iron deficiency is called the strategy I
response [129]. On the other hand, grasses have evolved a distinct strategy for
iron uptake that is known as strategy II. They produce molecules of the mugineic
acid family called phytosiderophores (PSs). PSs are secreted around the roots to
form the soluble Fe(III)–PS complex, which is then taken up into the root cells
through the Fe(III)–PS complex transporters [129].

The tomato FER was the first identified transcription factor associated with the
strategy 1 response [130]. FER is a bHLH transcription factor expressed in roots under
iron-deficient conditions [130]. Its abundance appears to be posttranscriptionally
modulated, as it is detectable only when the iron levels are low. This is despite the
fact that FER is constitutively and strongly expressed under the control of the 35S
promoter [131]. In the fermutant tomato, there is a decrease in Fe(III) chelate reductase
activity and expression of the Fe(II) transporter gene [130]. Similarly,Arabidopsis FIT1/
FRU (Fe-DEFICIENCY-INDUCED TRANSCRIPTION FACTOR1/FER-LIKE REGU-
LATOROF IRONUPTAKE), an orthologue of tomato FER [130, 131], was shown to be
involved in the expressionof theFe(III) chelate reductase (FRO2)gene andpromote the
accumulation of Fe(II) transporter (IRT1) in the roots under iron-deficient condi-
tions [132, 133]. The overexpression of FIT1 did not affect the expression of FRO2 and
IRT1.However, when FIT1 was coexpressed strongly with AtbHLH38 or AtbHLH39,
which physically interactwith FIT1, bothFRO2 and IRT1were constitutively expressed
regardless of the iron conditions [134]. Furthermore, Fe(III) chelate reductase activity
was higher in the transgenic Arabidopsis lines, coexpressing FIT1 and AtbHLH38 or
AtbHLH39, than in the wild-type and transgenic lines overexpressing FIT1,
AtbHLH38, orAtbHLH39 alone.Moreover, the coexpressors accumulate IRT1 protein
regardless of the iron conditions, resulting in the accumulation of more iron in their
shoots [134]. As the AtbHLH38 and AtbHLH39 genes are upregulated under condi-
tions of iron deficiency [134, 135], the cooperative action of FIT1, and AtbHLH38 and
AtbHLH39, has been shown to play a critical role in the response to this stress.

The transcription factor involved in the strategy II response has also been identified
through the profiling of iron deficiency-induced genes [136, 137]. This was a rice
bHLH transcription factor, OsIRO2. Under iron-deficient conditions, rice plants
overexpressing OsIRO2 exhibited improved growth, whereas the knockdown lines
generated by RNAi showed a reduced biomass and accumulated less iron [137]. The
expression of many genes involved in PS biosynthesis and a Fe(III)-PS transporter
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gene, OsYSL15, was enhanced in the OsIRO2 overexpressors and repressed in the
RNAi lines [137, 138]. Recently, it has been shown thatOsIRO2 expression is regulated
by another transcription factor, IDEF1 [139]. IDEF1 is a member of the ABI3/VP1
family of transcription factors and binds to the iron deficiency-responsive cis-element,
IDE1, which is present in the promoter of the barley IDS2 gene involved in PS
biosynthesis [139, 140]. Transgenic rice expressing IDEF1under the control of an iron
deficiency-inducible promoter exhibited improved tolerance to iron deficiency [139],
accompanied by a stronger expression of genes involved in PS biosynthesis, including
OsYSL15, a Fe(II) transporter gene OsIRT1, and a metal-nicotianamine transporter
gene OsYSL2 [139, 141, 142].

Another iron deficiency-responsive cis-element, IDE2, was found in the promoter
of the barley IDS2 gene [140], and it has been shown that a rice NAC transcription
factor, IDEF2, binds to this cis-element [143]. When IDEF2 function was repressed
using the RNAi technique and chimera repressor gene-silencing technology
(CRES-T), the resulting rice plants accumulated more iron in both their shoots and
their roots under iron-sufficient conditions. On the other hand, under conditions of
iron deficiency, the iron concentration appears to be lower in the shoots of the RNAi
and CRES-T rice lines, whereas the iron concentrations in the roots were higher in
transgenic lines. This phenomenon was explained by the hypothesis that the severe
suppression ofOsYSL2 in the IDEF2 RNAi rice and the CRES-Trice lines under iron
deficiency might prevent OsYSL2 from translocating iron from the roots to the
shoots [142, 143]. Transcripts of IDEF1 and IDEF2 are constitutively expressed
regardless of the iron conditions, and IDEF proteins may therefore be modified and
regulated posttranscriptionally [139, 143].

26.5.5
Zinc Deficiency-Responsive Transcription Factors

Zinc is an essential micronutrient and an essential cofactor for many transcription
factors, protein interaction domains, and enzymes both in plants and in ani-
mals [144]. Members of the ZIP family of metal transporters play a major role in
zinc uptake in plants [145]. In Arabidopsis, a ZIP transporter gene, ZIP4, is strongly
induced in response to zinc deficiency [146].UsingZIP4promoter fragments as baits
in a yeast one-hybrid assay, two homologous transcription factors, bZIP19 and
bZIP23, were identified recently [147]. These factors act redundantly, and the
expression levels of both genes are higher under zinc-deficient conditions. Further-
more, the bzip19 bzip23 double mutant exhibited a zinc deficiency-hypersensitive
phenotypeunder zinc-deficient conditions. Both the bZIP19 and the bZIP23proteins
were found to bind a 10-bp imperfect palindromic sequence, termed the ZDRE.
Subsequently, ZDRE motifs were identified in the promoters of ZIP transporter
genes that are responsive to zinc deficiency. Consistent with the roles bZIP19 and
bZIP23 play in zinc deficiency-responsive transcriptional control, zinc deficiency-
responsive ZIP transporter genes were not found to be induced in the bzip19 bzip23
double mutant by a zinc deficiency. Orthologues of bZIP19 and bZIP23, their target
genes, and the ZDRE motif are conserved in different plant species, indicating that
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mechanisms underlying the zinc-deficiency response are conserved in the plant
kingdom [147].

26.6
Transcription Factors Involved in Responses to Excess Metals in the Soil

Some metals in the soil are known to induce stress responses. Transcription factors
involved in the tolerance to excess aluminum (Al) and cadmium (Cd) in the soil have
been identified, suggesting that they could be used in future strategies to develop
metal-resistant crops.

26.6.1
Transcription Factors Mediating Al Tolerance

Ionic Al that is produced in acidic soils inhibits root elongation, even at low
concentrations. The consequent inhibition of water and nutrient uptake results in
a reduction in crop production [148]. One of the best-known mechanisms to tolerate
Al is to excrete organic acid anions, which chelate this metal [148]. In the case of
Arabidopsis, malate is excreted and the expression of a malate transporter gene,
AtALMT1, is induced in response to Al [149]. STOP1 (SENSITIVE TO PROTON
RHIZOTOXICITY 1) encoding a C2H2-type zinc finger protein was found to be a
regulator of this Al response [150]. An Arabidopsis mutant, stop1, was originally
isolated by its hypersensitivity to proton rhizotoxicity andwas found to exhibit shorter
roots under Al stress and low pH conditions. On the other hand, another C2H2-type
zinc finger protein, ART1 (Al resistance transcription factor 1), regulates Al tolerance
in rice [151]. Similar to the case of the stop1mutant of Arabidopsis, the root length of
the art1mutantwas shorter than that of thewild-type rice underAl stress. In response
to Al, ART1 induces the expression of Al tolerance genes including STAR1 and
STAR2, which encode ATP binding and transmembrane domains of a novel ABC
transporter, respectively [151, 152]. The ABC transporter transports UDP glucose,
which may be used to modify the cell wall [152]. Neither the STOP1 transcript levels
nor the ART1 transcript levels were affected by Al treatment, suggesting that the
expression of STOP1 and ART1 may be posttranscriptionally regulated by the Al
conditions. As microarray data have shown that genes downstream of STOP1 are
different from those ofART1, except in a few cases, STOP1 andART1were suggested
to produce Al tolerance via different mechanisms in distinct plant species [151, 153].

26.6.2
The HsfA4a Transcription Factor that Confers Cd Tolerance

Cd is one of themost dangerous heavymetals in the environment. Recently, class A4
heat shock transcription factors (HsfA4a) were found to confer Cd tolerance in rice
and wheat (Triticum aestivum) [154]. Wheat and rice HsfA4a proteins were identified
as factors that conferred Cd tolerance to a Cd-hypersensitive yeast strain. Over-
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expression ofwheatHsfA4awas also found to enhanceCd tolerance in transgenic rice
plants, whereas the knockdown of HsfA4a in rice increased the sensitivity to Cd,
suggesting that HsfA4a plays an important role in Cd tolerance in rice. In both rice
andwheat, Cd treatment induces the expression ofHsfA4a, which in turn induces the
expression of a gene encoding a metallothionein that is a well-known chelator of Cd.
Although further analysis including the identification of additional target genes of
HsfA4a might be necessary, phenotypic analysis of transgenic rice plants over-
expressingHsfA4a has already suggested that theHsfA4a transcription factor will be
useful in the future development of Cd-resistant plants to enable the phytoremedia-
tion of Cd-contaminated fields.

26.7
Conclusions and Prospects

As described in this chapter, a number of transcription factors involved in abiotic
stress responses have been identified over the past decade. Although most were
found in Arabidopsis, the knowledge obtained using this and other model plants has
allowed us to identify functional homologues in commercially important crops and to
develop strategies for enhancement of stress tolerance in these plants. Transcription
factors associated with stress responses may possess the potential to induce the
systematic activation and/or repression of stress-responsive genes in perfect syn-
chrony. Thus, when expression of multiple components in a single cascade or
pathway or activation ofmultiple different cascades or pathways is needed to improve
tolerance to a particular stress signal, the utilization of transcription factors could be
an ideal strategy. In fact, the expression of Dof1 led to the enhancement of nitrogen
assimilation and better growth under nitrogen-deficient conditions, which had not
been adequately achieved through the genetic modification of genes for enzymes
involved in nitrate reduction and assimilation (Figure 26.2). This is a good example of
how the use of transcription factors can improve stress tolerance via the synchronous
modification of multiple genes.

The phenotypes of transgenic plants overexpressing some transcription factors
have already indicated that it is possible not only to improve tolerance to abiotic stress
and increase plant productivity but also to developmetal hyperaccumulator plants for
the phytoremediation of contaminated soil or water. Many transcription factors are
likely expressed in plant cells. Indeed, more than 1000 genes encoding putative
transcription factors have been identified in the Arabidopsis genome [155]. However,
the functions ofmost of the plant transcription factors have not yet been determined.
Thus, identifying the unknown functions of plant transcription factors may make it
possible in the future to generate crops with superior characteristics.

Recent advances in our understanding of the physiological andmolecular features
of transcription factors associated with abiotic stress suggest that posttranslational
control is a key regulatory mechanism in many cases. This agrees with the general
hypothesis that the gene expression associatedwith the primary response ismediated
by preexisting transcription factors. Hence, the genetic modification of mechanisms
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underlying such posttranscriptional control may be a strategy to improve the stress
tolerance of crops. Thismight be particularly true when the simple overexpression of
a transcription factor does not produce the expected phenotype or results in a strong
phenotype with negative effects. In fact, when DREB1/CBF was constitutively and
strongly expressed under the control of the 35S promoter, growth defects were
induced as the stress response in general involves growth arrest. Further analysis of
the regulatory mechanisms underlying transcription factor activity control in plants
is thus warranted and would expand the opportunities to develop crops with an
improved tolerance to environmental stresses in a more sophisticated manner.
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147 Assunç~ao, A.G.L., Herrero, E., Lin, Y.-F.,
Huettel, B., Talukdar, S., Smaczniak, C.,
Immink, R.G.H., van Eldik,M., Fiers,M.,
Schat, H., and Aarts, M.G.M. (2010)
Arabidopsis thaliana transcription factors
bZIP19 and bZIP23 regulate the
adaptation to zinc deficiency. Proc. Natl.
Acad. Sci. USA, 107, 10296–10301.

148 Ma, J.F. (2007) Syndrome of aluminum
toxicity and diversity of aluminum
resistance in higher plants. Int. Rev.
Cytol., 264, 225–252.

149 Hoekenga, O.A., Maron, L.G.,
Pi~neros,M.A., Cancada,G.M.A., Shaff, J.,
Kobayashi, Y., Ryan, P.R., Dong, B.,
Delhaize, E., Sasaki, T., Matsumoto, H.,
Yamamoto, Y., Koyama, H., and
Kochian, L.V. (2006) AtALMT1, which
encodes amalate transporter, is identified
as one of several genes critical for
aluminum tolerance in Arabidopsis. Proc.
Natl. Acad. USA, 103, 9738–9743.

150 Iuchi, S., Koyama, H., Iuchi, A.,
Kobayashi, Y., Kitabayashi, S.,
Kobayashi, Y., Ikka, T., Hirayama, T.,
Shinozaki, K., and Kobayashi, M. (2007)
Zinc finger protein STOP1 is critical for
proton tolerance in Arabidopsis and
coregulates a key gene in aluminum
tolerance. Proc. Natl. Acad. USA, 104,
9900–9905.

620j 26 Transcription Factors: Improving Abiotic Stress Tolerance in Plants



151 Yamaji, N., Huang, C.F., Nagao, S.,
Yano, M., Sato, Y., Nagamura, Y., and
Ma, J.F. (2009) A zinc finger
transcription factor ART1 regulates
multiple genes implicated in aluminum
tolerance in rice. Plant Cell, 21,
3339–3349.

152 Huang,C.F., Yamaji, N.,Mitani, N., Yano,
M., Nagamura, Y., and Ma, J.F. (2009) A
bacterial-type ABC transporter is involved
in aluminum tolerance in rice. Plant Cell,
21, 655–667.

153 Sawaki, Y., Iuchi, S., Kobayashi, Y.,
Kobayashi, Y., Ikka, T., Sakurai, N.,
Fujita, M., Shinozaki, K., Shibata, D.,
Kobayashi, M., and Koyama, H. (2009)
STOP1 regulates multiple genes that
protect Arabidopsis from proton and

aluminum toxicities. Plant Physiol., 150,
281–294.

154 Shin, D., Hwang, J.-U., Lee, J., Lee, S.,
Choi, Y., An, G., Matrinoia, E., and Lee, Y.
(2009) Orthologs of the class A4 heat
shock transcription factor HsfA4a confer
cadmium tolerance in wheat and rice.
Plant Cell, 21, 4031–4043.

155 Riechmann, J.L., Heard, J., Martin, G.,
Reuber, L., Jiang, C.-Z., Keddie, J., Adam,
L., Pineda, O., Ratcliffe, O.J., Samaha,
R.R., Creelman, R., Pilgrim, M., Broun,
P., Zhang, J.Z., Ghandehari, D.,
Sherman, B.K., and Yu, G.-L. (2000)
Arabidopsis transcription factors:
genome-wide comparative analysis
among eukaryotes. Science, 290,
2105–2110.

References j621



27
Polyamines in Developing Stress-Resistant Crops
Francisco Marco, Rubén Alc�azar, Teresa Altabella, Pedro Carrasco, Sarvajeet Singh Gill,
Narendra Tuteja, and Antonio F. Tiburcio

Polyamines (PAs) are small protonated compounds with key roles in plant devel-
opment and physiological processes. PAs may also function as stress messengers in
plant responses to different stress signals. Recent studies using exogenous appli-
cation of polyamines and more contemporary genetic manipulation of polyamine
levels in crops andmodel species point to their involvement in stress protection. The
different mechanisms by which polyamines exert their functions are presently being
unraveled and involve different modes of action that are summarized in this chapter.
Polyamines are integrated with other stress-related hormone pathways, such as
abscisic acid (ABA), reactive oxygen species (ROS) signaling, nitric oxide, and
regulation of ion channels that are now being elucidated. Also, polyamines are
implicated in the transcriptional regulation to abiotic and biotic stresses as revealed
in recent global transcriptome analyses. The genetic manipulation of polyamine
levels has been proven to be an efficient tool for enhancing stress tolerance in many
plant species. A number of examples and their potential application to crops for a
sustainable agriculture are discussed in this chapter, along with the most recent
advances in our understanding of the regulation and mode of action of polyamines.

27.1
Introduction

27.1.1
PA Biosynthesis and Catabolism in Plants

Plants live in an ever-changing and often unpredictable environment that repre-
sents the major limiting factors for agricultural crop productivity. Plants, unlike
animals, cannot move and therefore encounter a variety of environmental stresses
throughout their life cycle. It is predicted that the environmental stresses will
become more intense and frequent with climate change, especially global warming.
Among abiotic stresses, cold, heat, salinity, and drought adversely affect plant
growth and productivity and restrict the crops to reach their full genetic potential [1].
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World population is also increasing at an alarming rate and expected to reach
around 10 billion by 2050, which will witness serious food shortages. Therefore,
reducing crop loss is a major challenge to meet the increasing food demand [2].
Plants employ various strategies to cope with the ever-changing environmental
fluctuations [3].

Polyamines (PAs) are a group of polycationic amine-containing compoundswhose
most predominant forms are the diamine putrescine (Put), triamine spermidine
(Spd), and tetramine spermine (Spm) that play a pivotal role in the regulation of
developmental and physiological processes in plants [4]. Put, Spd, and Spm mole-
cules differ in the number of aminopropyl moieties added to the carbon skeleton of
Put, and thus they differ in their number of positively charged amine groups at the
physiological pH of the cell. Metabolic studies indicate that the intracellular levels of
PAs in plants are mostly regulated by anabolic and catabolic processes (Figure 27.1),
as well as by their conjugation to hydroxycinnamic acids and other macromolecules
such as proteins and DNA.

The PA biosynthetic pathway starts with the synthesis of the diamine Put. In
mammals and fungi, Put biosynthesis is exclusively derived from ornitine (Orn)
decarboxylation in a reaction catalyzed by ornithine decarboxylase (ODC). Plants and
bacteria can also synthesize Put via an alternative pathway involving arginine (Arg)
decarboxylation by arginine decarboxylase (ADC), aswell as two additional successive

Figure 27.1 Polyamine biosynthesis and
catabolism in plants. Biosynthetic pathways are
indicated in black and degradation routes in
grey. ACCs, ACC synthase; ACCox, ACC oxidase;
ADC, arginine decarboxylase; AIH, agmatine
iminohydrolase; CPA, N-carbamoylputrescine
amidohydrolase; DAO, diamine oxidase; 1,3-
DAP, 1,3-diaminopropane; dcSAM,

decarboxylated S-adenosylmethionine; ODC,
ornithine decarboxylase; PAO, polyamine
oxidase; SAM, S-adenosylmethionine; SAMs,
S-adenosylmethionine synthase; SAMDC,
S-adenosylmethionine decarboxylase; SPDS,
spermidine synthase; SPMS, spermine
synthase.
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steps involving agmatine iminohydrolase (AIH) and N-carbamoylputrescine ami-
dohydrolase (CPA) activities. Put serves as a precursor of Spd andSpmby consecutive
additions of aminopropyl groups catalyzed, respectively, by Spd synthase (SPDS) and
Spm synthase (SPMS). Both enzymes use decarboxylated S-adenosylmethionine
(dcSAM) as donor of aminopropyl moieties, which is formed by decarboxylation of
SAM in a reaction catalyzed by SAM decarboxylase (SAMDC) (Figure 27.1).

PAs are degraded by oxidative deamination in reactions catalyzed by amine
oxidases, in particular diamine oxidases (DAOs) and PA oxidases (PAOs). DAOs
display high affinity for diamines, similar to Put, producingD1-pyrroline, H2O2, and
ammonia (Figure 27.1).D1-pyrroline is catabolized into c-aminobutyric acid (GABA)
(Figure 27.1), which is ultimately converted into succinic acid, a component of the
Krebs cycle. PAOs oxidize secondary amine groups fromSpd and Spm, leading to the
formation of 4-aminobutanal or (3-aminopropyl)-4-aminobutanal, along with 1,3-
diaminopropane (DAP) andH2O2 (Figure 27.1). Spm could also be backconverted to
Spd by PAOs with concomitant production of 3-aminopropanal and H2O2. There-
fore, the PA metabolic pathway is also interconnected with other metabolic routes
involved in the formation of various signaling molecules and metabolites that are
relevant to plant stress responses such as ethylene, GABA, or H2O2 (Figure 27.1) [5].

Many evidences point to the requirement of Put and Spd for plant life and
development. Depletion of Put and Spd levels by genetic or chemical means is
lethal in yeast, protists, and plants [6–9]. Indeed, all living organisms analyzed so far
contain endogenous pools of Put and Spd. Conversely, Spm-deficient organisms
seem viable but show different degrees of dysfunction, thus suggesting an important
involvement of Spm in growth and developmental processes [10–13].

In plants, PAs have been implicated in a wide array of fundamental processes such
as cell cycle, transcriptome regulation, hormone signaling, plant growth and devel-
opment, and response to biotic and abiotic stresses [14–21].

27.2
PAs and Stress

The first observation on the effects of stress in PA levels in plants was reported by
Richards and Coleman [22], who showed an increase in the endogenous levels of
Put in oat plants grown under potassium starvation. Since then, a large number of
studies have shown an increase in PA levels in response to different biotic and
abiotic stresses [14, 16, 23]. Stress-triggered PA accumulation correlates
with enhanced tolerance to different stresses, such as salinity [24–27], chilling
[27, 28], osmotic and acidic stresses [29], radiation-induced oxidative stress [30], and
so on [23].

Also, early studies based on the application of exogenous PAs or PA biosynthesis
inhibitors have also been useful to identify correlation between PA stress accumu-
lation and plant tolerance [16]. Nevertheless, it has to be noted that exogenous
application of PAs may have certain limitations, such as differences in the uptake
rates between replicates, the possible deleterious effects of PAs when applied to
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membranes at high doses, and an insufficient specificity of the inhibitor applied in
some instances, determined frequently by differences in the localization of the
inhibitor and the target enzyme [31].

Since the identification of the oat ADC by Bell and Malmberg [32], many genes
coding for enzymes involved in PAmetabolism have been cloned from several plant
species and their expression under stress conditions analyzed [14, 33]. Reports from
those experiments show that some of the PA biosynthetic genes raise their
expression levels in response to stress, although with different kinetics. Some PA
biosynthetic genes are rapidly induced shortly after stress treatment and undergo a
continuous rise or a minor change with a prolonged period of stress. Conversely,
others are induced only when the stress is exerted for a certain period. These
observations indicate a differential regulation of PA biosynthetic genes during
stress, consistent with different pathways involved in the regulation of PA biosyn-
thesis under stress [34]. When trying to combine transcriptional profiles from
independent experimental designs, the different kinetics may depend on several
factors, such as plant species, duration, and intensity of stress or stress sensitivity of
the experimental materials [24, 25, 35, 36]. Hence, rather than analyzing single
genes in the PA pathway, a broader approach that aims to analyze the whole PA
biosynthetic transcriptome is more informative for the study of gene kinetics.
Unfortunately, there are very few examples where these approaches have been
undertaken [34, 37–40].

27.3
Transgenic Modifications of PA Biosynthetic Route and Improvement
of Stress Tolerance

The identification and cloning of the genes coding for PA biosynthetic enzymes has
also allowed the generation of transgenic plantswith altered endogenousPA levels, in
order to overcome the problems arising from the use of exogenous PAs or the lack of
specificity of certain PA biosynthetic inhibitors. Table 27.1 summarizes a number of
examples of overexpression ofODC,ADC, SAMDC, and SPDS in rice, tobacco, pear,
sweet potato, andArabidopsis during over the years, with different results concerning
the modification of one or more specific PAs, but all showing in common an
enhanced tolerance against a broad spectrum of stress conditions (Table 27.1).
Enhanced tolerance always correlated with elevated levels of Put and/or Spd and
Spm. Transgenic rice plants carrying oat ADC under control of an abscisic acid
(ABA)-inducible promoter showed higher ADC activity, higher Put level, and
increased biomass under salt stress than wild-type plants [41]. Similarly, constitutive
overexpresssion ofDatura stramonium ADC gene in rice produced transgenic plants
that accumulated higher levels of Spd and Spm than the wild type when exposed to
drought stress. These lines also showed an improvement in drought tolerance, with a
lower degree of chlorophyll loss and leaf curling than thewild type [29].More recently,
constitutive homologous overexpression of ADC genes in Arabidopsis also leads to
transgenic plants with elevated Put levels and resistant to freezing conditions [42] and
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drought stress [43]. Salt tolerance has also been obtained in tobacco plants over-
expressing mouse ODC, which showed higher Put levels, a better germination
frequencies, and a less degree of wilting in salt than wild-type plants [44].

SAMDC cDNAshave been also used to generate transgenic plantswith elevatedPA
levels (Table 27.1). Constitutive overexpression of Tritordeum SAMDC gene in rice
resulted in a three- to fourfold increase in Spd and Spm levels in the transformed
plants [26]. Stress tolerance of those plants was demonstrated by their normal growth
and development under NaCl stress. The tobacco plants obtained by Waie and
Rajam [45] are another example of heterologous constitutive SAMDC overexpression
where a human SAMDC gene was driven by a constitutive CaMV35S promoter. The
transgenic tobacco lines obtained showed higher Spd and Put levels, as well as
tolerance to salt and drought stresses [45]. More recently, transgenic tobacco plants
overexpressing carnation SAMDC also showed a broad-spectrum tolerance to abiotic
stresses [46]. Transgenic tomato plants with high levels of Spm and Spd and tolerant
to heat stress have been obtained by constitutive overexpression of yeast SAMDC
gene [47]. Also, homologous overexpression of SAMDC1 gene inArabidopsis leads to
elevated Spm levels and enhanced tolerance to salt stress [67].

Transgenic plants overexpressing SPDS share common features of elevated Spd
levels aswell as broad-spectrum stress tolerance (Table 27.1). Thus, overexpression of
SPDS fromCucurbita ficifolia in Arabidopsis enhanced tolerance to chilling, freezing,
drought, salinity, osmosis, and paraquat [48]. Transformation of the same gene into
sweet potato (Ipomoea batatas) produced transgenic plants withmore tolerance to salt
and drought than the wild type [49]. Higher Spd titers are also found in transgenic
pear plants overexpressing apple MDSPDS1 gene, being also more tolerant than
wild-type plants when exposed to AlCl3 long-term stress [50].

On the other hand,Wi and Park [51] employed an alternative way to raise PA levels
by favoring the flux of SAM to PAs using antisense silencing of ethylene biosynthesis
genes ACC synthase and ACC oxidase in tobacco. Transgenic plants obtained raised
Put and Spd levels and increased their tolerance to oxidative, high salinity, and acid
stresses [51]. Previously, high PA levels were also found in a tobacco DFMO-resistant
line, which was also resistant to acidic stress conditions [52].

In summary, all these examples show the correlation between accumulation of Put
and Spd and Spmwith stress tolerance, often with a broad spectrum of stresses. This
correlation is also reinforced by the results obtained from loss-of-functionmutations
in PA biosynthetic genes. For example, EMS mutants of Arabidopsis thaliana spe1-1
and spe2-1 (which map to ADC2) showing reduced ADC activity are deficient in PA
accumulation after acclimation to high NaCl concentrations and exhibit more
sensitivity to salt stress [53]. Another study shows that a Ds insertion mutant
(adc2-1), with Put levels diminished up to 75% of wild-type plants, is more sensitive
to salt stress, whereas its salt-induced injury is partly reverted by the addition of
exogenous Put [54]. Other ADC1 (adc1-2, adc1-3) and ADC2 (adc2-3, adc2-4) mutant
alleles are more sensitive to freezing, and this phenotype is partially rescued by
adding exogenous Put [37]. On the other hand, acl5/spms Arabidopsis doublemutants
that do not produce Spm and thermospermine are hypersensitive to salt and drought
stresses, and the phenotype is mitigated by application of exogenous Spm [55].
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27.4
Possible Mechanisms of PA Action in Stress Responses

Taken together, results presented in the above sections indicate that elevatedPA levels
represent a stress-induced protective response with a protective role. However, the
precise mechanism of action by which PAs could protect plants from challenging
environmental conditions remains unclear, although some progress has been
made [4, 56].

Classically, the most common explanation for protective roles of PAs have been
related to their chemical structure: the polycationic nature of PAs at physiological pH
enables them tomodulate ion balance of the cell and interact with anionicmolecules,
such asDNA,RNA, proteins, andmembrane lipids [57, 58]. PAbinding to proteins or
nucleic acids could not only protect them from degradation but also provide a
moleculewith themost stable conformation under stress conditions. A large number
of evidences suggested that exogenous application of PAs (di-, tri-, and tetraamines)
were shown to stabilize plant cell membranes, protecting them from damage under
stress conditions [33, 59], and endogenous PAs are also suggested to participate in
sustaining membrane integrity [60].

Also, an antioxidative role has been proposed for PAs due to a combination of their
possible role as radical-scavengingmolecules bymeans of their dual anion and cation
binding properties [61] and their capability to inhibit both lipid peroxidation [62] and
metal-catalyzed oxidative reactions [63]. Spm, Spd, and Put all reduce level of
superoxide radicals generated by senescing plant cells [64]. Alternatively, PA catab-
olism produces H2O2, a signaling molecule that can enter the stress signal trans-
duction chain promoting an activation of an antioxidative defense response.Owing to
the fact that this peroxide production could also be a source of oxidant species, the role
of PAs acting as antioxidants is still a matter of debate [23].

On the other hand, more recent data show that modification of endogenous PA
levels alters the expression of an important number of genes, most of them stress
related. Some of these stress-related genes could promote the synthesis of more
protective compounds and render stress tolerance. This is seen, for example, in
tobacco SAMDC overexpressing plants that have higher levels of expression of
several antioxidant enzymes, such as ascorbate peroxidase, superoxide dismutase,
and glutathione S-transferase [46]. Microarray analysis of Arabidopsis plants over-
expressing SPDS shows that those transgenic plants have higher expression levels of
some stress-related transcription factors, such as DREB, WRKY, B-box zinc finger
proteins, NAM proteins, and MYB, along with stress-regulated genes, such as low-
temperature-induced protein 78 (LTI78 or rd29A) [48]. More recently, analysis of
transcriptome profiles of Arabidopsis plants overexpressing homologous ADC2,
SAMDC1, or SPMS shows a preferential induction of stress-related genes
[65–67]. When the expression profiles of those Put and Spm overproducer plants
are compared, a set of 71 genes always appear to be upregulated and enriched in
stress-related genes, including Ca2þ signaling-related proteins, as well as several
putative transcription factors [66].

27.4 Possible Mechanisms of PA Action in Stress Responses j629



The existence of plant PAmodulon expression system, in a situation similar to the
systems proposed previously in Escherichia coli [68] and yeast [69], could be one of the
possible explanations for some of the transcriptional changes observed in PA
accumulating plants, although the identification of members of this plant PA
modulon is still an issue unresolved. In the future, an additional effort in the isolation
of the transcription factors controlling expression of genes when PA metabolism is
modified is needed to clarify the possible existence of a �PA plant modulon.�

Also, most of the transcriptional changes observed could be a consequence of
crosstalk of PAs and other signaling routes [70]. There are some evidences of
crosstalk between PAs and ABA. Upregulation of PA biosynthetic genes ADC2,
SPDS1, and SPMS and accumulation of Put under drought stress in Arabidopsis are
mainly ABA-dependent responses [34]. Evidence of crosstalk with Spm and ABA is
also shown in SAMDC1 overexpressing Arabidopsis plants, with elevated levels of
ABAdue to the induction ofNCED3, a key enzyme involved inABAbiosynthesis [67].

Apossible link between PAs, Ca2þ homeostasis, and stress responses has also been
pointed out [56]. Spm control of Ca2þ allocation through regulating Ca2þ permeable
channels, including CAXs, has been described as a possible way of action for the
protective role of Spm against high salt and drought stress [13, 71].Moreover, changes
in free Ca2þ in the cytoplasm of guard cells are involved in stomatal movement that
may explain drought tolerance induced by Spm.What is more, Ca2þ signaling genes
are one of the gene categories mainly upregulated in Put and Spm overproducer
plants [66]. Also, a �Spm signaling pathway� has been proposed to explain the role of
enhancedPAaccumulationobservedduringpathogenresponse inArabidopsis [72, 73].
This signaling pathway could function via the merged signal of Spm-activated Ca2þ

influxandH2O2producedbySpmdegradationforPAoxidases.Bothprocesses areable
to trigger mitochondrial dysfunction and activation of the cell death programme [73].

Put, Spd, and Spm also regulate stomatal responses by reducing their aperture and
inducing closure [74, 75]. It has been proposed that PAs could regulate stomatal
closure in amechanism involving peroxide productionbypolyamineoxidation, aswell
as interactions with nitric oxide (NO) signaling [76]. Thus, PAs could act synergically
with reactive oxygen species (ROS) and NO in promoting ABA responses in guard
cells [56]. PAs could also regulate stomatal closure responses by their capacity to block
fast-activating vacuolar cation channels by their charge properties, as well as affecting
protein kinase and phosphatase activities that regulate ion channel functions [56].

In summary, PA action in plant stress responses seems to imply several layers of
action. Figure 27.2 illustrates the possible mechanisms underlying enhanced stress
tolerance shown by plants with enhanced PA production obtained by transgenic
modification. In conclusion, manipulation of polyamine metabolism seems to be a
good strategy to obtain tolerant plants, both by the protecting role that PA can exert by
their structure and by their capacity to act as a key regulatory molecule in stress
responses. Combination of both factors could lead to improved stress tolerance in
plants (Figure 27.2).

All these studies demonstrated that a transgenic approach involving PA biosyn-
thetic genes may be a good strategy to improve crop tolerance against harsh
environments so as to meet the requirements of a challenging global environment.
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Interestingly, broad-spectrum tolerance (salinity, drought, low and high temperature,
and parquet toxicity) is observed for some of the transgenic plants overexpressing
ADC, SPDS, or SAMDC (Table 27.1). Such multiple abiotic stress tolerance is of
practical importance since plants often suffer from several concurrent forms of
environmental stress during their life cycle.

Acknowledgment

Thework in the laboratory ofNT is partially supported by the grants fromDepartment
of Biotechnology and Department of Science and Technology, Government of India.

Figure 27.2 Possible mechanisms underlying
enhanced stress tolerance via transgenic
alteration of polyamine biosynthetic genes.
Overexpression of PA biosynthetic genes leads
to changes in PA levels in plants (accumulation
of individual or total PAs) that could act, on the
one hand, as antioxidants to scavenge excessive
free radicals or asmembrane stabilizers through

binding to structures with negatively charged
groups, such as DNA, proteins, and lipids, and
on the other hand, being able to activate plant
defense response mechanisms directly (by
unknownmechanisms) and by interactionswith
other signaling pathways, such as ABA, Ca2þ , or
NO. Combination of these factors could lead to
plant stress tolerance. Adapted from Ref. [33].
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Wheat: Functional Genomics of Abiotic Stress Tolerance
Paramjit Khurana, Harsh Chauhan, and Neetika Khurana

Abiotic stresses such as extreme temperatures and water availability, high salt, and
deficiencies or toxicity of minerals severely affect productivity of cereal crops
worldwide. These stresses become even more disastrous in present environment
of climate change. Wheat is one of the most important cereal crops providing
approximately 20% percent of calories in human food. Wheat is grown in adverse
environments, especially high temperature and low water availability, thereby
limiting yield potential. There is ample variation available in abiotic stress tolerance
in germplasm of wheat and its wild relatives. However, it has been relatively less
exploited due to poor understanding of wheat genome and its molecular basis of
stress response. Functional genomics is now widely seen as providing tools for
dissecting abiotic stress response in various crop plants. Functional genomics involve
many related approaches such as global gene expression profiling, identification of
responsive genes/alleles, followed by mutant analysis or transgenic approaches to
assign the function of specific gene or its product protein. Since wheat genome is not
sequenced, genome-wide collection of ESTs and full-length cDNAs is important for
structural and functional analysis of wheat genes responsive to abiotic stresses. This
chapter deals with the present knowledge of wheat functional genomics and pro-
spects of molecular breeding for abiotic atress tolerance.

28.1
Introduction

Wheat is an important crop globally and ranks second in production as a cereal crop.
Being a staple food, demand for wheat in developing countries is expected to grow at
around 2.2% annually similar to the existing rate of production growth; thus, it has
been postulated that by 2020 one billion tonnes ofwheatwould be required to feed the
population [1]. Of the various factors influencing wheat crop productivity, abiotic
stresses play an important role. Climate change acceleration leading to global
warming and higher CO2 has a major impact on wheat productivity and world
wheat production is predicted to decline by as much as 8% from the 2008/09 record
volume (FAO, 2009). Thus, to develop improved wheat varieties, molecular genetic
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tools and functional genomics need to be utilized and integrated into the existing
breeding practices. Though wheat genome has been refractory due to its large
genome size (16 000Mb), amplification of transposable elements (TEs), coupledwith
duplication of chromosome segments, and polyploidization, a number of approaches
have been developed for wheat genomic research. Development of transgenic wheat,
massive EST collections, and cDNA arrays along with comparative genomics
approaches have opened new opportunities for wheat improvement. To identify
agronomically important genes, the function of genes must be known. Thus, of late,
functional genomics is fast emerging as a major tool for wheat improvement.

28.2
Functional Genomics Approaches

28.2.1
Proteomics

For functional analysis of proteins, their structural analysis is necessary. Morita
et al. [2] developed a novel way of screening protein folding and function by using
wheat germ cell-free system. This was the first experimental evidence of the
applicability of the wheat germ cell-free protein synthesis system to high-throughput
structural analysis of functional proteins. In the same year, Majoul et al. [3] analyzed
the effect of high-temperature stress on wheat endosperm proteome by employing
two-dimensional electrophoresis coupled with analysis by matrix-assisted laser
desorption/ionization mass spectrometry and tandem mass spectrometry and
characterized heat-induced proteins. The same group in 2004 [4] analyzed the
nonprolamin fraction that contains albumins and globulins and functionally iden-
tified 42 proteins, some involved in carbohydrate metabolism and others associated
with abiotic stresses and heat shock proteins. Using a similar approach, Bahrman
et al. [5] identified wheat leaf protein expression profile and found that most of them
are involved in carbohydratemetabolism. For further enhancingwheat leaf proteome
research,Donnelly et al. [6] used a combination of protein and expressed sequence tag
database and partially characterized the wheat leaf proteome. They found that a
majority of proteins were involved in energy production and primary or secondary
metabolism. Mamone et al. [7] undertook a more detailed characterization of wheat
gliadin proteins providing insight into the complex nature of gliadin production.
Techniques involving subproteome fractionation combined with two-dimensional
electrophoresis and protein identification led to an effective separation of the highly
abundant gliadins and glutenins from much less abundant albumins and globu-
lins [8]. An interactome of proteins associated with abiotic stress was developed by
using a yeast-two-hybrid GAL4 system and specific protein interactive assays [9]. This
revealed a networking of regulatory factors such as phospholipaseCandGTPbinding
protein, VRN1/2, that play vital roles during vernalization, flower initiation, and
abscisic acid signaling along with various abiotic stress-related proteins. Gobaa
et al. [10] using 1BL.1RS translocation lines provided valuable insight into the
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endosperm protoeome. They found that in the translocated genotypes the loss of a
dimeric a-amylase inhibitor may explain the dough stickiness associated with such
genotypes. Upregulation of a certain c-gliadin with nine cysteine residues indicated
the regulation involved in the synthesis of prolamines in the wheat endosperm.

Merlino et al. [11] analyzed soluble proteins by two-dimensional electrophoresis and
MALDITOF in 112 recombinant inbred lines (�opata 85�� �synthetic W7984�) and
identified heat shock proteins, b-amylases, UDP-glucose pyrophosphorylases, perox-
idases, and thioredoxins. Winning et al. [12] examined the implications of different
drought treatments on the protein fractions in grains of winter wheat using proton
nuclear magnetic resonance spectrosocopy followed by chemometric analysis. The
results indicated that protein metabolism is highly influenced by multiple drought
events. In a recent study on flooding stress and cell wall proteome of wheat roots, Kong
et al. [13] employed a gel-based proteomic and LC-MS/MS-based proteomic techniques
and found that most upregulated proteins belonged to the category of defense and
disease responses. However, downregulation of three proteins such as methionine
synthase, b-1,3-glucanases, and b-glucosidase suggested that wheat seedlings respond
to flooding stress by restricting cell growth. Thus, the various proteomics studies
identified several key proteins leading to a newer discipline called �metabolomics.�

28.2.2
Metabolomics

Metabolomics includes a large number of metabolomic reactions that represents the
dynamic changes from one condition to the other. Balmer et al. [14] analyzed the
amyloplast proteome fromdevelopingwheat endosperm, and identified 289 proteins
involved in carbohydrate metabolism, plastid division, energetics, nitrogen and
sulphur metabolism, nucleic acid-related reactions, synthesis of amino acids, iso-
prenoids, fatty acids, transport, signaling, stress, and related processes. This study
thus presents a broad metabolic capability of amyloplasts. On the basis of this
proteomic data, Dupont [15] organized the putative amyloplast proteins into pro-
posed metabolic and biosynthetic pathways. An �amyloplast metabolic map� was
thus created emphasizing the role played by amyloplasts in endospermmetabolism.

28.2.3
RNA Interference-Based Gene Silencing

RNAi silencing has emerged as a potential tool for functional genomics for hexaploid
wheat. It is particularly advantageous for polyploid species such as wheat since it
allows the silencing of all homologous gene copies [16]. Yan et al. [17] developed the
first stable wheat transgenics using RNAi transformation. They reported the reduc-
tion of VRN2 RNA by RNA interference resulting in reduced flowering time. In
another study by Travella et al. [18], RNAi constructs expressing phytoene desaturase
(PDS) and ethylene insensitive 2 (EIN2) were introduced by particle bombardment-
mediated transformation in wheat and the endogenous target mRNA levels of three
homologous genes were seen to decrease due to RNAi silencing. This study also
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demonstrated that homozygous transgenic plants have a stronger reduction in target
mRNA and thus have severe phenotypic changes compared to heterozygous plants,
thus also emphasizing a dosage effect of RNAi in hexaploid wheat. Uauy et al. [19]
cloned a wild wheat allele encoding an NAC transcription factor (NAM-B1) and
showed that reduction in RNA levels of the TaNAM genes by RNA interference
delayed senescence and decreased protein content, zinc, and iron in wheat grains.
Yue et al. [20] report the silencing of highmolecular weight (HMW) glutenin subunit
IDX5 that caused reduction in gluten content and dough quality. Thus, RNAi has
been identified as an effective tool to manipulate gene expression for studying
functional genomics in polyploids such as wheat.

28.2.4
TILLING

Targeting-induced local lesions in genomes (TILLING) has been reported as an
efficient tool for functional genomics in plants [21]. Slade et al. [22] demonstrated the
use of TILLING, a reverse genetic, nontransgenic approach for the identification
of 246 alleles of waxy locus encoding granule-bound starch synthase I (GBSSI), in
both hexaploid and tetraploid wheat. They also demonstrated that the triple homo-
zygous mutant contains mutations in two waxy loci created through TILLING, and a
preexisting deletion of the third homologue displayed a near-waxy phenotype. Slade
and Knauf [23] reviewed the advantages of TILLING over RNAi transformation,
especially for identification of genetic variations in complex genomes required for
functional genomic studies. However, till date LI-COR gene analyzers, which use
fluorescently labeled primers, were used for TILLING techniques, which is an
expensive setup. But recently, a nondenaturing polyacryamide gel setup that uses
ethidiumbromidewas used byUauy et al. [24]. They developedmutant populations of
pasta and common wheat and each was characterized by TILLING multiple genes
revealing high mutation density in both populations. Thus, TILLING approach
provides evidence of the presence of many novel alleles for functional genomic
studies.

28.2.5
Transcriptomics

For wheat functional genomics, any alterations in the transcriptome during devel-
opmental processes or abiotic stresses would be very useful in assessing gene
functions. Wilson et al. [25] randomly picked EST clones from 35 cDNA libraries
of different stages of wheat grains and plant development and functionally annotated
them. High-density microarrays based on these libraries were also produced. In
2005 [26], they presented the use of 9155 wheat unigene cDNA microarrays and
reported changes in the wheat embryo transcriptome during maturation and
germination. As expected, accumulation of many mRNAs encoding proteins
involved in amino acid biosynthesis and metabolism, cell division and cell devel-
opment, signal transduction, lipidmetabolism, energy production, protein turnover,
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respiration, initiation of transcription and translation, and ribosomal composition
were observed. Also described were changes in abscisic acid signaling and mRNAs
encoding viviparous1 (VP1), suggesting a detailed analysis of transcriptomics to
enable manipulation and development of new wheat varieties with superior traits.

Lopato [27] enabled the importance and role of proteins involved in posttranscrip-
tional processes such as splicing in the developing wheat grain. The wheat homo-
logue ofAtRSZ33 splicing factor, designated TaRSZ38, was shown to be expressed in
the embryo and inmitotically active tissues of the endosperm by in situ hybridization
and immunodetection. By employing TaRSZ38 as the bait in a two-hybrid screen,
they identified additional proteins that showed high homology to known splicing
factors, thus annotating TaRSZ38 protein to be involved in spliceosome formation.
Laudencia-Chingcuanco et al. [28] studied global gene expression patterns by using
8K wheat cDNA microarrays in developing caryopses and functionally annotated
genes with respect to their expression in the respective developmental stages.
Similarly, Wan et al. [29] investigated the transcriptome of wheat developing
caryopses by Affymetrix GeneChip� wheat oligonucleotide arrays, which has probes
for 55 052 transcripts. Gene expression of 14 550 transcripts was found to be
differentially regulated at different development stages.

SAGE (serial analysis of gene expression) for the transcriptome analysis of
developing caryopsis in wheat was employed by McIntosh et al. [30]. Poole
et al. [31] generated 71 930 long SAGE tags from 6 libraries of 2 wheat genotypes
grown under hot and dry conditions. By using single-copy puroindoline a and b
genes, this SAGE analysis revealed the presence of antisense transcripts that may
have a role in gene regulation. The regulation by antisense transcripts was further
confirmed by Coram et al. [32] by developing a novel protocol to assay sense and
antisense-strand transcription on the 55K Affymetrix GeneChip wheat genome
array, which is a 30 in vitro transcription (30IVT) expression array. Of the 110 sense–
antisense transcript pairs, most were annotated as genes involved in energy pro-
duction, suggesting that photosynthesis is likely to be regulated by antisense
transcripts. Schreiber et al. [33] compared gene expression profiles in barley and
wheat by Affymetrix gene chips and reported their transcriptomes to be highly
correlated and of use in analyzing functional genomics of these cereals.

28.2.6
Transgenics

There has been an unprecedent increase in our knowledge of functional genomics in
wheat by utilizing various newer approaches already discussed. However, the
traditional transgenic approach allows the introduction of gene of interest with
selective modifications. Enhancing nutritional quality, resisting biotic and abiotic
stresses, and herbicide and pesticide resistance would enable to predict the function
of introduced genes [34]. There are various reports utilizing wheat as a system for
raising transgenics for the characterization of a desired gene. Generating gene
knockouts by the introduction of T-DNAs or transposons into wheat has been found
to be very useful for analyzing the gene functions [35].
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28.3
Wheat Genomic Resources

28.3.1
ESTs

Functional genomics exploits various genomic tools, one of thembeing ESTsequence
databases, which has accelerated the pace of gene discovery. There are several publicly
available ESTdatabases for wheat where one can download all the available ESTdata
from hexaploid wheat and other Triticeae species. One such site for downloading
wheat EST data is http://wheat.pw.usda.gov/NSF/curator/wheat_est.html, where
processed 50 EST data, 50 EST raw data, quality scores, 30 EST data, and trace files
are available for download. ESTcontig assembly is performed using a program Phrap
(www.phrap.org/). It is necessary to assess the level of library redundancy. Sequencing
of individual cDNA libraries was then carried out. The results provide unique ESTs to
a specific library. According to the GenBank dbEST database (http://www.ncbi.nih.
gov/dbEST/dbEST_summary.html), there are now over 1 067 304 Triticum aestivum
ESTs available to the public by the ITEC (International Triticeae EST Cooperative)
effort and other sequencing projects (dbESTrelease 012910). Several studies available
made use of these EST databases for comparative mapping revealing structural and
functional relatedness [35–37]. Several groups worked on construction of cDNA
libraries generating ESTs and their utilization for selection of distinct sequencemotif
unigenes, mapping with wheat aneuploid and deletion stocks, required for wheat
genomics and functional genomics studies [38, 39]. Several studies in2006 focused on
the digital expression analysis of these high-quality ESTs obtained fromvarious stages
of wheat growth and development and biotic and abiotic stress-related issues such as
temperature, drought, photoperiod, moisture, and ABA [40–42]. A large number of
stress-responsive genes were identified and their putative functions were analyzed
according to gene ontology. Comparison between different wheat genomes (B andD)
was also reported on the basis of unique ESTs associated with various abiotic stresses
such as heat, cold, drought, salinity, and aluminum by Ramalingam et al. [43].

28.3.2
Full-Length cDNA Resource

Construction of full-length cDNAs provides the putative annotation based on
homology search against several protein databases. One database that provides
full-length coding sequences for wheat along with their annotation is TriFLDB:
Triticeae full-length CDS Data Base (http://trifldb.psc.riken.jp/index.pI). The cur-
rent version provides 8530 putative full-length wheat cDNA sequence and their
annotations. Similarly, anotherwheat genetic resource database (KOMUGI) provides
several tissue-specific, biotic and abiotic stress-related cDNA sequences (www.
shigen.nig.ac.jp/wheat/komugi/ests/tissue). cDNA resource/library has also been
constructed from young spikelets of hexaploid wheat and 24056 ESTs were obtained
from both ends of cDNA clones [44]. Till date, it has been found useful in mainly
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biotic stresses. There are studies describing the construction of full-length cDNA
library fromwheat stripe rust fungus [45]. Kawaura et al. [46] generated a high-quality,
full-length cDNA resource for common wheat and 6162 clones were sequenced.
About 10% of the clones were uniquely present in wheat while rest showed high
homology to those of rice. They analyzed their expression patterns in 28 different
tissues and abiotic stress treatments, the differential expression suggests that
molecular selection occurred during the diversification of wheat and rice and is
considered a valuable asset for functional genomics in wheat.

28.3.3
Wheat Mutants

As a wheat genetics resource, reverse genetics approach includes the creation of
mutants by targeting specific gene to assess its function. A collection of several
knockout mutants in wheat has been generated to assess the function of genes
involved in biotic stress. Several mutants were isolated in wheat that showed
increased resistance toward fungal causal agent of yellow rust, brown rust, blotch
fungus such asMycosphaerella graminicola andPyrenophora tritici-repentis [47–51]. For
understanding fungal gene expression related to pathogenicity, Goswami et al. [52]
constructed 3 cDNA libraries and the probable functions of 49 genes inferred. One
mutant showed reduced sporulation and delayed spread of Fusarium on wheat.
Several studies also focused on the identification and molecular characterization of
waxy mutants in wheat [53–55]. Three WAXY proteins (granule-bound starch
synthase I) have been characterized for the development of new waxy wheat lines.

Many vernalization-related mutants such as VRN1 and VRN2, the mvp mutants
(maintained vegetative phase) of einkorn wheat (T. monococcum) that has null alleles
of VRN1, have also been very useful in analyzing genes that control photoperiod and
flowering-time genes [56–59]. The analysis indicated a genetic network of flowering-
time genes in wheat leaves and the need for a more detailed molecular character-
ization of themvpmutants.However, attention is now focused on creation ofmutants
with respect to abiotic stress. Thermotolerantmutants [60] and salt stressmutants [61]
have already been characterized to study the genetic basis of stress tolerance inwheat.

28.3.4
Introgression Lines

Introgression lines derived frommultiple inbred strains serve as a powerful resource
for studying multiple quantitative trait loci by introducing specific traits. For the
generation of biotic/abiotic stress-resistant wheat, development of alien addition/
substitution lines, and thus introgression lines, become essential. However, the
pairing homologous 1 (Ph1) locus restricts chromosome pairing and recombination
during meiosis. Thus, to uncover the mechanism of the Ph1 locus, various Ph1 and
Ph2 mutants and introgression lines have been developed [62–64]. Several young
isogenic lines and their genetic analyses have also contributed to the detailed
characterization of regulatory regions of VRN1 vernalization genes [65, 66]. For
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understanding themechanism of resistance for biotic stress tolerance, near-isogenic
lines for wheat rust resistance gene Lr34/Yr18 were examined [67]. For abiotic stress,
several RIL (recombinant inbred line) and NIL (near-isogenic line) populations were
analyzed for the effect of heat stress onCMS (cellularmembrane thermostability) and
GluD-1 [68, 69]. To understand the role of each chromosome during cold tolerance,
20 isogenic lines of wheat were analyzed [70]. However, further studies are essential
for understanding themechanismof resistance for biotic and abiotic stress tolerance.

28.4
Wheat Functional Genomics for Various Stresses

28.4.1
Drought Stress

Among several abiotic stresses, water stress is themost widespread in wheat. Several
studies therefore focus on the accumulation of LEA (late embryogenesis abundant)
proteins, osmolytes (proline, glycine, etc.), as adaptive mechanisms for protection
against drought stress. Pellegrineschi et al. [71] expressed the AtDREB gene (dehy-
dration responsive element binding) under the control of a stress-induced promoter
rd29 in wheat. The transgenics raised showed some tolerance to drought stress by a
10 day delay in wilting. Selote et al. [72] demonstrated limited ROS (reactive oxygen
species) accumulation in the leaves and roots of drought-acclimated wheat (T.
aestivum cv.306) that caused minimal membrane damage. In another related study,
Xu et al. [73] examined the transcript accumulation of wheat PP2Ac-1 (catalytic
subunit of protein phosphatase 2A) during water stress. Transgenic tobacco plants
overexpressing TaPP2Ac-1 gene were found to be resistant to water deficit. A
�feedback mechanism� was proposed to be operating under drought stress condi-
tions inmitochondria involvingROSproduction by Pastore et al. [74]. The function of
wheat calreticulin (TaCRT) toward drought stress was demonstrated by TaCRT-
overexressing tobacco (Nicotiana benthamiana) plants that showed enhanced drought
resistance by higherWUE (water use efficiency),WRA (water retention ability), RWC
(relative water content), and lower MDR (membrane damaging ratio) under water
deficit conditions [75]. Transcriptome profile of wheat �opata� roots under drought
stress revealed 394 transcripts differentially regulatedwith a fold change of at least 1.5
between stressed and control roots [76]. The genes of importance were putative
glucanases and class III peroxidases. Kam et al. [77] identified 47 Q-type zinc finger
protein genes from T. aestivum and analyzed their expression profile in different
organs during leaf development and aging, drought stress, and ABA and sucrose
treatment. They concluded that 30 genes were predominantly expressed in roots and
37 TaZFP genes responded to drought stress. Recently, Ergen et al. [78] compared
global expression profiles of drought-tolerant and -sensitive wild emmer wheat
genotypes at two different time points in two different tissues (root and leaf) using
the Affymetrix GeneChip wheat genome array. The data revealed several unique
genes and signal related pathways such as IP3, ethylene, ABA-dependent signaling,
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and a faster induction of ABA-dependent transcription factors in the tolerant
genotype, suggesting some unique transcriptome pathways in wild emmer wheat
that correlated with their ability to withstand drought conditions.

28.4.2
Salinity Stress

Wheat is exposed to salt stress as it is mainly grown under irrigated and rain-fed
conditions [79]. Naþ exclusion, Naþ compartmentalization, and Kþ uptake are some
of the adaptive mechanisms reported in wheat. Colmer et al. [80] discussed different
sources of Naþ exclusion among various genomes that make up tetraploid wheat (T.
durum),hexaploidbreadwheat (T.aestivum), andwild relatives suchasAegilopsspp.and
Thinopyrum spp. In the same year, Kawaura et al. [81] constructed a 22K wheat oligo-
DNA microarray with 148 676 ESTs of common wheat. They analyzed 1811 genes
whose expression changed more than twofold in response to salt stress. Such global
gene profiling studies help to understand the mechanism of salt tolerance in wheat.

Using a comparative genomics approach, Huang et al. [82] utilized rice genome
sequence and wheat ESTdata to identify and characterize a candidate gene forNax1
responsible for low Naþ concentration in leaf blades. They reported two putative
sodium transporter genes (TmHKT7A1–2) related to OsHKT7, out of which
TmHKT7A2 was expressed in roots and leaf sheaths of salt-tolerant durum wheat
line 149, which correlated well with the physiological role of Nax1 in reducing Naþ

concentration.
Another adaptive measure other than Naþ exclusion studied in wheat is its ability

to retain Kþ . Cuin et al. [83] used the noninvasive ion flux measuring technique to
measure Kþ

flux from roots in two bread and two durum wheat genotypes,
contrasting in their salt tolerance. Kawaura et al. [84] designed oligo-DNA micro-
arrays from approximately 32 000 unique wheat genes. They observed 5996 genes
differentially expressed when treated with salt for different intervals by more than
twofold. These genes were assigned functions using gene ontology (GO) and
categorized as transcription factors, transcriptional regulators, DNA binding func-
tions, and some as early-responsive genes and late-responsive genes as transferase
and transporters. For creating novel germplasm for improving salt tolerance in bread
wheat,Mullan et al. [85] chose Lophopyrum elongatum (tall wheat grass). They induced
recombination of chromosome 3E from tall wheat grass with chromosome 3A and
3D from bread wheat and using molecular marker analysis and genomic in situ
hybridizations provided a novel germplasm that could be deployed to enhance Naþ

exclusion in bread wheat, thus providing novel functional genes that also give an
insight into the mechanism of salt tolerance in wheat.

28.4.3
Low-Temperature Stress

Low-temperature stress/cold stress to wheat plants produces many morphological,
biochemical, and physiological changes. Thus, expression profile of differentially

28.4 Wheat Functional Genomics for Various Stresses j647



expressed genes under cold stress is desirable and advantageous. For the same
purpose, Gulick et al. [86] performed microarray analysis with cDNA inserts from
1184 wheat ESTs that represented 947 genes. Transcriptome comparison of winter
and spring wheat revealedmore than 300 genes expressed under cold stress of which
65 were differentially regulated between the cultivars. To study the function of wheat
alternative oxidase (AOX) genes under low temperature, Sugie et al. [87] produced
transgenic plants by introducing wheat aox1a under the control of CaMV 35 S
promoter in Arabidopsis thaliana. The results revealed that levels of reactive oxygen
species decreased in transgenic plants under low-temperature stress and recovery of
total respiration activity under low temperature occurred rapidly in the transgenic
plants, suggesting thatAOX alleviates oxidative stress when the cytochrome pathway
of respiration is inhibited under abiotic conditions.

Monroy et al. [88] compared the gene expression inwinter wheat cultivar CDCClair
andspringwheatcultivarQuantum,undercoldstressbya5740featurecDNAamplicon
microarray thatwas enrichedfor signaling and regulatorygenes.About450geneswere
found to be regulated by cold and among them about 130 were for signaling or
regulatory gene candidates that includedvarious transcription factors, protein kinases,
ubiquitin ligases, and GTP, RNA, and calcium binding proteins. Kobayashi et al. [89]
isolatedWlip19; wheat lip19 homologue that encoded a bZIP-type transcription factor,
which expressed under low temperature in seedlings andwas found inhigher amount
in the freezing-tolerant cultivar. Transgenic tobacco plants expressingWlip19 showed
enhanced tolerance to freezing and other abiotic stress as well. Under the control of
promoter sequences of four wheat Cor/Lea genes, Wdhn13, Wrab17, Wrab18, and
Wrab19, expression of a GUS reporter gene was enhanced by Wlip19 expression in
wheat callus and tobacco plants. Thus, it was concluded that WLIP19 acts as a
transcription regulator of Cor/Lea genes under abiotic stress tolerance.

28.4.4
High-Temperature Stress

The effect of global warming on various crop plants can be estimated by the yield loss,
which is maximum in the case of wheat [90]. However, not many studies have been
reported detailing the expression analysis or assessing the function of genes that can
contribute to functional genomics in case of wheat under heat stress. Nonetheless,
Gallie et al. [91] analyzed the translation elongation factors from wheat during heat
shock treatment. They examined the protein levels and isoelectric state of elongation
factor (EF) 1a and 2 in the regulation of translation. EF2 expression level fromwheat
seeds decreased slightly under heat stress; however, no changes were observed in the
number or levels of isoforms observed. Campbell et al. [92] cloned two heat stress-
inducible members of HSP101/ClpB family (TaHSP101 B and TaHSP101C) that
were found to be inducible by heat stress treatments, dehydration, and ABA, thus
suggesting role ofHSP101 in osmotic stress responses. Gulli et al. [93] isolated and
characterized four cDNAs encoding HSP101 in durum wheat. The expression
analysis revealed their differential regulation under heat stress. Thus, this data
would be useful in analyzing the functions of HSP101 family members.
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Genome-wide gene expression profiling using GeneChip wheat genome array of
twowheat genotypes, Chinese Spring (CS), susceptible to heat stress, and �TAM107,�
tolerant to heat stress, was undertaken by Qin et al. [94] and found 6560 probe sets
responsive to heat treatment. These genes belong to heat shock proteins (HSPs),
transcription factors, phytohormone biosynthesis/signaling, calcium and sugar
signal pathways, RNA metabolism, ribosomal proteins, primary and secondary
metabolism, and biotic and abiotic stresses. Ristic et al. [95] observed rubisco activase
(RCA) expression in four genotypes of wheat and a positive correlation was found
among the wheat 45–46 kDa RCA of different genotypes under heat stress, suggest-
ing an important role played by endogenous levels of RCA as well.

Detailed transcriptome analysis has been carried out through suppression sub-
tractive hybridization of heat-stressed and nonstressed tissues of wheat at three
different development stages, that is, young seedlings, prepollinated flowers, and
developing grains [96]. In all, 5500 ESTs were generated, out of which 3516 high-
quality ESTs were submitted to GenBank. Their differential expression was con-
firmed by cDNA macroarray and by Northern/RT-PCR analysis. Some of the
transcripts that showed high induction by high-temperature stress are stress-related
proteins. Real-time PCR of selected genes gave further insight into their putative
roles that, however, needs functional validation through transgenic technology.

28.4.5
Signaling Network

Plants respond to various abiotic stresses through their interconnection, which
contributes to protection of the plant against unfavorable environmental conditions.
There are various mechanisms by which plants respond to abiotic stresses such as
drought, salt, and cold stress.However, Ca2þ signaling is a universal early-responsive
mechanism that involves calcium sensors, such as calmodulin, calmodulin-like
proteins, calcineurin B-like proteins, and calcium-dependent protein kinases [97].
Wang et al. [98] functionally analyzed a novel Ca2þ -permeable channel gene TaTPC1
from wheat. This putative membrane protein showed enhanced expression under
high salinity, PEG, low temperature, and ABA. TaTPC1-overexpressing transgenic
plants exhibitmore stomatal closing underCa2þ than the control plants, suggesting a
role for the calcium channels in response to various abiotic stresses in wheat.
Charron et al. [99] identified and characterized plant lipocalins and lipocalin-like
proteins. They analyzed the expression of wheat lipocalins under various abiotic
stress responses such as PEG-induced dehydration, salt, high-temperature, and
freezing stress that correlated with the capacity of the plant to develop freezing
tolerance. Data mining also revealed that lipocalins are present in desiccation-
tolerant red algaePorphyra yezoensis and the cryotolerant yeastDebaryomyces hansenii,
suggesting the putative function as protection of the photosynthetic system against
temperature stress.

Egawa et al. [100] isolated a DREB2 homologue Wdreb2, a candidate gene for a
transcription factor of theCor/Lea genes; its detailed expression analysis indicated its
activation in drought, cold, salt, and exogenous ABA treatment. They also showed
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three transcript forms ofWdreb2 (a, b, and c) through alternative splicing and their
differential expression. Faik et al. [101] reported the characterization of 34 wheat
fasciclin-like arabinogalactan-proteins (FLAs) by expression and bioinformatics
analysis. The wheat EST databases and RNA gel blots indicated that most of the
TaFLA genes are expressed in reproductive organs and roots and two of them are
upregulated by cold treatment in roots. This study laid the foundation for analysis of
the function of each TaFLA protein in plant development during abiotic stress
responses. Stephenson et al. [102] identified 37 NY-F genes in wheat in the global
DNA databases. NF-Y is a trimeric complex that binds to the CCAAT-box, highly
conserved promoter element in eukaryotes. Quantitative RT-PCR revealed that some
of them were predominantly expressed in the endosperm and three were activated
under drought conditions, indicating a plant-specific biological role for this tran-
scription factor family.

Xu et al. [103], for the first time, isolated a TaERF1 (T. aestivum ethylene responsive
factor 1) with a conserved DNA binding domain, a conserved N-terminal motif
(MCGGAIL), and a putative phosphorylation site (TPDITS) in the C-terminal region,
substrate for TaMAPK1 protein kinase. Transactivation assays of TaERF1 in tobacco
leaves revealed the activation ofGUS reporter gene drivenbyGCC-box indicating that
TaERF1 binds to the GCC-box and transactivates reporter gene expression. Expres-
sion analysis of TaERF1 revealed its induction in drought, salinity, low-temperature
stress, and exogenous ABA, ethylene, and salicylic acid indicating its involvement in
multiple stress and signal transduction pathways. Expectedly, overexpression of the
TaERF1 gene improved tolerance to abiotic stresses in transgenic plants. A study by
Brini et al. [104] has shown that transgenic A. thaliana plants overexpressing one of
the two wheat vacuolar Naþ /Hþ antiporter TNHX1 or Hþ pyrophosphatase TVP1
showed resistance to high salt concentration and water deficit conditions. There is
increased osmotic adjustment in transgenic plants due to accumulation ofmoreNaþ

and Kþ in their leaf tissue than the control plants. Similarly, Kobayashi et al. [105]
generated tobacco transgenic plants expressing Wdreb2 (wheat DREB2 homologue)
with clearly improved freezing and osmotic stress tolerance in tobacco plants. The
GUS expression was enhanced by cold, drought, and ABA treatment under the
control of Cor/Lea promoter sequences in transgenic plants, indicating WDREB2
could be a transcription factor that positively regulates wheat Cor/Lea genes under
various abiotic stresses. Jung et al. [106] examined four wheatO-methyl transferases
(OMT) genes, involved in primary and secondary metabolism. Their tissue-specific
expression and differential regulation in response to various abiotic stresses and
hormones such as PEG, Cold, NaCl, UV-B, wounding, and methyl jasmonate,
salicylic acid, ethylene, and ABA was studied that signifies functional diversity of
wheat OMTs in response to differential expression.

Three homologues of the DBF (dehydration-resposive element binding factors)
gene family in wheat were isolated by Xu et al. [107] and designated as TaAIDFs a,b,c
(T. aestivum abiotic stress-inducedDBFs).TaAIDFa transcript was upregulated under
drought, salinity, cold stress, and exogenous ABA. Also, overexpression of TaAIDFa
in transgenic Arabidopsis showed enhanced tolerance toward drought and osmotic
stresses. Shaw et al. [108] identified 31 Dof (DNA binding with one finger) genes in
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bread wheat and studied their expression analysis. While most of the TaDof genes
expressed in vegetative organs, they were also downregulated by drought and
activated by light and dark cycle. The data indicate the number of genes involved
in photosynthetic process or sucrose transport, suggesting its potential role in the
photosynthetic process. Kovacs et al. [109] compared the effects of cold, osmotic
stress, and ABA on polyamine accumulation in wheat variety CS and in two-derived
chromosome 5A substitution lines (T. spelta 5A) and CS (Cheyenne 5A) with lower
and higher levels of freezing tolerance, respectively. The differential regulation
provides an insight into the involvement of polyamines in abiotic stress adaptation
to plants and the possible regulatory role of chromosome 5A. Mao et al. [110]
generated transgenic Arabidopsis plants overexpressing wheat TaSnRK2.4 (sucrose
nonfermenting 1-related protein kinase 2) under the control of CaMV35S promoter
resulting in enhanced tolerance to drought, salt, and freezing stresses.Morphological
and physiological assays revealed decreased rate of water loss, enhanced higher
relative water content, strengthened cell membrane stability, improved photosyn-
thesis and increased osmotic potential, indicating TaSnRK2.4 acts as a multifunc-
tional regulatory factor in Arabidopsis.

A comprehensive study of CDPK was provided by Li et al. [111]. They isolated 14
full-length cDNA sequences of CDPKs and analyzed their expression profile under
various biotic and abiotic stresses such as cold, H2O2, salt, drought, powderymildew,
abscisic acid, gibberellic acid, suggesting their role in multiple signal transduction
pathways. Using knowledge of this crosstalk between biotic and abiotic stress
signaling pathways involving CDPKs, Li et al. [112] developed a model depicting
possible roles of wheat CDPK genes under various biotic and abiotic stress condi-
tions. Thus, utilizing this knowledge of CDPK genes and other Ca2þ sensors
provides a strong foundation for further functional characterization of genes
involved in Ca2þ signaling-mediated stress tolerance in wheat plants.

28.5
Wheat Functional Genomics for Plant Growth and Development

Berna et al. [113] studied the expression of germin-like proteins, which constitute a
ubiquitous family of plant proteins. They observed the expression of gf-2.8 gene in
abiotic stresses such as heavy metal ions Cd2þ , Cu2þ , and Co2þ , polyamines, and
biotic stress such as wounding and TMV infection, thus suggesting its role in several
aspects of plant growth and development. Yao et al. [114] identified 18 expansin genes
fromwheat thatwere expressed in leaf, root, and the developing seed. Fourb-expansin
genes were expressed in the internode tissue in F1 hybrids, suggesting important
roles of expansin gene family in growth and development. Kulshreshtha et al. [115]
isolated and functionally characterized aPHYgene (TaPHYC) fromwheat that shared
structural similaritywith ricePHYCcontaining four exons and three introns. Reverse
transcriptase-PCR (RT-PCR) analysis showed it to be a constitutively expressed gene
in all organs under light/dark conditions, but showed maximum upregulation in 3
day-old dark-grown seedlings.
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Zhao et al. [116] isolated 42 putative wheat MADS-box genes and their expression
analysis revealed differential expression patterns in various organs and development
stages such as primary root tips, whole spikelets (lodicules, palea, stamens, and
pistil), leaf, and stem indicating their universal role in wheat growth and develop-
ment. Paolacci et al. [117] functionally characterized 45MIKC-typeMADS-box genes
by RT-PCR and northern hybridization revealing the putative functions of the genes
by comparing expression patterns with functionally characterized Arabidopsis
MADS-box genes. Recently, Kovalchuk et al. [118] isolated and characterized TaPR60
gene from bread wheat, which encodes a small cysteine-rich protein with a hydro-
phobic signal peptide that might direct the TaPR60 protein to a secretory pathway. To
understand the function of this gene, yeast two-hybrid screen of a cDNA library
prepared from developing wheat grain was performed, where TaPR60 was used as a
bait and the interacting proteins were found to be involved in the proteolytic
processing and secretion of TaPR60.

28.6
Comparative Genomics

Global comparative sequence analysis at the level of both DNA and protein sequence
is performed with the aim of deriving structural, functional, and evolutionary
relationships across several species [119]. Arabidopsis and rice are considered two
model species suitable for comparative genomics. Arabidopsis is used as a model for
all flowering plants, while rice is used as a model for genomes of cereals like wheat.
Through comparative analysis, Mullan et al. [120] studied genes that control Naþ

accumulation, such as HKT1 and SOS1 in Arabidopsis; wheat orthologues were
identified, characterized, and confirmed through similar intron–exon structure in
Arabidopsis and rice. On the basis of additional exons identified in the predicted
NHX1 and SOS1 genes of rice and wheat compared to Arabidopsis, they suggested
evolutionary relationships among them. Boutrot et al. [121] performed comparative
analysis of rice nonspecific lipid transfer protein (nsLTPs) and wheat ESTs and thus
identified 156 putative wheat LTPs, where the majority (91) were from �Chinese
Spring� cultivar. Thus, plant nsLTPs were categorized on the basis of sequence
similarity and/or phylogenetic clustering.

Recently, Brachypodium distachyon (L.) is emerging as a model system for cereals
because of its small genome, short life cycle, self-fertility, diploid accessions, and
simple growth requirements [122]. It is phylogenetically very similar to wheat and
barley, and thus various genomic resource studies involving the construction of
cDNA libraries, BAC libraries, EST sequences, linkage map, and the complete
genome sequence are under development [123]. This group has also developed a
transformation method with efficiency as high as 41%, which will play an important
role in comparative genomics. Microcolinearity was found to be more conserved for
the Q gene region between wheat and rice than between wheat and Brachypodium,
but phylogenetic analysis indicates Brachypodium is more closely related to wheat
than rice [124]. Its syntenic relationship with rice and wheat is being analyzed by
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structural characterization of its genome and construction of a BAC-based physical
map [125, 126].

28.7
Conclusions

With utilization of wheat genomic resources along with functional genomics
approaches, though slow yet a steady progress in wheat functional genomics is
evident. Since complete wheat genome sequencing is not possible in near future,
Brachypodium genome would serve as a platform for identification and functional
analysis of genes of importance inwheat. In themeantime, availability ofmore ESTs/
full-length cDNAs approachwould beused for allelemining andmolecular breeding.
With the availability of cereal genomes such as rice, maize, sorghum, and so on, the
field of comparative genomics appears promising and complex genomes such as
wheat may also benefit with the progress in the area of plant genomics. It is expected
that the coming century will witness landmark discoveries and pathfinding leads
in our understanding of plant biology in general and help plant improvement in
unprecedented ways.

Acknowledgment

This workwas supported by theDepartment of Biotechnology (DBT), Government of
India, New Delhi, India, and the Indo-Swiss Collaboration in Biotechnology (ISCB).

References

1 Braun,H.J., Payne, T.S., Morgounov, A.I.
et al. (1998) The challenge: one billion
tons of wheat by 2020, in Saskatchewan
(ed. A.E. Slinkard), University Extension
Press, Canada.

2 Morita, E.H., Sawasaki, T., Tanaka, R.
et al. (2003) Protein Sci., 12,
1216–1221.

3 Majoul, T., Bancel, E., Tribo€ı, E. et al.
(2003) Proteomics, 3, 175–183.

4 Majoul, T., Bancel, E., Triboi, E. et al.
(2004) Proteomics, 4, 505–513.

5 Bahrman, N., Negroni, L., Jaminon, O.,
and Le Gouis, J. (2004) Proteomics, 4,
2672–2684.

6 Donnelly, B.E., Madden, R.D., Ayoubi, P.
et al. (2005) Proteomics, 5, 1624–1633.

7 Mamone, G., Addeo, F., Chianese, L.
et al. (2005) Proteomics, 5, 2859–2865.

8 Hurkman, W.J. and Tanaka, C.K. (2007)
J. Chromatogr. B Analyt. Technol. Biomed.
Life Sci., 849, 344–350.

9 Tardif, G., Kane, N.A., Adam, H. et al.
(2007) Plant Mol. Biol., 63, 703–718.

10 Gobaa, S., Bancel, E., Kleijer, G. et al.
(2007) Proteomics, 7, 4349–4357.

11 Merlino,M., Leroy, P., Chambon, C. et al.
(2009) Theor. Appl. Genet., 118, 1321–
1337.

12 Winning, H., Viereck, N.,
Wollenweber, B. et al. (2009) J. Exp. Bot.,
60, 291–300.

13 Kong, F.J., Oyanagi, A., and Komatsu, S.
(2010) Biochim. Biophys. Acta, 1804,
124–136.

14 Balmer, Y., Vensel, W.H., DuPont, F.M.
et al. (2006) J. Exp. Bot., 57, 1591–1602.

15 Dupont, F.M. (2008) BMC Plant Biol., 8.

References j653



16 Lawrence, R.J. and Pikaard, C.S. (2003)
Plant J., 36, 114–121.

17 Yan, L., Loukoianov, A., Blechl, A. et al.
(2004) Science, 303, 1640–1644.

18 Travella, S., Klimm, T.E., and Keller, B.
(2006) Plant Physiol., 142, 6–20.

19 Uauy, C., Distelfeld, A., Fahima, T. et al.
(2006) Science, 314, 1298–1301.

20 Yue, S.J., Li, H., Li, Y.W. et al. (2007)
J. Cereal Sci., 47, 153–161.

21 Mccallum,C.M., Comai, L., Greene, E.A.,
and Henikoff, S. (2000) Plant Physiol.,
123, 439–442.

22 Slade, A., Fuerstenberg, S.I., Loeffler, D.
et al. (2005) Nat. Biotech., 23, 75–81.

23 Slade, A.J. and Knauf, V.C. (2005) Trans.
Res., 14, 109–115.

24 Uauy, C., Paraiso, F., Colasuonno, P. et al.
(2009) BMC Plant Biol., 9, 115.

25 Wilson, I.D., Barker, G.L., Beswick, R.W.
et al. (2004) Plant Biotechnol. J., 2,
495–506.

26 Wilson, I.D., Barker, G.L.A., Lu, C. et al.
(2005) Funct. Integr. Genomics, 5, 144–154.

27 Lopato, S., Borisjuk, L., Milligan, A.S.
et al. (2006) Plant Mol. Biol., 62, 637–653.

28 Laudencia-Chingcuanco, D.L., Stamova,
B.S., You, F.M. et al. (2007) Plant Mol.
Biol., 63, 651–668.

29 Wan, Y., Poole, R.L., Huttly, A.K. et al.
(2008) BMC Genomics, 9, 121.

30 McIntosh, S., Watson, L., Bundock, P.
et al. (2007) Plant Biotech. J, 5, 69–83.

31 Poole, R.L., Barker, G.L.A., Werner, K.
et al. (2008) BMC Genomics, 9, 475.

32 Coram, T.E., Settles, M.L., and Chen, X.
(2009) BMC Genomics, 10, 253.

33 Schreiber, A.W., Sutton, T., Caldo, R.A.
et al. (2009) BMC Genomics, 10, 285.

34 Khurana, P., Chauhan, H., and Desai,
S.A. (2008) Compendium of Transgenic
Crop Plants: Transgenic Cereals and Forage
Grasses (eds C. Kole and T.C. Hall),
Blackwell Publishing Ltd, pp. 83–100.

35 Kantety F R.V., La Rota, M.,
Matthews, D.E., and Sorrells,M.E. (2002)
Plant Mol. Biol., 48, 501–510.

36 Clarke, B., Lambrecht, M., and Rhee, S.Y.
(2003) Funct. Integr. Genomics, 3, 33–38.

37 Hattori, J., Ouellet, T., and Tinker, N.A.
(2005) Genome, 48, 197–206.

38 Zhang, D., Choi, D.W., Wanamaker, S.
et al. (2004) Genetics, 168, 595–608.

39 Lazo, G.R., Chao, S., Hummel, D.D. et al.
(2004) Genetics, 168, 585–593.

40 Houde, M., Belcaid, M., Ouellet, F. et al.
(2006) BMC Genomics, 7, 149.

41 Chao, S., Lazo, G.R., You, F. et al. (2006)
Genome, 49, 531–544.

42 Mochida, K., Kawaura, K., Shimosaka, E.
et al. (2006) Mol. Genet. Genomics, 276,
304–312.

43 Ramalingam, J., Pathan, M.S., Feril, O.
et al. (2006) Genome, 49, 1324–1340.

44 Ogihara, Y., Mochida, K., Kawaura, K.
et al. (2004) Genes Genet. Sys., 79,
227–232.

45 Ling, P., Wang, M., Chen, X., and
Campbell, K.G. (2007) BMC Genomics, 8,
145.

46 Kawaura, K., Mochida, K., Enju, A. et al.
(2009) BMC Genomics, 10, 271.

47 Koebner, R. and Hadfield, J. (2001)
Genome, 44, 45–49.

48 Friesen, T.L., Rasmussen, J.B.,
Kwon,C.Y. et al. (2002)Phytopathology, 92,
38–42.

49 Boyd, L.A., Smith, P.H., Wilson, A.H.,
and Minchin, P.N. (2002) Genome, 45,
1035–1040.

50 Adachi, K., Nelson, G.H., Peoples, K.A.
et al. (2002) Curr. Genet., 42, 123–127.

51 Smith, P.H., Howie, J.A., Worland, A.J.
et al. (2004) Mol. Plant Microbe Interact.,
17, 1242–1249.

52 Goswami, R.S., Xu, J.R., Trail, F. et al.
(2006) Microbiology, 152, 1877–1890.

53 Saito, M., Konda, M., Vrinten, P. et al.
(2004)Theor.Appl.Genet.,108, 1205–1211.

54 Saito, M. and Nakamura, T. (2005) Theor.
Appl. Genet., 110, 276–282.

55 Monari, A.M., Simeone, M.C.,
Urbano, M. et al. (2005) Theor. Appl.
Genet., 110, 1481–1489.

56 Dubcovsky, J., Loukoianov, A., Fu,D. et al.
(2006) Plant Mol. Biol., 60, 469–480.

57 Shitsukawa,N., Ikari, C., Shimada, S. et al.
(2007) Genes Genet. Syst., 82, 167–170.

58 Shimada, S., Ogawa, T., Kitagawa, S. et al.
(2009) Plant J, 58, 668–681.

59 Distelfeld, A. and Dubcovsky, J. (2010)
Mol. Genet. Genomics, 283, 223–232.

60 Mullarkey, M. and Jones, P. (2000) J. Exp.
Bot., 51, 139–146.

61 Huo, C.M., Zhao, B.C., Ge, R.C. et al.
(2004) Yi Chuan Xue Bao, 31, 408–414.

654j 28 Wheat: Functional Genomics of Abiotic Stress Tolerance



62 Al-Kaff, N., Knight, E., Bertin, I. et al.
(2008) Ann. Bot., 101, 863–872.

63 Sidhu, G.K., Rustgi, S., Shafqat, M.N.
et al. (2008) Proc. Natl. Acad. Sci. USA,
105, 5815–5820.

64 Boden, S.A., Langridge, P.,
Spangenberg, G., and Able, J.A. (2009)
Plant J., 57, 487–497.

65 Loukoianov, A., Yan, L., Blechl, A. et al.
(2005) Plant Physiol., 138, 2364–2373.

66 Pidal, B., Yan, L., Fu, D. et al. (2009)
J. Heredity, 100, 355–364.

67 Hulbert, S.H., Bai, J., Fellers, J.P. et al.
(2007) Genet. Res., 97, 1083–1093.

68 Blum, A., Klueva, N., and Nguyen, H.T.
(2001) Euphytica, 117, 117–123.

69 Irmak, S., Naeem, H.A., Lookhart, G.L.,
and MacRitchie, F. (2008) J. Cer. Sci., 48,
513–516.

70 Rashidi Asl, A., Mahfoozi, S., and
Bihamta, M.R. (2009) World Acad. Sci.
Eng. Tech., 49, 16–18.

71 Pellegrineschi, A., Reynolds, M.,
Pacheco, M. et al. (2004) Genome,
47, 493–500.

72 Selote, D.S., Bharti, S., and
Khanna-Chopra, R. (2004) Biochem.
Biophys. Res. Commun., 314, 724–729.

73 Xu, C., Jing, R., Mao, X. et al. (2007) Ann.
Bot., 99, 439–450.

74 Pastore, D., Trono, D., Laus, M.N. et al.
(2007) J. Exp. Bot., 58, 195–210.

75 Jia, X.Y., Xu, C.Y., Jing, R.L. et al. (2008)
J. Exp. Bot., 59, 739–751.

76 Mohammadi, M., Kav, N.N., and
Deyholos, M.K. (2008) Genome, 51,
357–367.

77 Kam, J., Gresshoff, P.M., Shorter, R., and
Xue, G.P. (2008) Plant Mol. Biol., 67,
305–322.

78 Ergen, N.Z., Thimmapuram, J.,
Bohnert, H.J. et al. (2009) Funct. Integr.
Genomics, 9, 377–396.

79 Mujeeb-Kazi, A.,Diaz de, L.J., Ahmed,R.,
and Malik, K.A. (2002) in Prospects for
Saline Agriculture (eds R. Ahmad and
K.A. Malik), Vol. 37, Kluwer, pp. 69–82.

80 Colmer, T.D., Flowers, T.J., and
Munns, R. (2006) J. Exp. Bot., 57,
1059–1078.

81 Kawaura, K., Mochida, K., Yamazaki, Y.,
and Ogihara, Y. (2006) Funct. Integr.
Genomics, 6, 132–142.

82 Huang, S., Spielmeyer, W., Lagudah, E.S.
et al. (2006) Plant Physiol., 142,
1718–1727.

83 Cuin, T.A., Betts, S.A., Chalmandrier, R.
et al. (2008) J. Exp. Bot., 59, 2697–2706.

84 Kawaura,K.,Mochida,K., andOgihara, Y.
(2008) Funct. Integr. Genomics, 8,
277–286.

85 Mullan,D.J.,Mirzaghaderi,G.,Walker, E.
et al. (2009) Theor. Appl. Genet., 119,
1313–1323.

86 Gulick, P.J., Drouin, S., Yu, Z. et al. (2005)
Genome, 48, 913–923.

87 Sugie, A., Naydenov, N., Mizuno, N. et al.
(2006) Genes Genet. Syst., 81, 349–354.

88 Monroy, A.F., Dryanova, A., Malette, B.
et al. (2007) Plant Mol. Biol., 64, 409–423.

89 Kobayashi, F., Ishibashi, M., and
Takumi, S. (2008) Transgenic Res., 17,
755–767.

90 Lobell, D.B. and Field, C.B. (2007)
Environ. Res. Lett., 2.

91 Gallie, D.R., Hanh, L., Caldwell, C. et al.
(1998) Biochem. Biophys. Res. Commun.,
245, 295–300.

92 Campbell, J.L., Klueva, N.Y., Zheng, H.
et al. (2001) Biochim. Biophys. Acta., 1517,
270–277.

93 Gulli, M., Corradi, M. et al. (2007) FEBS
Lett., 581, 4841–4849.

94 Qin, D., Wu, H., Peng, H. et al. (2008)
BMC Genomics, 9, 432.

95 Ristic, Z., Momcilovic, I., Bukovnik, U.
et al. (2009) J. Exp. Bot., 60, 4003–4014.

96 Chauhan, H., Khurana, N., Tyagi, A.K.
et al. (2010) Plant Mol. Biol., in press.

97 Reddy, A.S. (2001) Plant Sci., 160,
381–404.

98 Wang, Y.J., Yu, J.N., Chen, T. et al. (2005)
J. Exp. Bot., 56, 3051–3060.

99 Charron, J.B., Ouellet, F., Pelletier, M.
et al. (2005) Plant Physiol., 139,
2017–2028.

100 Egawa, C., Kobayashi, F., Ishibashi, M.
et al. (2006) Genes Genet. Syst., 81, 77–91.

101 Faik, A., Abouzouhair, J., and Sarhan, F.
(2006) Mol. Genet. Genomics, 276,
478–494.

102 Stephenson, T.J.,McIntyre, C.L., Collet, C.,
and Xue, G.P. (2007) Plant Mol. Biol., 65,
77–92.

103 Xu, Z.S., Xia, L.Q., Chen, M. et al. (2007)
Plant Mol. Biol., 65, 719–732.

References j655



104 Brini, F., Hanin, M., Mezghani, I. et al.
(2007) J. Exp. Bot., 58, 301–308.

105 Kobayashi, F., Maeta, E., Terashima, A.
et al. (2008) J. Exp. Bot., 59, 891–905.

106 Jung, J.H., Hong, M.J., Kim, D.Y. et al.
(2008) Genome, 51, 856–869.

107 Xu, Z.S., Ni, Z.Y., Liu, L. et al. (2008)Mol.
Genet. Genomics, 280, 497–508.

108 Shaw,L.M.,McIntyre,C.L.,Gresshoff,P.M.,
andXue,G.P. (2009)Funct. Integr.Genomics,
9, 485–498.

109 Kovacs, Z., Sarkadi, L.S., Szucs, A., and
Kocsy, G. (2010) Amino Acids,
38, 623–631.

110 Mao, X., Zhang, H., Tian, S. et al. (2009)
J. Exp. Bot., 61, 683–696.

111 Li, A., Wang, X., Leseberg, C.H. et al.
(2008) Plant Signal Behav., 3, 654–656.

112 Li, A.L., Zhu, Y.F., Tan, X.M. et al. (2008)
Plant Mol. Biol., 66, 429–443.

113 Berna, A. and Bernier, F. (1999) Plant
Mol. Biol., 39, 539–549.

114 Yao, Y., Ni, Z., Zhang, Y. et al. (2005) Plant
Mol. Biol., 58, 367–384.

115 Kulshreshtha, R., Kumar,N., Balyan,H.S.
et al. (2005) Planta, 221, 675–689.

116 Zhao, T., Ni, Z., Dai, Y. et al. (2006) Mol.
Gen. Genomics, 276, 334–350.

117 Paolacci, A.R., Tanzarella, O.A.,
Porceddu, E. et al. (2007) Mol. Genet.
Genomics, 278, 689–708.

118 Kovalchuk, N., Smith, J., Pallotta, M. et al.
(2009) Plant Mol. Biol., 71, 81–98.

119 Bellgard, M., Ye, J., Gojobori, T., and
Appels, R. (2004) Funct. Integr. Genomics,
4, 1–11.

120 Mullan, D.J., Colmer, T.D., and
Francki, M.G. (2007) Mol. Genet.
Genomics, 277, 199–212.

121 Boutrot, F., Chantret,N., andGautier,M.F.
(2008) BMC Genomics, 9, 86.

122 Ozdemir, B.S., Hernandez, P., Filiz, E.,
and Budak, H. (2008) Int. J. Plant
Genomics (2008), 536104.

123 Vogel, J. andHill, T. (2008)Plant Cell Rep.,
27, 471–478.

124 Faris, J.D., Zhang, Z., Fellers, J.P. et al.
(2008)Funct. Integr.Genomics, 8, 149–164.

125 Huo, N., Vogel, J.P., Lazo, G.R. et al.
(2009) Plant Mol. Biol., 70, 47–61.

126 Gu, Y.Q., Ma, Y., Huo, N. et al. (2009)
BMC Genomics, 10, 496.

656j 28 Wheat: Functional Genomics of Abiotic Stress Tolerance



29
Wheat: Mechanisms and Genetic Means for Improving
Heat Tolerance
Kuldeep Singh, Vishal Chugh, Gurpreet K. Sahi, and Parveen Chhuneja

Heat stress is one of the major abiotic stresses that reduce crop productivity. Global
warming effects are expected to increase the probability and intensity of heat waves,
thus exacerbating the existing conditions. In wheat, reduction in yield in hot climates
is primarily due to reductions in duration of growth and development. In addition,
heat stress results in early leaf senescence and adverse physiological and biochemical
changes. There is a strong need to develop crop plants, especially wheat for improved
tolerance toward heat stress. This can be achieved by a thorough understanding of (i)
various plant responses to high-temperature stress, (ii) by understanding mechan-
isms of heat stress tolerance, and (iii) by developing possible strategies for enhancing
heat tolerance. Adverse affects of heat stress include decline in photosynthesis,
increase in photorespiration, reduced water availability, loss of integrity and function
of cellmembrane, production of reactive oxygen species (ROS), and so on. In order to
cope upwith stress, plants employ a number of defensemechanisms,which includes
overexpression of various enzymatic and nonenzymatic antioxidants to scavenge
ROS, maintenance of membrane stability, production of various compatible solutes
and metabolites, and induction of various signaling cascades. Understanding all
these mechanisms can help us improve heat tolerance in plants using conventional
andmolecular breeding protocols and transgenic approaches. Heat tolerance in crop
plants is reported to have been achieved by genetic engineering of expression of heat
shock proteins, increasing the level of osmolytes and various cell detoxification
enzymes, and altering membrane fluidity. Considerable variability in thermotoler-
ance has been observed in wheat, especially in wild species including Aegilops
speltoides. These tolerant species need to be exploited through integration of con-
ventional and molecular breeding approaches. Armed with such wide information
and techniques, it will be possible to rationally utilize these for the production of heat-
tolerant genotypes with improved productivity.
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29.1
Introduction

As the world population grows exponentially, there is a need to both increase
agricultural productivity and expand productive areas into warmer climates of the
world. Both of these goals require significant breeding efforts to improve high
temperature tolerance of cereal yield and quality. Cereal breeding to date had utilized
only a limited number of progenitor and nonprogenitor germplasm resources and
emphasized a high-yield potential under favorable environmental conditions nar-
rowing down genetic diversity of stress resistance traits, including heat stress
tolerance. Heat stress is a major challenge to wheat productivity in India [1].
Screening of germplasm against environmental stresses, based on physiological
parameters and biochemical markers, constitutes a powerful tool to help resolve this
problem. Wheat is the most widespread cereal in terms of area planted. Bread and
durum wheat (Triticum aestivum and T. durum) occupy an estimated area of 200
million ha globally. Though India is the second largest producer of wheat in the
world, the average productivity is 2770 kg ha�1 against 3885 kg ha�1 in China and
8043 kg ha�1 in the United Kingdom, the Netherlands, and other NW European
countries. In India, the lower productivity is due to shorter crop duration and period
of grain filling and higher temperatures during crop growth, particularly during
grain filling [2].

Continual heat stress affects approximately 7 million ha of wheat in developing
countries, while terminal heat stress is a problem in 40%of temperate environments,
which cover 36 million ha. Continual heat stress is defined by a mean daily
temperature of over 17.5 �C in the coolest month of the season [3], and over 50
countries (importing more than 20 million tons of wheat per year) experience this
type of stress throughout thewheat cycle. The food security of India depends to a large
extent on wheat crop. Stagnation of wheat yield, declining production in the past few
years, after touching the peak of 76.37 million ton in the crop season of 1999–2000,
and recent imports have shaken the confidence of the nation, raising apprehensions
about the country�s ability to produce adequate food to meet the demand of the
growing, economically ascendant population. Wheat yield in Punjab declined from
4.7 to 4.2 ton ha�1 between 2000 and 2005 [4]. The negative impact of a temperature
increase of 0.4 �C observed between 1980 and 2000 on global wheat production has
been demonstrated [5]. Average global temperatures are predicted to rise by 2 �C over
next 50 years making many wheat growing regions even less suitable, based on
predicted temperature ranges.

Wheat (T. aestivum L.), like other C3 species, is not physiologically adapted to
perform well under high temperatures. It has been reported that a 1 �C rise in
temperature during grain filling shortens this period by 5% and proportionally
reduces harvest index and grain yield [6]. Photosynthesis, as measured by carbon
exchange rate, was found to be optimum at 25 �C [7]. Yet, temperatures of 35–40 �C
are common in many wheat-producing areas of the world [8]. Biomass production
can be substantially suppressed by the effects of heat stress on decreasing
photosynthesis, impairing respiration, inactivating enzymes, and disrupting
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membranes [9]. The adverse effects of heat stress on plant productivity are very
pronounced in winter wheat in the southern plains during seedling establishment
(late summer) and grain-filling stages (late spring) where high temperatures are
common during these critical developmental stages.

29.2
Environmental and Physiological Nature of Heat Stress

Heat stress is often defined as the rise in temperature beyond a threshold level for a
period of time sufficient to cause irreversible damage to plant growth and develop-
ment. In general, a transient elevation in temperature, usually 10–15 �C above
ambient, is considered heat stress. Transient or constant high temperature provoked
damage at the morphological, anatomical, physiological, and biochemical levels in
plants andmay drastically reduce economic yield. High-temperature stress may lead
to altered geographical distribution and growing season of agricultural crops by
allowing the threshold temperature for the start of the season and crop maturity to
reach earlier [10]. At moderately high temperature, injuries or death may occur only
after long-term exposure while at very high temperatures, severe cellular injury and
even cell deathmay occur withinminutes, which could be attributed to a catastrophic
collapse of cellular organization [11]. Direct injuries due to heat stress include protein
denaturation and aggregation, and increased fluidity of membrane lipids, whereas
indirect or slower heat injuries include inactivation of enzymes in chloroplast and
mitochondria, inhibition of protein synthesis, protein degradation, and loss of
membrane integrity [12]. Heat stress also affects the organization of microtubule
asters in mitotic cells and elongation of phragmoplast microtubules [13]. These
injuries eventually lead to starvation, inhibition of growth, reduced ion flux, and
production of toxic compounds and reactive oxygen species (ROS) [11].

The extent to which heat stress occurs in specific climatic zones is a complex issue.
Plants can be damaged in different ways by either high day or high night tempera-
tures and by either high air or high soil temperatures. In addition, crop species and
cultivars differ in their sensitivity to high temperatures. Studies comparing
responses of contrasting species to heat indicated that photosystem II of cool season
species such aswheat ismore sensitive to heat than that of rice andpearlmillet, which
are adapted to much higher temperatures [14].

In general, heat tolerance can be defined as the ability to maintain integrity of
cellular and subcellular structures and metabolic pathways (cellular heat tolerance)
that allow continued plant growth and reproduction during and after exposure to heat
stress conditions (whole-plant heat tolerance). Immediate exposure to heat stress
mediates a cascade of signal transduction that changes the expression of genes and
accumulation of transcripts, thereby leading to the synthesis of various stress-related
proteins, as a stress tolerance strategy [15]. Expression of various heat shock proteins
(HSPs) is known to be a very important adaptive strategy in acquiring heat stress
tolerance. These proteins of molecular mass in the range of 10–200 kDa have
chaperone-like activities and are involved in the signal transduction during heat
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stress [16]. The tolerance conferred by HSPs results in improved physiological
phenomena such as photosynthesis, assimilate partitioning, water and nutrient use
efficiency, and membrane stability [17]. However, not all the plant species or
genotypes within species have similar capabilities to cope with the heat stress.
Tremendous variations exist within and between species providing opportunities to
improve crop heat stress tolerance through various advanced techniques of molec-
ular breeding and genetic engineering for developing crops with improved heat
tolerance and to combat this universal environmental adversary.

29.3
Heat Stress Threshold

A threshold temperature refers to a value of daily mean temperature at which a
detectable reduction in growth begins. Upper and lower developmental threshold
temperatures have been determined for many plant species through controlled
laboratory and field experiments. A lower developmental threshold or a base
temperature is one below which plant growth and development stop. Similarly, an
upper developmental threshold is the temperature above which growth and devel-
opment cease. Knowledge of lower threshold temperatures is important both for
physiological research and for crop production.

Upper threshold temperatures for some major crop species are presented in
Table 29.1. The magnitude of heat stress rapidly increases as temperature increases
above a threshold level and complex acclimation effects can occur that depend on
temperature and other environmental factors. High-temperature sensitivity is par-
ticularly important in tropical and subtropical climates, as heat stress may become a
major limiting factor for field crop production. This is because under high temper-
ature conditions, plants tend to divert resources to cope with the heat stress and thus
limited photosynthates would be available for reproductive development, which can

Table 29.1 High temperature threshold levels for some crop plants [18].

Crop plant Threshold
temperature (�C)

Growth stage

Wheat 26 Postanthesis
Tomato 30 Emergence
Brassica 29 Flowering
Cool season pulses 25 Flowering
Corn 38 Grain filling
Rice 34 Grain filling
Cotton 45 Reproductive
Pearl millet 35 Seedling
Ground nut 34 Pollen production
Cowpea 41 Flowering
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accelerate senescence, diminish seed set and seed weight, and reduce yield [19].
Another effect of heat stress in many plant species is induced sterility when heat is
imposed immediately before or during anthesis.

29.4
High-Temperature Impact and Plant Responses to Heat Stress

High temperatures are known to have deleterious effects on photosynthesis, respi-
ration, and reproduction. At molecular level, these effects are brought about by
altered gene expression and manifested at the biochemical and metabolic level,
membrane stability, and production of heat shock proteins. The latter are postulated
to protect organisms from the damaging effects of heat and other forms of stress [20].
Activities of the various enzymes involved in cellular processes are affected by
increased temperature. The concept of thermal kinetic window (TKW) of an enzyme
is defined as the temperature range in which theMichaelis–Menten constant (Km) of
the enzyme remains within 200% of the optimum. Whole-plant response to
temperature stress reflects the thermal dependence of Km of different enzymes.
A 5 �C increase results in selective expression of HSPs, with continued synthesis of
normal cellular proteins. With further increase in temperature, synthesis of HSPs
predominates, while the others are inhibited. At still higher temperatures, even the
synthesis of HSP is inhibited. An earlier study conducted in maize (Zea mays L.)
kernels demonstrated that heat stress decreases protein accumulation and alters
composition of the kernels [21]. Figure 29.1 represents various changes taking place
under the influence of heat stress.

29.4.1
Morphological Responses

Heat stress can cause considerable pre- andpostharvest damages, including scorching
of leaves and twigs, sunburns on leaves, branches, and stems, leaf senescence and
abscission, inhibition of shoot and root growth, fruit discoloration and damage, and
reduced yield [22].High temperature-induced responses in plantsmay differ fromone
phonological stage to another. For example, long-term effects of heat stress on
developing seedsmay include delayed germination or loss of vigor, ultimately leading
to reduced emergence and seedling establishment. Significant decrease in growth,
shoot dry mass, and net assimilation rate has been observed due to prolonged heat
stress in several monocotyledons. Heat stress, alone or in combination with drought,
is a common constraint during anthesis and grain-filling stages in many cereal crops
of temperate regions. For example, heat stress lengthened the duration of grain filling
with reduction in kernel growth leading to losses in kernel density andweight by up to
7% in springwheat [23]. Inwheat, both grainweight and grain number appeared to be
sensitive to heat stress, as the number of grains per ear at maturity declined with
increasing temperature [24]. Reproductive processes are markedly affected by high
temperatures inmost plants, which ultimately affect fertilization and postfertilization
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processes, leading to a reduced crop yield. A study of postanthesis heat stress on grain
yield and quality of Australian wheat reported a decline in individual kernel mass by
23% and alteration in the gliadin:glutenin ratio in response to high temperature
treatment. They also reported a considerable genetic variability inwheat in tolerance to
short periods of high temperature for both grain yield and quality [25].

29.4.2
Anatomical Responses

It is evident that high temperature considerably affects anatomical structures not only
at the tissue and cellular levels but also at the subcellular level. Anatomical changes
under high ambient temperatures are generally similar to those under drought
stress. At the whole-plant level, there is a general tendency of reduced cell size,
closure of stomata, and curtailed water loss, increased stomatal and trichomatous
densities, and greater xylem vessels of both root and shoot [26]. At the subcellular
level, major modifications occur in chloroplasts, leading to significant changes in
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Figure 29.1 Heat stress-induced changes in plants.
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photosynthesis. For example, high temperatures reduced photosynthesis by chang-
ing the structural organization of thylakoids [27]. Specific effects of high tempera-
tures on photosynthetic membranes result in the loss of grana stacking or its
swelling. Such changes result in the formation of antenna-depleted photosystem
II (PSII) and hence reduced photosynthetic and respiratory activities [28].

29.4.3
Phenological Responses

Different phonological stages differ in their sensitivity to high temperature; however,
this depends on species and genotype as there are great inter and intraspecific
variations. It is, however, not known whether damaging effects of heat episodes
occurring at different developmental stages are cumulative. Vulnerability of plant
species and cultivars to high temperatures may vary with the stage of development,
but all vegetative and reproductive stages are affected by heat stress to some extent.
During vegetative stage, for example, high day temperature can damage leaf gas
exchange properties. During reproduction, a short period of heat stress can cause
significant increases in floral bud and open-flower abortion; however, there are great
variations in sensitivity within and among plant species [29, 30]. Impairment of
pollen and anther development by elevated temperatures is another important factor
contributing to decreased fruit set in many crops at moderate to high tempera-
tures [31]. The staple cereal crops can tolerate only narrow temperature ranges, which
if exceeded during theflowering phase can damage fertilization and seed production,
resulting in reduced yield [10]. Furthermore, high temperatures during grain filling
can modify flour and bread quality and other physicochemical properties of grain
crops such as wheat [32], including changes in protein content of the flour [33]. High
temperature is one of themajor environmental constraints towheat yield.Heat stress
during grain filling is a common occurrence in wheat. High temperatures, typically
above 34 �C, affect final grain weight by reducing the duration of grain filling due to
suppression of photosynthesis [34] and by directly inhibiting starch biosynthesis in
the endosperm [35, 36].

29.4.4
Physiological Responses

Higher temperatures affect all phases of wheat growth, accelerate floral initiation,
and reduce the period of spike development, resulting in shorter spike with lower
number of spikelets and adversely affecting pollen development. The duration of
grain growth in the postanthesis period is considered the most significant determi-
nant of yield in wheat. Higher temperatures further associated with limitation of
water cause rapid shrinkage of grain volume. Wheat plants have four to eight leaves
on the main shoot when the growing apex changes from the vegetative to the
reproductive stage. Temperatures above 30 �C during floret formation cause com-
plete sterility [37, 38]. Previous studies have reported a positive correlation between
the length of the vegetative phase and the number of spikelets per spike [39].
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Therefore, shortening the duration of the vegetative stage of the apex induces fewer
spikelets per spike. The main effect of heat stress after/during floral initiation is
observed on kernel number. The numbers of kernels per unit area decreases at a rate
of 4% for each degree increase in themean temperature during the 30 days preceding
anthesis [40]. Considerable experimental effort has been devoted to examining
carbohydrate availability for developing wheat florets as a major factor in the grain
number [41–43]. It has been suggested inprevious studies that the time offloret death
correspondedwith the periodwhen the ear and stemwere accumulating drymatter at
their most rapid rate and that inadequate assimilate availability may be critical in the
loss offlorets [44]. It has beenwell established thatwheat yield and quality response to
short spells of heat could be improved by heat shock treatment during early grain-
filling phase [45].

29.4.5
Water Relations

Plant water status is the most important variable under changing ambient tempera-
tures. Plants tend to maintain stable tissue water status regardless of temperature
when moisture is ample; however, high temperatures severely impair this tendency
when water is limited [46]. Under field conditions, high-temperature stress is
frequently associated with reduced water availability [47]. High temperatures seem
to cause water loss in plants more during daytime than during nighttime. During
daytime enhanced transpiration induces water deficiency in plants, causing a
decrease in water potential and leading to perturbation of many physiological
processes.

29.4.6
Osmotic Alterations

A key adaptive mechanism in many plants grown under various abiotic stresses,
including extreme temperatures, is accumulation of certain organic compounds of
low molecular mass, generally referred to as compatible osmolytes. Under stress,
different plant species may accumulate a variety of osmolytes such as sugars and
sugar alcohols (polyols), proline tertiary and quaternary ammonium compounds,
and tertiary sulfonium compounds [48]. For example, glycine-betaine (GB), an
amphoteric quaternary amine and proline, plays an important role as a compatible
solute in plants under various stresses, such as salinity or high temperature [49], and
has been known to occur widely in higher plants and normally accumulates in large
quantities in response to environmental stresses. It is suggested that proline or GB
synthesis may buffer cellular redox potential under heat and other environmental
stresses. Similarly, accumulation of soluble sugars under heat stress has been
reported in sugarcane, which entails great implications for heat tolerance [50].
Among other osmolytes, c-4-aminobutyric acid (GABA), a nonprotein amino acid,
is widely distributed throughout the biological world to act as a compatible solute.
GABA is synthesized from the glutamic acid by a single-step reaction catalyzed by
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glutamate decarboxylase (GAD). An acidic pH activates GAD, a key enzyme in the
biosynthesis of GABA. Episodes of high temperature increase the cytosolic level of
Ca, which leads to calmodulin-mediated activation of GAD. Rapid accumulation of
GABA in stressed tissues may provide a critical link in the chain of events stemming
from the perception of environmental stresses to timely physiological responses [51].

29.4.7
Photosynthesis

Inhibition of photosynthesis by heat stress is a common occurrence for plants in
tropical and subtropical regions and is experienced periodically by plants in the
temperate zone [52]. Photochemical reactions in thylakoid lamellae and carbon
metabolism in the stroma of chloroplast have been suggested as the primary sites of
injury at high temperatures [53]. Increasing leaf temperatures and photosynthetic
photon flux density influence heat tolerance adjustments of PSII, indicating their
potential to optimize photosynthesis under varying environmental conditions as long
as the upper thermal limits do not exceed. A broad survey of the literature reveals that
PSII is often considered the most heat-labile component of the photosynthetic
apparatus, which may be due to the properties of thylakoid membranes where PSII
is located [54]. Heat stress may lead to the dissociation of oxygen evolving complex
(OEC), resulting in an imbalance between the electron flow from OEC toward the
acceptor side of PSII in the direction of PSI reaction center [55]. Heat stress causes
dissociation of manganese (Mn)-stabilizing 33-kDa protein at PSII reaction center
complex followed by the release of Mn atoms [56]. In wheat, high temperatures and
excessive light damaged different sites of PSII implying different pathways for the
recovery of its functional activity [57]. Studies in controlled environments have
revealed genetic variability in photosynthetic rate among wheat cultivars when
exposed to high temperatures [7, 58]. Such differences in photosynthesis under
heat stress have been shown to be associatedwith a loss of chlorophyll and a change in
the a:b chlorophyll ratio due to premature leaf senescence [34, 59].

High temperature influences the photosynthetic capacity of C3 plants more
strongly than in C4 plants. It alters the energy distribution and changes the activities
of carbon metabolism enzymes, particularly the rubisco, thereby altering the rate of
RuBP regeneration by the disruption of electron transport and inactivation of the
oxygen evolving enzymes of PSII [60]. Heat shock reduces the amount of photo-
synthetic pigments [61], soluble proteins, rubisco binding proteins (RBP), and large
(LS) and small subunits (SS) of rubisco in darkness, but increases them in light,
indicating their roles as chaperones and HSPs [62]. Moreover, under heat stress,
starch or sucrose synthesis is greatly influenced as activities of sucrose phosphate
synthase [63], ADP-glucose pyrophosphorylase, and invertase [64] is significantly
reduced.

In any plant species, the ability to sustain leaf gas exchange under heat stress has a
direct relationship with heat tolerance. During the vegetative stage, high day
temperature can cause damage to compensated leaf photosynthesis, reducing CO2

assimilation rates. Increased temperatures curtail photosynthesis and increase CO2
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transfer conductance between intercellular spaces and carboxylation sites. Stomatal
conductance (gs) and net photosynthesis (Pn) are inhibited bymoderate heat stress in
many plant species due to decrease in the activation state of rubisco [65] that catalyzes
the first step in two competing pathways, photosynthesis and photorespiration,
whose rates are determined by the rates of the carboxylase and oxygenase activities,
respectively [66]. TheVMax of the carboxylase activity increases with temperature, but
the affinity of rubisco for CO2 and the solubility of CO2 decrease [67, 68]. A well-
known consequence of elevated temperature in plants is the damage caused by heat-
induced imbalance in photosynthesis and respiration; in general, the rate of
photosynthesis decreases while dark- and photorespiration rates increase consider-
ably under high temperatures. Rate of biochemical reactions also decreases and
enzyme inactivation and denaturation take place as the temperature increases
leading to severely reduced photosynthesis [69]. However, the magnitude of such
alterations in response to heat stress differs with species and genotypes [54].
Furthermore, it has been determined that the photosynthetic CO2 assimilation rate
is less affected by heat stress in developing leaves than in completely developed
leaves. Heat stress normally decreases the duration of developmental phases leading
to smaller organs, reduced light perception, and reduced carbon assimilation
processes including transpiration, photosynthesis, and respiration [70]. Nonetheless,
photosynthesis is considered as the physiological process most sensitive to high
temperatures, and that rising atmospheric CO2 content will drive temperature
increases in many already stressful environments.

29.4.8
Assimilate Partitioning

Under low tomoderate heat stress, a reduction in source and sink activitiesmay occur
leading to severe reductions in growth, economic yield, and harvest index. Assimilate
partitioning, taking place via apoplastic and symplastic pathways, under high
temperatures has significant effects on transport and transfer processes in plants.
However, a considerable genotypic variation exists in crop plants for assimilate
partitioning, for example, amongwheat genotypes [71]. Inwheat, temperature effects
on translocation result indirectly from temperature effects on source and sink
activities. Higher temperatures further associated with limitation of water cause
rapid shrinkage of grain volume. Higher temperatures at earlier stages reduce the
spike length and the number of spikelets (sink capacity). Heat stress after anthesis
reduces the net availability of assimilates, reducing grain number and weight.
Increased mobilization efficiency of reserves from leaves, stem, or other plant parts
has been suggested as a potential strategy to improving grainfilling and yield inwheat
under heat stress.

Carbohydrates in wheat grain are derived from postanthesis CO2 assimilation, of
which the flag leaf has a large share. Rubisco constitutes 60%of the soluble protein in
the flag leaf. In limiting soil N supply, rubisco becomes the source of N for the
developing grains.High turnover of rubisco 10 days after anthesis has been reported.
Degradation of rubisco further enhances flag leaf senescence, contributing to
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reduction in the supply of assimilates to developing grains. Specific data on the
turnover of the HSPs in wheat could not be found, though their degradation and
resynthesis in other organisms is known. Therefore, competition for both C and N
assimilates between Rubisco, HSPs, and storage proteins in developing grains are
expected during continuing heat stress.

29.4.9
Membrane Thermostability

Sustained function of cellular membranes under stress is pivotal for processes such
as photosynthesis and respiration. Heat stress accelerates the kinetic energy and
movement of molecules across membranes, thereby loosening chemical bonds
withinmolecules of biological membranes. This makes the lipid bilayer of biological
membranes more fluid by either denaturation of proteins or an increase in unsat-
urated fatty acids. The integrity and functions of biological membranes are sensitive
to high temperature, as heat stress alters the tertiary and quaternary structures of
membrane proteins. Such alterations enhance the permeability of membranes, as
evident from increased loss of electrolytes. The increased solute leakage, as an
indication of decreased cellmembrane thermostability (CMT), has long been used as
an indirect measure of heat stress tolerance in diverse plant species including
wheat [72]. Three commonly used assays of heat tolerance in plants [73] are related
to the plasmalemma (�cell membrane stability� or CMS assay), the photosynthetic
membranes (chlorophyll fluorescence assay), and the mitochondrial membranes
(cell viability assay based on 2,3,5-triphenyl-tetrazolium chloride (TTC) reduction).
Genetic variation in membrane thermostability (MT) has been inferred using
conductometric measurements in various field-grown crops including spring
wheat [74]. There are reports of a significant increase in yield of spring wheat in
hot locations by selectingmembrane thermostable lines, as determined bymeasure-
ments on flag leaves at anthesis [75].

29.4.10
Hormonal Modulations, Secondary Metabolites, and Antioxidant Adjustments

Hormones play an important role in plants for monitoring and adapting under
adverse environmental conditions. Hormonal homeostasis, stability, content, bio-
synthesis, and compartmentalization are altered under heat stress [76]. Abscisic acid
(ABA) is implicated in plant osmotic stress responses and mediates one of the
intracellular dehydration signaling pathways [77]. In the field, where heat and
drought stresses frequently occur simultaneously, ABA induction can be an impor-
tant component of heat tolerance. ABAmediates acclimation/adaptation of plants to
desiccation by modulating the up- or downregulation of numerous genes [78].
Induction of several HSPs by ABA could be one mechanism by which it confers
tolerance to heat stress [79] and can cooperate with other HSPs to reactivate heat-
denatured normal proteins [80]. However, the effects of gibberellins and cytokinins
on high temperature tolerance are opposite to that of ABA.
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A gaseous hormone, ethylene, regulates almost all growth and developmental
processes in plants, ranging from seed germination to flowering and fruiting, as well
as tolerance to environmental stresses. Ethylene has nearly full biological activity at
1 ml l�1, corresponding to 6.5� 10�9M at 25 �C. Heat stress changes ethylene
production differently in different plant species [81]. For example, while ethylene
production in wheat leaves was inhibited slightly at 35 �C and severely at 40 �C, in
soybean ethylene production inhypocotyls increased by increasing temperature up to
40 �Cand it showed inhibition at 45 �C.Wheat leaves transferred to 18 �C followed by
a short exposure to 40 �C showed an increase in ethylene production after 1 h lag
period, possibly due to conversion of accumulated ACC to ethylene during that
period [82]. Among other hormones, salicylic acid (SA) has been suggested to be
involved in heat stress responses elicited by plants. SA is an important component of
signaling pathways in response to systemic acquired resistance (SAR) and the
hypersensitive response (HR) [83]. SA stabilizes the trimers of heat shock transcrip-
tion factors (HDFs) and aids them bind heat shock elements (HSEs) to the promoter
of heat shock-related genes. Long-termheat tolerance can be induced by SA, in which
both Ca2þ homeostasis and antioxidant systems are thought to be involved [84].
Sulphosalicylic acid (SSA), a derivative of SA, treatment can effectively removeH2O2

and increase heat tolerance.
Heat stress causes accumulation of secondary metabolites of multifarious nature

in plants. Most of the secondary metabolites are synthesized from the intermediates
of primary carbon metabolism via phenylpropanoid, shikimate, mevalonate, or
methyl erythritol phosphate (MEP) pathways. High-temperature stress induces
production of phenolic compounds such as flavonoids and phenylpropanoids.
Phenylalanine ammonia-lyase (PAL) is considered to be the principal enzyme of
the phenylpropanoid pathway. Increased activity of PAL in response to thermal stress
is considered as themain acclamatory response of cells to heat stress. Thermal stress
induces the biosynthesis of phenolics and suppresses their oxidation, which is
considered to trigger the acclimation to heat stress.

Carotenoids arewidely known to protect cellular structures in various plant species
irrespective of the stress type [18]. For example, the xanthophyll cycle (the reversible
interconversion of two particular carotenoids, violaxanthin and zeaxanthin) has
evolved to play this essential role in photoprotection. Since zeaxanthin is hydropho-
bic, it is found mostly at the periphery of the light harvesting complexes, where it
functions to prevent peroxidative damage to the membrane lipids triggered by
ROS [85]. Recent studies have revealed that carotenoids of the xanthophylls
family and some other terpenoids, such as isoprene or a-tocopherol, stabilize and
photoprotect the lipid phase of the thylakoid membranes. When plants are exposed
to potentially harmful environmental conditions, such as strong light and/or
elevated temperatures, the xanthophylls including violaxanthin, antheraxanthin, and
zeaxanthin partition between the light-harvesting complexes and the lipid phase
of the thylakoid membranes. The resulting interaction of the xanthophyll
molecules and the membrane lipids brings about a decreased fluidity (thermosta-
bility) of membrane and a lowered susceptibility to lipid peroxidation under high
temperatures.
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Phenolics, including flavonoids, anthocyanins, lignins, and so on are the most
important class of secondary metabolites in plants and play a variety of roles
including in tolerance to abiotic stresses [18]. Studies suggest that accumulation of
soluble phenolics under heat stress was accompanied by increased phenyl ammonia
lyase (PAL) and decreased peroxidase and polyphenol lyase activities. Another plant
secondary product, which is a low molecular weight and volatile in nature, called
isoprenoid confers heat stress tolerance to photosynthesis apparatus in different
plants. It is proposed that endogenous production of isoprene protects the biological
membranes from damaging effects by directly reacting with oxygen singlets (1O2) by
means of isoprene-conjugate double bond.

High temperature-induced oxidative stress in various higher and lower plants has
been reported bymanyworkers [86, 87]. Generation and reactions of activated oxygen
species (AOS) including singlet oxygen (1O2), superoxide radical (O2��), hydrogen
peroxide (H2O2), and hydroxyl radical (OH��) are symptoms of cellular injury caused
by high temperature [88]. Active oxygen species cause lipid peroxidation and
consequently membrane injury, protein degradation, enzyme inactivation, pigment
bleaching, and disruption of DNA strands and thus limiting growth and yield [89].
Superoxide radical is regularly synthesized in the chloroplast and mitochondrion
and some quantities are also produced in microbodies. The scavenging of O2� by
superoxide dismutase (SOD) results in the production of H2O2, which is removed by
APX or CAT. However, both O2� and H2O2 are not as toxic as the (OH

�), which is
formed by the combination of O2� and H2O2 in the presence of trace amounts of
Fe2þ and Fe3þ by the Haber–Weiss reaction. Plants protect cellular and subcellular
systems from cytotoxic effects of these active oxygen radicals using antioxidant
enzymes such as glutathione reductase, superoxide dismutase, ascorbate peroxidase,
and catalase and metabolites such as glutathione, ascorbic acid, a-tocopherol, and
carotenoids [90]. Tolerance to heat stress in crop plants has been reported to be
associated with an increase in antioxidant enzyme activities [91]. It has also been
reported that heat stress in wheat during greening led to inactivation of PS2 vis-a-vis
high turnover of both PS1 and superoxide dismutase, which allowed formation
of superoxide and its dismutation product, H2O2, and reversible modulation of
enzymatic H2O2-scavenging suggesting a central role of H2O2 metabolism in
seedling response to thermal stress [92].

29.5
Heat-Induced Protein Synthesis

To cope with heat stress, plants activate a large set of genes leading to the accumu-
lation of specific stress-associated proteins [93]. Expression of stress proteins is an
important adaptation toward heat-stress tolerance by plants. Of these, expression of
low andhighmolecularweightHSPs,widely reported in a number of plant species, is
the most important one. These proteins show organelle- and tissue-specific expres-
sion with deduced function such as chaperones, folding and unfolding of
cellular proteins, and protection of functional sites from the adverse effects of high
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temperature.Most of the stress proteins are soluble inwater and therefore contribute
to stress tolerance presumably via hydration of cellular structures.

29.5.1
Heat Shock Proteins

Plants respond to high-temperature stress by synthesizing an assortment of proteins,
termed heat shock proteins. Certain HSPs are expressed under certain stages of
development such as embryogenesis, germination, pollen development, and fruit
maturation [94].HSP-triggered heat tolerance is attributed to the observations that (a)
their induction coincides with the organism under stress, (b) their biosynthesis is
extremely fast and intensive, and (c) they are induced in a wide variety of cells and
organisms. Among five conserved families of Hsps (Hsp100, Hsp90, Hsp70, Hsp60
and sHsp), the small heat shock proteins (sHsps) are found to be most prevalent in
plants, the expression of which can increase up to 200-fold under heat stress. sHsps
vary in size from 12–40 kDa [95]. All sHSPs in plants are encoded by six nuclear gene
families, with each gene family corresponding to proteins found in distinct cellular
compartments such as cytosol, chloroplast, endoplasmic reticulum (ER), mitochon-
dria, and membranes. The major chaperone activity of sHsps is to bind and hold
denatured substrates in a folding-competent state for subsequent refolding by a
chaperone network.However, somemembers of the plant sHsps can also stabilize or
reactivate inactivated enzymes.

The mechanism by which HSPs contribute to heat tolerance is still enigmatic
though several roles have been ascribed to them. Many studies assert that HSPs are
molecular chaperones ensuring the native configuration and functionality of cell
proteins under heat stress. There is considerable evidence that acquisition of heat
tolerance is directly related to the synthesis and accumulation of HSPs [96]. For
instance, HSPs provide for new or distorted proteins to fold into shapes essential for
their normal functions. They also help shuttling proteins from one compartment to
another and transporting old proteins to �garbage disposals� inside the cell. The
HSPs were recognized to protect normal proteins from the direct effects of dena-
turation during heat stress treatment. Earlier studies also reported a similar corre-
lation between the thermostabilization of normal proteins and the amount of HSPs
synthesized [97]. Among others,HSP70has been extensively studied and is proposed
to have a variety of functions such as protein translation and translocation, prote-
olysis, protein folding or chaperoning, suppressing aggregation, and reactivating
denatured proteins. In many plant species, heat tolerance of cells and tissues after a
heat stress is pretty much dependent upon induction of HSP70, though HSP101
has also been shown to be essential [11]. HSP70 participates in ATP-dependent
protein unfolding or assembly/disassembly reactions and it prevents protein dena-
turation during heat stress. Evidence for the general protective roles of HSPs
comes from the fact that mutants unable to synthesize them or the cells in which
HSP70 synthesis is blocked or inactivated are more susceptible to heat injury [98].
LMW-HSPs play structural roles inmaintaining cellmembrane integrity. Localization
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of LMW-HSPs in chloroplast membranes further suggested that these proteins
protect the PSII from adverse effects of heat stress and play a role in photosynthetic
electron transport.

There is accumulating evidence that HSPs play an important role in heat tolerance
of wheat. A wheat ditelosomic line lacking the long arm of chromosome 1B, DT1BS,
was able to acquire heat tolerance at lower induction temperatures and was
therefore better protected from heat stress damage [99]. Coincidentally, expression
of HSPs in this line was induced at temperatures 4 �C lower than those required
for HSP induction in the original wheat cultivar Chinese Spring. Hence, the long
arm of chromosome 1B is likely to carry genes repressing both the heat shock
response (HSR) at lower temperature and heat tolerance. In contrast, a ditelosomic
line missing the long arm of chromosome 7D was heat sensitive and exhibited
reduced expression of someHSPs; it was concluded that it carries genes necessary for
induction of several HSPs and the capacity to acquire heat tolerance [100].

29.5.2
Other Heat Stress Proteins

Besides HSPs, there are a number of other plant proteins, including ubiquitin,
cytosolic Cu/Zn-SOD, and Mn-POD whose expressions are stimulated upon heat
stress. For example, in Prosopis chilensis and soybean under heat stress, ubiquitin and
conjugated ubiquitin synthesis during the first 30 min of exposure emerged as an
important mechanism of heat tolerance [101]. A number of osmotin-like proteins
induced by heat and nitrogen stresses, collectively called Pir proteins, have also been
found to be overexpressed in many plant cells under heat stress conferring them
resistance.

Late-embryogenesis abundant (LEA) proteins can prevent aggregation and protect
the citrate synthase (an important enzyme of TCA cycle) from desiccating conditions
such as heat and drought stress (Figure 29.2). Using proteomics tool, enhanced
expressions of 25 LEA proteins in hexaploid wheat during grain filling has been
reported [102]. LEA-type proteins fall into a number of families, with diverse
structures and functions [103]. Predictions of secondary structures suggest that
most LEA proteins exist as random coiled a-helices. It was therefore proposed that
most LEA and dehydrin proteins exist as largely unfolded structures in their native
state, although a few members exist as dimers or tetramers. Function of these
proteins is apparently related to protein degradation pathway, minimizing the
adverse effects of dehydration and oxidative stress during heat stress. Hydrophilicity
is a common characteristic of LEA-type and other osmotic stress-responsive proteins.
Heat stability is another notable feature of LEAproteins, that is, they do not coagulate
upon boiling. Another common characteristic of LEA-type proteins is that, in most
cases, their related gene expression is transcriptionally regulated and responsive to
ABA. It has been suggested that LEA-type proteins act as water binding molecules,
both in ion sequestration and in macromolecule and membrane stabilization
(i.e., chaperone-like activity).

29.5 Heat-Induced Protein Synthesis j671



29.6
Mechanisms of Heat Tolerance

Heat tolerance includes the ability to withstand growth and developmental phase
acceleration and to maintain economic yields. A major effect of heat on plants is the
acceleration of plant growth and development phases by high temperatures [73]. If
the acceleration is severe, economic yield can be affected. Plants adapt to heat stress
through long-term evolutionary manifestation of developmental and morphological
changes and short-term adaptation mechanisms such as spirational cooling and
changes in composition of membrane lipids. Under heat stress, many crop plants
employ early maturation as one of the surviving mechanisms that results in reduced
yield. Initial effects of heat stress, which include plasma membrane disruption,
osmotic changes, and ionic effects, may initiate a downstream signaling and
transcriptional cascade that activate stress-responsive mechanism for the reestab-
lishment of the homeostasis and repair of the damaged proteins and membranes.
Delayed or poor responses at any step in the signaling and gene activation processes
may result in irreversible damage to cellular homeostasis and destruction of
functional and structural proteins and membranes, leading to cell death [104,
105]. Various types of stresses may be encountered by a plant at various develop-
mental stages, and themechanismof the stress responsemay be tissue specific. [106];
however, the effect of heat stress is not limited to just one level or organelle [107], but
the initial effects are on plasma membrane whose fluidity increases under stress

Heat, drought ABA Other abiotic stresses

ABA

Ca2+

IP3

Ca2+ Ca2+

Transcription
factors ABF/AREB

Transcription
factor DREB2

Transcription
activators ICE

CBF/DREB1
(Transcriptional factors)

DRE/CRTABRECOR/RT/LT1/KIN

LEA-like class of stress-responsive genes with DRE/CRT  and ABRE cis-
elements that help in stress damage control and repair

Figure 29.2 LEA proteins activation in response to abiotic stresses.
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triggering Ca2þ influx and cytoskeletal reorganization resulting in the activation of
some mitogen-activated protein kinases (MAPK) and calcium-dependent kinases
(CDPK). This leads to a series of changes and heat tolerancemechanisms such as ion
transporters, osmoprotectants, free radical scavengers, late-embryogenesis abundant
proteins, and factors involved in signaling cascades and transcriptional control are
essentially significant to counteract the stress effects [108]. Generation of ROS is
accompanied by membrane damage; however, these play a crucial role in signaling
cascade. In wheat genotypes, increased activity of SOD and CAT and high ascorbic
acid content has beenwell correlatedwith acquiring heat tolerance by overcoming the
oxidative damage [48]. Induction ofHSPs along with other proteins (such as LEA and
dehydrins) is another mechanism of acquiring heat tolerance. In addition to their
chaperone-like activity, they act as signaling molecules and interact with other stress
response mechanisms such as osmolytes and antioxidants [109, 110]. The signifi-
cance of HSPs in heat tolerance was first mooted on the basis of correlative evidence
(for a review, see Refs [95, 111]), but the involvement of several HSPs in the acquired
heat tolerance ofArabidopsis is now well demonstrated [106, 112, 113]. HSPs are also
involved in stress signal transduction and gene activation, in protecting photosyn-
thetic electron transport [114], and in maintaining cellular redox state [115, 116].

Heat stress is known to swiftly alter patterns of gene expression [117], stimulating
the expression of HSP complements and suppressing the expression of many other
genes [118], resulting in a heat shock response, which is defined as a transient
reprogramming of gene expression and is a conserved biological reaction of cells and
organisms to elevated temperatures [11]. The mRNAs encoding non heat stress-
induced proteins are destabilized during heat stress. Heat stress may also inhibit
splicing of some mRNAs. Heat stress transcription factors (HSFs) are the terminal
components of signal transduction pathways mediating the activation of genes
(including their own) responsive to heat stress. Heat tolerance is not controlled by
a single �thermotolerant� gene in cereals. Different components of tolerance
determined by different sets of genes are critical for heat tolerance at different
stages of the life cycle and in various tissues. Quantitative trait loci analysis,
correlation, and cosegregation approaches, and the use of genetic stocks are most
applicable to the dissection of the genetic basis of heat tolerance in cereals.

Genetic diversity for heat tolerance in cultivated wheat is well established [119–
122]. Genetic diversity for heat tolerance has been shown to exist in wild Triticum and
Aegilops species in a study in which accessions from Afghanistan, Iran, Iraq, Israel,
Jordan, Syria, Lebanon, Turkey, and the former USSRwere tested [123]. It was found
that all heat-tolerant accessions came from only three regions: Eastern Israel,
Western Jordan, and South-western Syria. Hence, it was suggested that the bread
and durumwheat landraces from these regionsmight provide genotypes with a high
degree of heat tolerance that could be incorporated intomodern wheat backgrounds.

Heat tolerance can be acquired by prior exposure to a conditioning pretreatment,
which can be a short but sublethal high temperature or it may also be induced by a
gradual increase in temperature to lethal highs, as would be experienced under
natural conditions [95]. This protects cells and organisms from a subsequent lethal
heat stress. It has been well established that quality and yield responses of wheat
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genotypes to short spells of heat could be considerably improved by a heat shock
treatment during the early grain-filling phase [45].

29.6.1
Signal Transduction under Heat Stress

In order to achieve heat stress tolerance, multiple stress signaling cascade pathways
play key role. Some of these pathways are common to various abiotic stresses while
some are stress specific [124]. Various signaling molecules such as ROS, Ca2þ, and
hormones reprogram the genetic information via signaling cascades [125]. Various
heat stress sensors are thought to be located in thylakoid membrane and are capable
of detecting physical phase transition and eventually leading to conformational
changes in membrane through cycles of phosphorylation and dephosphorylation
due to temperature changes [126]. The presence of highly unsaturated lipids and
temperature-sensitive photosystem make thylakoid membrane a crucial heat stress
sensor [107].

Heat stress signaling involves various chemical molecules. As a response to heat
stress, cytosolic Ca2þ rises sharply and activates the MAPK, which in turn activates
various transcriptional factors via phosphorylation cascade, which then regulates the
expression of genes involved in stress adaptation. In other pathway, Ca2þ binding
activates the calmodulin that in turn activates CDPKs, which are found to be involved
in the regulation of the expression of various HSP genes. It is well established that
increasing cytosolic Ca2þ content under heat stressmay alleviate heat injury, increase
the activity of antioxidants [127], maintain turgor in the guard cells [128], and enable
plant cells to better survive. However, excessive Ca2þ released into the cytosol and
sustained high cytosolic Ca2þ concentrationmight be cytotoxic [129].Other signaling
molecules include SA, ACC, ABA, and H2O2, which are involved in reducing
oxidative damage to the cell and hence help in providing heat tolerance to the plant.
Although numerous molecules including ROS, hormones, nitrous oxide, and
ethylene have been identified for the perception of heat stress cues, the role of Ca2þ

is most important.

29.6.2
Genetic Approaches to Combat Heat Stress

When a plant is subjected to heat stress, a number of genes are turned on, resulting in
increased levels of several metabolites and proteins, some of which may be respon-
sible for conferring a certain degree of protection against these stresses. A key to
progress toward breeding better crops under stress has been to understand the
changes in molecular machinery that occur in response to stress. Various stress
responses accommodate short-term reaction or tolerance to specific stresses. How-
ever, genome plasticity in plants, including genetic (e.g., directed mutation) and
epigenetic (e.g., methylation, chromatin remodeling, and histone acetylation)
changes, allows long-term adaptation to environmental changes/conditions [130],
which may be necessary for long-term survival of plant genotypes/species in
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particular environmental niches. The use of various biotechnological approaches
provides a way to reduce the losses caused by high temperature, but it requires sound
biological knowledge of particular organism and the mechanism of tolerance. With
the advances in genome sequencing techniques, we have the genomic information of
various cereal crops (e.g., maize, rice, and sorghum) that can be exploited to improve
heat tolerance in crop species. Cultural practices such as planting time, planting
methods, and soil and irrigationmanagement have long been in use tominimize the
stress effects. However, in practice, to be successful in improving agricultural
productivity in stress environments, both genetic improvement and adjustment in
cultural practicesmust be employed simultaneously the advent of recombinant DNA
(rDNA) technology methods has opened avenues for tackling issues relating to
complex genetic traits. In particular, the application of quantitative trait locus (QTL)
mappinghas contributed to a better understanding of the genetic relationship among
tolerances to different stresses.

29.6.3
Conventional Breeding

Most plant breeding programs have been focused on the development of cultivars
with high-yield potential in favorable (i.e., nonstress) environments. Such efforts
have been very successful in improving the efficiency of crop production per unit area
and have resulted in significant increases in total agricultural production [131]. The
progress in breeding for stress tolerance depends upon an understanding of the
physiological mechanisms and genetic bases of stress tolerance at the whole plant,
cellular, and molecular levels, for which considerable information is available
regarding the physiological and metabolic aspects of plant heat stress tolerance, as
discussed earlier. Selection of tolerant genotypes underfield conditions is not a viable
approach due to the presence of various environmental factors that affects the results
in the repeated trials and stage-specific responses making it difficult to correlate the
results of one developmental stage with other. One of the traditional breeding
methods for the selection of heat-tolerant progenies is to grow the breeding material
in the heat-prone environment and to screen the lines with greater yield capacity, but
the presence of other abiotic and biotic stresses make the selection process quite
difficult. To overcome this problem, one effective strategy is theuse of glasshouses for
selecting heat-tolerant material, where the required temperature conditions can be
maintained effectively throughout the experiment. But still the efficient and reliable
selectionmethod for the screening of heat-tolerant genotypes is amajor challenge in
traditional breeding. Several other selectionmethods have also been adopted such as
a heat tolerance index (HTI), which is a ratio of the increase in coleoptile length after a
finite exposure to heat stress (e.g., at 50 �C) to the increase in coleoptiles length in the
no-stress treatment, first described in sorghum. This is a very cost-effective and easy-
to-assay technique of screening for heat tolerance, but its correlation with perfor-
mance under field conditions and its effectiveness in different crop species are yet
unknown [132]. Pollen viability has been suggested as an additional indirect selection
criterion for heat tolerance.
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Wheat cultivars capable of maintaining high 1000-kernel weight under heat stress
appear to possess higher tolerance to hot environments [122]. Physiological traits that
are associated with wheat yield in heat-prone environments are canopy temperature
depression, membrane thermostability, leaf chlorophyll content during grain filling,
leaf conductance, and photosynthesis [122]. Breeding programs may measure such
traits to assist in the selection of heat-tolerant parents, segregating generations, or
advanced lines. In a previous study, canopy temperature depression was used to
select for yield under a hot, dry, and irrigated wheat environment in Mexico [133],
whereas another study reported that leaf chlorophyll content was correlated with
1000-kernel weight while screening Mexican wheat landraces [134]. Such sources of
alleles coupled with some of the above traits can provide means for genetically
enhanced wheat by design in heat-prone environments. Multidisciplinary research
involving genetic resource enhancement and cropphysiology at CIMMYThas led to a
physiological trait-based approach to breeding for abiotic stress that has merit over
breeding for yield per se by increasing the probability of successful crosses resulting
from additive gene action. Advances have already beenmade in the drought breeding
program [135, 136], and this strategy will be used to breed wheat for the high-
temperature stress environments.

Traditional breeding strategies for heat stress tolerance have attempted to utilize
genetic variation arising from varietal germplasm, interspecific or intergeneric
hybridization, induced mutations, and somaclonal variation in cell and tissue
cultures have met with only limited success due to several reasons, for example,
lack of suitable source of genes in sexually compatible gene pools, complexity of the
heat stress tolerance trait, lack of understanding of the genetic mechanisms of the
high-temperature tolerance response, low genetic variance of yield components
under stress conditions, and lack of efficient selection techniques. However, classical
breeding prove more effective when blend with various biotechnological approaches
to seek the natural sources of heat stress tolerance. Despite all the complexity of heat
tolerance and difficulties encountered during transfer of tolerance, some heat-
tolerant inbred lines and hybrid cultivars with commercial acceptability have been
developed and released, at least in a few crop species such as tomato [137, 138].

29.6.4
Molecular Approaches

It has been well established by various traditional and transgenic approaches that
plant heat stress tolerance is amultigenic trait, that is, heat tolerance components are
controlled by different set of genes at different developmental stages of plant or in
different tissues [105]. Thus, the use of genetic stocks with different degrees of heat
tolerance, correlation and cosegregation analyses,molecular biology techniques, and
molecularmarkers to identify tolerance QTL are promising approaches to dissect the
genetic basis of heat tolerance [76].Quantitative trait loci analysis is a powerful tool for
qualitative and quantitative genetic analysis of complex traits [139, 140]. Simple
sequence repeats, also called microsatellites, were interspersed ubiquitously in the
DNA of hexaploid wheat [141]. The PCR-based, sequence-tagged site markers
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detected a higher level of genetic variation than did RFLP and RAPD [142–145] and
were useful for genetic analysis of species such as hexaploid wheat that exhibit a
narrow genetic base due to their recent origin [141, 146]. The chromosome-specific
feature of the SSR markers was also valuable for localizing linked alleles and
detecting the QTL of interest. Wheat microsatellites were used recently for mapping
genes in hexaploid wheat [147], characterizing the identity of genetic stocks [148],
studying the genetic diversity of hexaploid wheat and related species [143, 149], and
identifying QTL that control grain protein content [150] and preharvest sprout-
ing [151]. High temperature-induced gene expression system is one of the best-
studied model systems for analyzing induced gene expression. In recent years,
detailed understanding has been gained on various components of theHSR in living
organisms including features such as heat shock genes/proteins, heat shock pro-
moters, and heat shock elements (HSEs), heat shock factors (HSFs), possible
receptors of the heat shock response, signaling components, and chromatin remo-
deling aspects [152, 153]. It has been determined that induction of many heat-
inducible genes is attributed to the conserved HSEs, which are located in the
TATA box proximal 50 flanking regions of heat shock genes [11]. A number of
other sequence motifs have also been identified in plants that show quantitative
effect on the expression of heat shock genes such as CCAAT box and AT-rich
sequences [154].

Marker-assisted selection (MAS) and genetic engineering are two most common
molecular approaches for improving stress tolerance in plants. With the advent of
molecular markers, MAS has become an essential component of new discipline
termed as �molecular breeding,� with the help of which allelic variation among the
genes underlying traits can be precisely and efficiently detected [155]. Numerous
markers such as RAPDs, AFLPs, RFLPs, and SSRs have been reported for various
abiotic stresses for achieving mapping of the QTL involved in stress tolerance [156].
Comparatively, however, limited research has been conducted to identify genetic
markers associated with heat tolerance in different plant species. In Arabidopsis, for
example, four genomic loci (QTL) determining its capacity to acquire heat tolerance
were identified using a panel of heat-sensitive mutants [113].

29.6.5
Transgenic Approach

In contrast with traditional breeding and marker-assisted selection programs, the
direct introduction of a small number of genes by genetic engineering seems to be a
more attractive and rapid approach for improving stress tolerance. Present engi-
neering strategies rely on the transfer of one or several genes that encode either
biochemical pathways or endpoints of signaling pathways that are controlled by a
constitutively active promoter. These gene products protect, either directly or
indirectly, against environmental stresses. The need for raising high-temperature-
tolerant crops using recombinant DNA methods was felt since the early days of
recombinant DNA science, but not much could be achieved as the underlying
physiological processes, biochemical enzymes, and molecular mechanisms that
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impart high temperature tolerancewere not precisely understood. But recently,many
studies have shown that plants for high-temperature tolerance can be genetically
engineered by alteringHsps either directly or through regulatory circuits that govern
Hsp levels, levels of osmolytes, components of the cell detoxification mechanisms,
and components that regulate membrane fluidity [157, 158]. Transgenic technology
has emerged as a useful tool for improving genetics of crops for better survival,
growth, and yield [159]. During the past one decade,major success has been achieved
in producing transgenic plants with increased tolerance to different abiotic stres-
ses [159].However, notmuchprogress has beenmade in producing transgenicwheat
plants tolerant to heat stress. Table 29.2 provides comprehensive details on some
plant transgenics raised for high-temperature tolerance. During the past nearly 30
years of research, Hsps have been extensively analyzed for their physiological,
biochemical, cellular, and molecular properties [160, 161].

Hsp are believed to be important for the protection of cells against heat injury both
in basal heat tolerance (i.e., heat tolerance achievedwithout priorHS) and in acquired
heat tolerance responses. Over the years, a large number of hsp genes have been
isolated, sequenced, and cloned [161, 162]. Experimental data obtained from trans-
genics, reverse genetics, and mutation approaches in noncereal species confirm
causal involvement of HSPs in heat tolerance in plants [106]. Several groups have
altered levels of sHsps in bacterial cells and plants and have shown that over-
expression of sHsps has a role in conferring heat tolerance. For example, it has been
shown that overexpression of Oshsp16.9 in Escherichia coli confers heat tolerance to
bacterial cells [163]. The involvement of Hsps in regulating heat tolerance in plants
has been indicated by downregulating their levels through antisense and RNAi
approach.Mutants ofZ.mays andA. thaliana plants underexpressing their respective
Hsp100 proteins are observed to lack both basal and induced heat tolerance [113, 164,
165]. Heat shock elements interact with positively acting regulatory HSF proteins to
bring about increased transcription of hsp genes [166]. In recent years, hsf gene
induction systemhas emerged as a powerful target formanipulating levels ofHsps in
transgenic experiments.

Various osmolytes such as amino acids (e.g., proline), polyamines (e.g., putres-
cine), quaternary ammonium compounds (e.g., glycine-betaine), sugars (e.g., man-
nitol, fructans, sorbitol, and trehalose), and sugar alcohols (e.g., polyols) help plants
to acclimatize largely against the osmotic stresses [167]. Many heat stress-tolerant
transgenic plants have also been raised by altering osmolytes. Development of plants
capable of higher production of glycine-betaine through transformation with the
BADH gene has been suggested as a potentially effective method to enhance heat
tolerance in plants [168]. Overaccumulation of glycine-betaine has been shown to
improve heat tolerance in transgenic wheat line T6 due to increased osmotic
adjustment and improved antioxidant defense system including antioxidative
enzymes and antioxidants [169].

Altering membrane fluidity provides another means for producing heat-tolerant
plants. For example, transgenic tobacco plants with altered chloroplast membranes
by silencing the gene encoding chloroplast omega-3 fatty acid desaturase have been
produced that produce less trienoic fatty acids and more dienoic fatty acids in their
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chloroplasts than do the wild type. These plants exhibited greater photosynthesis and
grew better than wild type plants under high temperatures [170]. Molecular manip-
ulations focused on the component of cell detoxification mechanisms have been
employed in specific experiments to alter heat tolerance response in transgenic
plants. Reactive oxygen species are induced by most types of stresses [48, 171] and
their production has been envisaged in stress cross-tolerance. Overexpression of
barley hvapx1 gene (encoding for peroxisomal ascorbate peroxidase) in Arabidopsis
brought about increased heat tolerance in transgenic plants compared to wild-type
plants [172]. Overexpression of Cu/Zn superoxide dismutase is also noted to protect
plants from high-temperature stress [173]. Details of the transgenic events produced
for improving heat tolerance in plants are presented in Table 29.2.

29.6.6
Functional Genomics of Heat Stress

Heat stress is not a single-step event. Rather, it triggers in plants a cascade of
physiological, metabolic, and molecular events. The long history of breeding,
genetics, and physiology of crops provides a unique resource for genomics studies
in these species. Genomics, proteomics, and metabolomics, coupled with a strong
bioinformatics capability, now enable a �broad� approach to be taken in the study of
plant responses to abiotic stresses. Recent advances in genome-wide analyses have
revealed complex regulatory networks that control global gene expression, protein
modification, and metabolite composition. Genetic regulation and epigenetic reg-
ulation, including changes in nucleosome distribution, histone modification, DNA
methylation, and npcRNAs (nonprotein-coding RNAs) play important roles in heat
stress gene networks. Transcriptomics, metabolomics, bioinformatics, and high-
throughput DNA sequencing have enabled active analyses of regulatory networks
that control abiotic stress responses. Such analyses have markedly increased our
understanding of global plant systems in responses and adaptation to heat stress
conditions.

Functional genomics technologies provide tools for the detection and definition of
cellular networks through which stress perception, signal transduction, and defen-
sive responses aremediated. This understanding can be used for themanipulation of
the responses or their transfer to important cereal crops species through either
conventional,marker-assisted, or transgenic approaches (Figure 29.3). Various genes
and gene products, which are involved in signal transduction and eventually gene
expression involved in heat stress tolerance mechanism, have been elucidated by
both forward and reverse genetics approaches [178].

Functional genomics and proteomics have emerged as a powerful tool in under-
standing the various mechanisms behind the heat tolerance and eventually in
producing heat-tolerant genotypes. Various techniques such as TILLING, antisense
RNA/RNA interference, posttranscriptional gene silencing, virus-induced gene
silencing, gene knockout, and T-DNA insertional mutagenesis have revolutionized
our understanding of the function of various genes involved in heat stress
response [179] (Figure 29.4). Insertional mutagenesis has been widely employed to

680j 29 Wheat: Mechanisms and Genetic Means for Improving Heat Tolerance



characterize abiotic stress-responsive genes, including those coding for At HKT1,
CBL1, OsRLK1, CIPK3, OSM1/SYP61, and HOS10.

When expression profiling is undertaken in plant tissue, it is necessary to identify
protein components to maximize the information that can be gleaned from expres-
sion profile. Analysis of proteome provides a direct link of the genome sequence to
biological activity. Analysis of the proteome includes acquiring knowledge of the
entire protein repertoire as well as other aspects, such as expression levels, post-

Genomewide information
(sequence ESTs, markers)

Global expression analysis of heat 
stress response in 

sensitive/tolerant plants
(microarray, SAGE, MPSS, 2DGE,

MALDI-TOF, yeast two-hybrid)

Validation of function and stress 
response mechanismsresponse

(overexpression, knockouts, 
antisense, RNAi, allele/QTL 

mapping)

Genetic enhancement of crop 
plants

(molecular breeding/transgenics)

Variety development and field 
trials

Figure 29.3 Different genomics and proteomics approaches used in understanding heat stress
tolerance mechanism.

Figure 29.4 Insertional mutagenesis approaches for identifying genes responsible for heat
tolerance.
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translational modifications, and interactions, to understand the cellular processes at
the protein level.

Proteomics is a powerful approach to study changes in the proteome of plant
system under various stresses including heat stress (see Figure 29.5). Techniques
such as two-dimensional electrophoresis, Y2H (yeast two-hybrid) assay, and mass
spectrometry offer opportunity to discover the various proteins involved in heat
tolerance mechanism. Proteomic reference maps have been made for various crops
including wheat [180] at various growth stages. Upregulation of various heat shock
proteins and downregulation of several other proteins (e.g., proteins involved in
starch metabolism) have been shown in wheat under heat stress during grain
filling [102, 181]. Proteome approach has been successfully used to study the effect
of heat shock on wheat grain quality using 2D gel electrophoresis and to identify
protein markers that enable breeders to produce cultivars with desired characters
under heat stress conditions [182].

Identifying novel genes and studying their expression patterns in response to heat
stress will provide a molecular basis for improving heat tolerance in crops. Micro-
array analysis of gene expression has been used to investigate transcriptome changes
in response to heat stress and combined stresses in several plant species [183, 184],
including wheat [185]. Using Affymetrix Wheat Genome Array, it was found that
�11% (6560) of total probe sets were responsive to short and prolonged heat stress
treatments in wheat and hence it was concluded that the differences in heat tolerance
in different wheat genotypes may be associated with multiple processes and

Figure 29.5 Major components involved in proteomics.
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mechanisms involving HSPs, transcription factors, and other stress-related
genes [185]. Heat acclimation has little effects on gene expression under prolonged
treatments, but it affects gene expression in wheat under short-term heat stress. The
heat stress-responsive genes identified through micoarray will facilitate our under-
standing ofmolecular basis for heat tolerance indifferentwheat genotypes and future
improvement of heat tolerance in wheat and other cereals.

Metabolite profiling has also been used to characterize stress responses to many
abiotic stresses such as water deficit (dehydration and high salinity) and extreme
temperature (cold and heat) for comprehensive analyses of the final steps of stress
signal transduction pathways. Acomparativemetabolite analysis betweenArabidopsis
Columbia (Col-0) plants responding to heat shock and cold shock was carried out
usingGC-MS (gas chromatography–mass spectrometry) [186] andGC-TOF–MS (gas
chromatography–time-of-flight mass spectrometry) [187]. The majority of metabo-
lites produced in response to heat shock overlapped with those produced in response
to cold shock. Moreover, these results suggested that a metabolic network of
compatible solutes including proline, monosaccharides (glucose and fructose),
galactinol, and raffinose has an important role in tolerance to temperature stress.

In summary, genetic engineering for improvingplant heat stress tolerance is still at
its infancy, and the success to date represents only a beginning. Advancements in
marker technology and genetic engineering are expected to contribute significantly to
the development of plants with tolerance to high temperatures in future. Future
knowledge of tolerance components and the identification and cloning of responsible
genes may allow transformation of plants with multiple genes and production of
highly stress-tolerant transgenic plants. In addition, there is no report to date of any
study testing the performance of transgenic plants under field stress conditions.
Therefore, muchmore work is needed to gain a clearer understanding of the genetic,
biochemical, and physiological basis of plant heat tolerance. To improve plant heat
tolerance, alternative approaches to genetic means would include pretreatment of
plants or seeds with heat stress or certain mineral or organic compounds. The
success of such approaches, however, depends on plant species and genotypes and
must be studied on a case-to-case basis.

29.7
Energy Crises during Heat Stress

Under heat stress, various events interfere with the energy production via photo-
synthesis and electron transport chain in mitochondria and hence lead to reduction
in growth of plant. During light reactions, due to increase in leaf temperature, there is
an increase in ATP production to meet the energy requirement of the cell. In dark
reactions, rubisco activation is inhibited under heat stress, which leads to reduction
in carbohydrate production due to interrupted C3 cycle [188, 189]. Heat stress leads to
oxidative stress and DNA damage, which induces the poly(ADP)-ribosylation of
various nuclear proteins as their posttranslational modification. This modification is
achieved by an enzyme named poly(ADP-ribose) polymerase (PARP), whose activity
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is enhanced under various environmental stresses including high temperature. As
NADþ is used as a substrate for this enzyme, an increase in the activity leads to a
decrease in the pool of NADþ. Since ATPmolecules are required to resynthesize the
depleted NADþ, these reactions deplete the energy of the plant due to ATP
overconsumption and enhance the production of ROS, which eventually leads to
cell death [190]. Hence decreasing the poly(ADP)-ribosylation can prove an effective
strategy formaintaining the plant energy homeostasis under adverse conditions such
as high temperature. In short, heat tolerance in plants is a cost-intensive process and
consumes considerable cellular energy to cope with adversaries such as a high
temperature.

29.8
Conclusions and Outlook

Great variation exists within plant species in response to heat stress, which also varies
with developmental stage. However, heat stress affects plant growth almost at every
developmental stage of the plant, but for wheat, the grain-filling stage has been
reported as the most susceptible. Membrane disruption, disarrangement of cell
organelles, disturbance in leaf water relations, impaired photosynthesis due to
changes in series of biochemical and photochemical reactions, production of ROS,
and lipid peroxidation and hence generation of oxidative stress in plant cells are some
of the adverse effects that are caused by heat stress. Various adaptive strategies have
been reported in plants in response to heat stress. These include initiation of
signaling cascade leading to profound changes in specific gene expression in which
the role of Ca2þ is most important; enhanced expression of HSPs that act as
molecular chaperones that play a role in preventing protein denaturation and
removing denatured proteins and dissolving protein aggregates in poststress period
to reduce toxicity. While adaptation to stress under natural conditions has some
ecological advantages, themetabolic and energy costsmay sometimesmask and limit
its benefit to agriculture and result in yield penalty. Therefore, the improvement in
abiotic stress tolerance in agricultural plants can be achieved, practically, by com-
bining traditional and molecular breeding [191–193]. Conventional breeding strat-
egies have shown some notable progress in the development of crop plants with
improved heat tolerance, but the progress is slow due to inherent difficulties of
selecting the desired genotypes. More emphasis should be given to identifying the
molecular markers linked to component traits for heat tolerance so that these could
be used for marker-assisted selection. A comprehensive understanding of the
molecular, physiological, and biochemical basis of the mechanism of heat tolerance
in some plant species has paved the way for genetically engineering the plants that
will withstand the heat stress to produce better yield in heat stress environments.

Globalwarming is likely to increase the frequency of heat stress episodes and cause
yield loss. There is need to be aware of this likelihood and take adaptivemanagement
and breeding steps to reduce the associated risks. These steps should improve further
research to understand themechanisms involved in heat stress tolerance and provide
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breeders with selection tools to assist in the production of varieties that will tolerate
heat stress. Among several wild species of wheat, Aegilops speltoides appears to have
the highest level of heat tolerance. This species continues to growwithout any adverse
effect on pollen fertility even in the month of May in Punjab state of India, when the
temperature is 40 plus. The authors� group is exploring the mechanism of heat
tolerance in this species and attempting to transfer the trait to hexaploid wheat using
tetraploid wheat T. durum as a bridging species.
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30
Wheat and Rice Crops: �Omics� Approaches
for Abiotic Stress Tolerance
Suja George, Ajay Parida, and Monkombu S. Swaminathan

Abiotic stresses are the principal causes of crop failure, reducing average yields of
mostmajor crops bymore than 50%. Rice andwheat are the twomost important food
crops in the world, together occupying about 28% of all crop area. A considerable
amount of crop biomass forwhich genetic potential exists in the present-day cultivars
in wheat and rice is not harvested under field conditions, primarily because of the
sensitivity of these crops to various stresses. To meet human needs by 2050, grain
productionmust increase at an annual rate of 2%on an area of land overwhat is being
produced at present. Modern biotechnology has a lot to offer in the field of crop
improvement in the present scenario both in understanding the mechanisms of
stress and stress tolerance in plants and in developing crop plants better equipped for
harsher environmental conditions. A great deal of research has been carried out in
the recent past in the field of plant abiotic stress tolerance encompassing genomics,
transcriptomics, proteomics, and metabolomics. These �omic� technologies inves-
tigate different facets of a given scientific issue such as abiotic stress tolerance, but
complement each other. Integration of phenotypic, genetic, transcriptomic, prote-
omic, and metabolomic data will enable accurate and detailed gene network recon-
struction. This chapter discusses the recent �omic� studies in wheat and rice in the
field of abiotic stress tolerance.

30.1
Introduction

Abiotic stresses such as drought, high salinity, low and high temperature, submer-
gence, and so on are frequently encountered by plants in bothnatural and agricultural
systems. In many cases, several classes of abiotic stress challenge plants in combi-
nation. For example, high temperatures and scarcity of water are commonly
encountered in periods of drought and can be exacerbated by mineral toxicities that
constrain root growth. Abiotic stresses are the principal causes of crop failure,
reducing average yields of most major crops by more than 50% [1].

Rice (Oryza sativa) is one of themost important food crops in theworldwith almost
half of the world�s population depending on it as their staple food. More than 90% of

Improving Crop Resistance to Abiotic Stress, First Edition.
Edited by Narendra Tuteja, Sarvajeet Singh Gill, Antonio F. Tiburcio, and Renu Tuteja
� 2012 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2012 by Wiley-VCH Verlag GmbH & Co. KGaA.

j695



the world�s rice is grown and consumed in Asia, which is home to 60% of the Earth�s
population. Rice accounts for 35–75% of the calories consumed by more than 3
billion Asians. It is grown on about 154million hectares annually or on about 11% of
the world�s cultivated land. Rice is cultivated in 42million hectares (mha) under four
major ecosystems, namely, irrigated (19mha), rain-fed lowland (14mha), flood-
prone (3mha), and rain-fed upland (6mha) ecosystems. A considerable amount of
rice biomass for which genetic potential exists in the present-day cultivars is not
harvested under field conditions, primarily because of the sensitivity of this crop to
various stresses [2].

Wheat (Triticum aestivum L.) was the first domesticated crop and is the youngest
polyploid species among the agricultural crops. Together with rice and maize, wheat
provides 60% of the calories and proteins for our daily life. Unlike rice and maize,
which prefer tropical environments, wheat occupies 17%of all crop area (in 2002, 210
million hectares). The trade value of wheat exceeds that of any other cereal species,
including rice and maize ($31 billion of world trade in 2001 versus $13 and $19
billion for rice and maize, FAOSTAT database: http://apps.fao.org/default.jsp).
Wheat cultivators lose about 25% annually due to various biotic (pests) and abiotic
stresses [3].

The world population is continuing to rise, but the gains in agricultural output
provided by the Green Revolution have reached a plateau by now [4]. Many
explanations have been offered for this, including deteriorating irrigation infrastruc-
ture, soil degradation, stagnant technology for rain-fed farms, and the technological
fatigue being reached on irrigated farms. Adverse regional climate changes caused by
the combined effects of atmospheric brown clouds (ABC) and greenhouse gases
(GHG) add to this crisis. To meet human needs by 2050, grain production must
increase at an annual rate of 2% on an area of land over what is being produced at
present [2]. Modern biotechnology has a lot to offer in the area of crop improvement
in the present scenario both in understanding the mechanisms of stress and stress
tolerance in plants and in developing crop plants better equipped for harsher
environmental conditions.

Since 2000, plant science has moved forward into the stage of postgenomics.
A great deal of research has been carried out in the recent past in the field of plant
abiotic stress tolerance encompassing genomics, transcriptomics, proteomics, and
metabolomics. The availability of whole genome sequences, microarrays, micro-
RNA libraries, and so on has opened up research and result avenues that did not
exist a decade ago. Completed in 2003, the Human Genome Project was a 13-year
project. However, with the next-generation sequencing technologies from com-
panies such as Roche, Illumina, and Applied Biosystems, sequencing of the whole
genome of higher organisms is being donewith unprecedented speed. Researchers
all over the world have been enthusiastically exploiting the latest technologies and
bioinformatics tools to provide better insights into various facets of abiotic stress
tolerance.

This chapter explores the progress of research in the field of genomics, tran-
scriptomics, proteomics, and metabolomics in wheat and rice, the most important
cereal crops, in the recent past.
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30.2
Genomics

Major genomics initiatives have generated valuable data for the elucidation of the
expressed portion of the genomes of higher plants. The genome sequencing of
Arabidopsis thaliana was completed in 2000 (The Arabidopsis Initiative), while the
finished sequence for rice was published in 2005 (project IRGS). The relatively small
genome size of thesemodel organismswas a key element in their selection as thefirst
plant genomes to be sequenced with extensive coverage. On the other hand, wheat is
an allohexaploid having three homologous genomes. These genomes have been
designated as A, B, and D, with the coding regions of the homologous genes sharing
more than 90% homology. Wheat genome is one of the largest among crop species
with a haploid size of 16.7 billion bp [5], which is 110 and 40 times larger than
Arabidopsis and rice, respectively [6]. The large size, combined with the high
percentage (over 80%) of repetitive noncoding DNA, presents a major challenge
for comprehensive sequencing of the wheat genome. Although common wheat
genetic maps withmolecular markers and cytological maps with deletionmutants of
the chromosome segments have been constructed, the number of mapped DNA
markers for bothmap-based cloning and anchoring of the genomepositions remains
restricted [7].

In 2005, the International Wheat Genome Sequencing Consortium (IWGSC) was
created with the purpose of sequencing the complete genome of bread wheat. In the
meantime,asignificantinsightintotheexpressedportionofthewheatgenomehasbeen
gained through large-scale generation and analysis of ESTs. cDNA libraries prepared
fromdifferent tissuesexposedtovariousstressconditionsanddevelopmentalstagesare
valuable tools to obtain the expressed and stress-regulated portion of the genome.

To identify genes involved in cold acclimation and associated stresses, a large-scale
EST sequencing approach was undertaken by the Functional Genomics of Abiotic
Stress (FGAS) project [8]. As part of this project, 73 521 quality-filtered ESTs were
generated from 11 cDNA libraries constructed from wheat plants exposed to various
abiotic stresses and at different developmental stages. In addition, 196 041 ESTs for
which trace files were available from the National Science Foundation wheat EST
sequencing program and DuPont were also quality filtered and used in the analysis.
Assembly of the resolved ESTs generated a 75 488 unique sequence set (31 580
contigs and 43 908 singletons/singlets). Digital expression analyses indicated that the
FGAS data set is enriched in stress-regulated genes. Over 43% of the unique
sequence set was annotated and classified into functional categories according to
Gene Ontology.

In a similar study [7], a comprehensive collection of ESTs was prepared from
various tissues that develop during the wheat life cycle and from tissues subjected to
stress. The study also examined their expression profiles in silico. By grouping the
ESTs of recombinant clones randomly selected from the full-length cDNA library, the
researchers were able to sequence 6162 independent clones with high accuracy.
About 10% of the clones were found to be wheat unique genes, without any
counterparts within the DNA database. Wheat clones that showed high homology
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to those of rice were selected and their expression patterns in various tissues
throughout the wheat life cycle and in response to abiotic stress treatments were
investigated. Their results showed each clone�s expression in various tissues and
stress treatments and its variability in wheat and rice as a result of their
diversification.

Comparative genomics is a powerful tool for investigating plant evolution at the
whole genome level. In a comparative analysis of wheat and rice genomes, 4485
expressed sequence tags that were physically mapped in wheat chromosome bins
were comparedwith the public rice genome sequence data using BLAST [9]. This rice
genome view of homologous wheat genome locations based on comparative
sequence analysis revealed numerous chromosomal rearrangements between the
two species over the course of evolution.

In the case of rice, the availability of the whole genome has made it possible to do
genome-wide analysis of specific classes of genes. Most of these analyses are quite
exhaustive, including identification of all the genes in a specific class, transcript
profiling, phylogenetic analysis, regrouping based on the phylogenetic analysis or the
presence or absence of protein domains, identification of splice variants and
intronless variants, expression in transgenic systems, proposing new functions, and
so on. These studies often present a comprehensive viewof the specific class of genes.
There are many reports of genome-wide identification and characterization of genes
functioning in abiotic stress tolerance in rice.

Genome-wide analysis resulted in identification of 79 glutathione S-transferases
(GSTs) genes in the rice genome [10]. A phylogenetic analysis grouped the GST
proteins into seven classes. Sequence analysis together with the organization of
putative motifs indicated the potential diverse functions of GST gene family mem-
bers in rice. The authors proposed that tandem gene duplications have contributed a
major role in expansion of this gene family. Microarray data analysis revealed tissue/
organ- and developmental stage-specific expression patterns of several rice GST
genes. At least 31 GST genes showed response to plant hormones auxin and
cytokinin. Furthermore, expression analysis showed the differential expression of
quite a large number of GSTgenes during various abiotic stress (20), arsenate stress
(32), and biotic stress (48) conditions. Many of the GST genes were commonly
regulated by developmental processes, hormones, and abiotic andbiotic stresses. The
transcript profiling suggested overlapping and specific role(s) of GSTs during various
stages of development in rice. The study also provides evidence for the role ofGSTs in
mediating crosstalk between various stress and hormone response pathways [10].

A similar whole-genome analysis revealed 103 genes encoding WRKY transcrip-
tion factors in rice. Among them, the majority of rice WRKY genes (77.7%) were
located in duplicated regions; 45.6% of WRKY genes were fragmentally duplicated
and 35% of them were tandemly duplicated. These results suggested that genome
duplicationsmight be regarded as amajormechanism for expansion of this family in
the rice genome. Under abiotic (cold, drought, and salinity) stresses and various
phytohormone treatments, 54WRKYgenes exhibited significant differences in their
transcript abundance; among them three genes were expressed only under stressed
conditions. Among the stress-inducible genes, 13 genes were regulated only by
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abiotic stresses, another set of 13 genes were responsive to only phytohormone
treatments, and the remaining 28 geneswere regulated by both factors, suggesting an
interaction between abiotic stress and hormone signaling [11].

DREB2s (dehydration-responsive element binding protein 2s) are transcription
factors that interact with a cis-acting DRE (dehydration-responsive element)/CRT (C-
repeat) sequence and activate the expression of downstream genes involved in water
and heat shock stress responses and tolerance. A study analyzed all five DREB2-type
genes in rice (OsDREB2s: OsDREB2A, OsDREB2B, OsDREB2C, OsDREB2E, and
OsABI4) to determine which of them contribute to plant stress responses. The
expression patterns of these genes under abiotic stress conditions were studied and
the subcellular localization and transcriptional activation activity of their translational
products in protoplasts were examined. Only OsDREB2A and OsDREB2B showed
abiotic stress-inducible gene expression. In addition, OsDREB2B showed nuclear-
specific localization and thehighest transactivation activity. OsDREB2Bhas functional
and nonfunctional forms of its transcript similar to its orthologues in the grass family,
and the functional form of its transcript was markedly increased during stress
conditions. The splicing mechanism of OsDREB2B was analyzed with transgenic
rice that expressed thenonfunctional transcript,which revealed that thenonfunctional
form is not a precursor of the functional form, indicating that stress-inducible
alternative splicing of pre-mRNA is an important mechanism for the regulation of
OsDREB2B. Transgenic Arabidopsis plants overexpressing OsDREB2B showed
enhanced expression of DREB2A target genes and improved drought and heat- shock
stress tolerance. These results pointed out the key role of OsDREB2B in stress-
responsive gene expression in rice [12]. Another database search identified 29C3HC4-
type RING finger family genes in rice. A comprehensive expression analysis of these
geneshas beenperformedusingmicroarraydata obtained from27 tissuesor organs of
three rice genotypes, Minghui 63, Zhenshan 97, and Shanyou 63. Expression analysis
of C3HC4-type RING finger genes under abiotic stresses suggested that 12 genes are
differentially regulated by hormones or stress in rice seedlings [13].

Heat shock proteins (Hsps) constitute an important component in the heat shock
response of all living systems. Among the various plant Hsps (i.e., Hsp100, Hsp90,
Hsp70, and Hsp20), Hsp20 or small Hsps (sHsps) are expressed in maximal
amounts under high temperature stress. The characteristic feature of the sHsps is
the presence of alpha-crystallin domain (ACD) at the C-terminus. sHsps cooperate
with Hsp100/Hsp70 and cochaperones in ATP-dependent manner in preventing
aggregation of cellular proteins and in their subsequent refolding. A database search
revealed the presence of 40 alpha-crystallin domain containing genes in rice.
Phylogenetic analysis showed that 23 out of these 40 genes constitute sHsps. The
additional 17 genes containing ACD clustered with Acd proteins of Arabidopsis. A
detailed scrutiny of 23 sHsp sequences resulted in categorizing these proteins in a
revised scheme of classification, constituting 16 cytoplasmic/nuclear, 2 ER, 3
mitochondrial, 1 plastid, and 1 peroxisomal genes. Expression analysis based on
microarray and RT-PCR showed that 19 sHsp genes were upregulated by high-
temperature stress. Besides heat stress, expression of sHsp genes was up- or
downregulated by other abiotic and biotic stresses [14].
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Several studies have pointed out the involvement of WRKY transcription factor
gene family in a range of biological processes, including abiotic stress. A whole gene
family WRKYs expression study was carried out in rice. Twenty-four members of the
rice WRKYgene family (22% of the total) were differentially regulated in response to
at least one of the stress conditions tested. The existence of nine OsWRKY gene
clusters comprising phylogenetically related and unrelated genes that were signif-
icantly coexpressed suggested that specific sets of WRKY genes might act in
coregulatory networks. By identifying Arabidopsis orthologues of the coexpressed
OsWRKY genes, it was also shown that specific coregulatory networks were con-
served between the two model species. It is possible to highlight novel clusters of
plant genes contributing to the same biological processes or signal transduction
pathways using such data [15].

Similar studies have also been conducted in wheat, although limited by the
unavailability of the whole-genome sequence. From 960 174 ESTs of T. aestivum,
117 putative AP2/ERF family genes were identified [16]. On the basis of the model
species A. thaliana, the AP2/ERF transcription factors from T. aestivum were
classified into five subfamilies with the following number of members: DREB
(57), ERF (47), AP2 (9), RAV (3), and Soloist (1). Using the available EST information
as a source of expression data, the putative AP2/ERF family genes from T. aestivum
were detected innine kinds of tissues. Transcripts of the geneswere shown to bemost
abundant in leaves, followed by roots and seeds, and least abundant in stem.

Enzymatic methylation, which is catalyzed by the large number of O-methyl-
transferases (OMTs), is one of the important reactions in the flow of primary and
secondary metabolism. The structural and expressional divergence of genes encod-
ingO-methyltransferase has been studied inwheat [17].Wheat OMTgenes TaOMT3,
TaOMT4, and TaOMT5 were analyzed using a bioinformatics approach for their
genomic organization, tissue-specific expression, responses to abiotic stresses and
hormones, and cis-elements.

30.3
Transcriptomics

With the ever-increasing availability of genomic sequences and the introduction of
microarray technology, enabling the high-throughput analysis of gene expression,
transcriptome profiling has rapidly become a favorite tool with many researchers.
The study of plant transcriptomes has led to important discoveries and to an
accumulation of profiling data covering a wide range of different tissues, develop-
mental stages, perturbations, and genotypes. Querying a large number ofmicroarray
experiments can provide insights that cannot be gained by analyzing single
experiments.

In an effort to elucidate genome-level responses to drought and high-salinity
stress in rice, a 70-mer oligomer microarray covering 36 926 unique genes or gene
models was used to profile genome expression changes in rice shoot, flag leaf, and
panicle under drought or high-salinity conditions [18]. Patterns of gene expression
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in response to drought or high-salinity stress within a particular organ type showed
significant overlap, but comparison of expression profiles among different organs
showed largely organ-specific patterns of regulation. Both stresses appeared to alter
the expression patterns of a significant number of genes involved in transcription
and cell signaling in a largely organ-specific manner. This study identified that
promoter regions of genes induced by both stresses or induced by one stress in
more than one organ type were relatively enriched in two cis-elements (ABRE core
and DRE core) known to be associated with water stress. Further computational
analysis that indicated that novel promoter motifs are present in the promoters of
genes involved in rehydration after drought led the authors to propose that rice
might possess a mechanism that actively detects rehydration and facilitates rapid
recovery.

The rice genome encodes a total of 10 genes that contain the highly conserved
MTase catalytic domains found in DNAmethyltransferases (MTases). A microarray-
based gene expression profile of all 10MTases during 22 stages/tissues that included
14 stages of reproductive development and five vegetative tissues together with three
stresses, cold, salt, and dehydration stress, revealed specific windows of MTase
activity during panicle and seed development. One of the MTases was activated in
young seedlings in response to cold and salt stress [19].

Microarray-based transcriptome profiling has been successfully used to analyze
the differences in gene expression between salt-sensitive and -tolerant rice cultivars.
The expression profiles of 1194 salinity-regulated cDNAs in rice salt-sensitive cultivar
IR64 and Pokkali, a well-known, naturally salt-tolerant relative, were analyzed using
microarrays [20]. The study revealed that salinity tolerance of Pokkali may be due to
constitutive overexpression of many genes that function in salinity tolerance.
Analysis of genome architecture revealed the presence of these genes on all the
chromosomes with several distinct clusters. A few genes were mapped on one of the
major quantitative trait loci, Saltol, on chromosome 1 and were found to be
differentially regulated in the two contrasting genotypes. The study revealed
that a set of known abiotic stress-inducible genes, including CaMBP, GST, LEA,
V-ATPase, OSAP1 zinc finger protein, and transcription factor HBP1B, were
expressed at high levels in Pokkali even in the absence of stress.

Mitochondrial responses to abiotic stresses at the early stages of wheat develop-
ment after imbibition under normal and low temperature, high salinity, and high
osmotic potential stress have been evaluated by transcriptome profiling [21]. Micro-
array analysis of the mitochondrial transcriptome revealed stress specific in tran-
script levels in the case ofmost genes, but few groups of genes were found to respond
commonly to different stresses. Under continuous stresses for 3 days, 13 genes
showed low-temperature-specific responses with up- or downregulation, while 14
and 23 genes showed responses specific to high salinity and high osmotic potential,
respectively. On the other hand, 13 genes showed common responses. Among the
nuclear-encoded mitochondrial-targeted genes, MnSOD and AOX increased their
transcript amounts. These results also point out toward common and different
regulatory mechanisms that can sense different abiotic stresses and modulate both
nuclear and mitochondrial gene expression in wheat.
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In order to reveal differences in global expression profiles of drought-tolerant and
-sensitive wild emmer wheat genotypes, a shock-like dehydration process was
deployed to compare transcriptomes at two time points in root and leaf tissues [22].
The comparison of transcriptomes revealed several unique genes or expression
patterns such as differential usage of IP3-dependent signal transduction pathways,
ethylene- and abscisic acid (ABA)-dependent signaling, and preferential or faster
induction of ABA-dependent transcription factors by the tolerant genotype that
distinguish contrasting genotypes indicative of distinctive stress response pathways.
This comparison of transcriptomes in the absence of and after dehydration indicates
that gene networks involved in drought response especially in root tissues may have
been lost in the selection processes generating modern bread wheat.

T. aestivum �Opata� is an elite hard red spring wheat that has been used as a parent
of the ITMI (International TriticeaeMapping Initiative) mapping population and also
in the production of synthetically derived hexaploid wheats, some of which (following
selection) show increased drought tolerance relative to Opata. The response of Opata
roots to water withholding was described using physiological variables and oligonu-
cleotide microarrays [23]. They identified 190 transcripts whose expression increased
following water limitation. In addition to previously characterized markers of abiotic
stress and many genes of unknown function, they were able to identify multiple
putative glucanases and class III peroxidases as being particularly responsive to stress.
A comparison of these data with microarray analyses of Opata�s more drought-
tolerant, synthetic-derived Progeny revealed a relatively high correlation between
responsive transcripts in the two genotypes, despite differing physiological responses.
Someof the transcripts thatwere differentially expressed betweenOpata and themore
tolerant synthetic-derived genotype under stress included a class III peroxidase, an
AP2 family transcription factor, and several transcripts of unknown function.

There are a few software applications that have been developed to query large
microarray gene expression databases using a Web-browser interface. GENEVES-
TIGATOR, a database and Web-browser data mining interface for Affymetrix
GeneChip data, is an example.Users can query the database to retrieve the expression
patterns of individual genes throughout chosen environmental conditions, growth
stages, or organs. Reversely, mining tools allow users to identify genes specifically
expressed during selected stresses, growth stages, or in particular organs. Using
GENEVESTIGATOR, the gene expression profiles of more than 22 000 Arabidopsis
genes can be obtained, including those of 10 600 currently uncharacterized
genes [24]. More recently, Genevestigator rice and barley gene expression databases
have been released that contain quality controlled and well-annotated microarray
experiments using ontologies [25]. The databases comprise experiments from
pathology, plant nutrition, abiotic stress, hormone treatment, genotype, and spatial
or temporal analysis, but are expected to cover a broad range of research areas asmore
experimental data become available. The transcriptome meta-analysis of the model
species rice is expected to deliver results that can be used for functional genomics and
biotechnological applications in cereals.

In addition to the whole transcriptome profiling studies, a plethora of research
reports are recently available on transcript profiling of individual genes or specific
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class of genes functioning in abiotic stress tolerance in wheat and rice. These studies
complement the whole transcriptome profiling studies and in many cases are more
in-depth when individual gene�s function is concerned. Many of them have served to
reveal novel functions for already known genes and help in elucidating their
interactions with other genes and pathways.

A recent review analyzed the role of APETALA 2/ethylene response element
binding protein (AP2/EREBP) family transcription factors in abiotic stress tolerance.
O. sativa subsp. Japonica has 163 gene loci assigned to this transcription factor. AP2/
EREBP transcription factors have been implicated in hormone, sugar, and redox
signaling in context of abiotic stresses such as cold and drought. It was suggested that
AP2/EREBP transcription factors integratemetabolic, hormonal, and environmental
signals in stress acclimation and retrograde signaling [26].

Many transcription factors involved in abiotic stress tolerance in an ABA-depen-
dantmanner have been characterized. TwogroupAbZIP transcription factors in rice,
OsABF1 andOsABF2 (O. sativaABA-responsive element binding factor), were found
to be expressed in various tissues in rice and induced by different types of abiotic
stress treatments, such as drought, salinity, cold, oxidative stress, and ABA [27, 28].
MYBS3 is a singleDNAbinding repeatMYB transcription factor previously shown to
mediate sugar signaling in rice. A recent study revealed that MYBS3 also plays a
critical role in cold adaptation in rice. Transgenic rice constitutively overexpressing
MYBS3 tolerated 4 �C for at least 1week and exhibited no yield penalty in normalfield
conditions. Transcription profiling of transgenic rice overexpressing or underexpres-
sing MYBS3 led to the identification of many genes in the MYBS3-mediated cold
signaling pathway. MYBS3 was found to repress the well-known DREB1/CBF-
dependent cold signaling pathway in rice, and the analysis revealed that the
repression appears to act at the transcriptional level. DREB1 responded quickly and
transiently whileMYBS3 responded slowly to cold stress, which suggests that distinct
pathways act sequentially and complementarily for adapting short- and long-term
cold stress in rice [29].

Differences in expression pattern of two abiotic stress-inducible genes in
contrasting rice genotypes varying in their salt stress sensitivity were studied [30].
Expression levels of two genes, Rab16A and SamDC, and corresponding proteins,
in the seeds, at the background level (dry or water-imbibed state) and ABA-imbibed
conditions in rice genotypes M-1-48 (salt sensitive), Nonabokra (salt tolerant), and
Gobindobhog (aromatic) were analyzed. An extremely low abundance of Rab16A or
practically undetectable SamDC transcripts were observed in M-1-48 and Gobin-
dobhog seeds under control conditions, induced only after exogenous ABA
treatment, whereas they were expressed at a much higher level even in dry and
water-imbibed seeds of Nonabokra and lesser induced by ABA. The RAB16A and
SAMDC protein expression in the three varieties were also identical to the gene
expression patterns. Thus, the expression was found to be stress inducible in M-1-
48 and Gobindobhog, while constitutive in Nonabokra. Their results indicated that
the difference in expression profiles of the two genes is partly responsible for
increased salt tolerance in Nonabokra.
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In an effort to characterize previously uncharacterized rice genes, a large popu-
lation of Arabidopsis plants were transformed with rice full-length cDNAs to isolate
the rice genes that improve the tolerance of plants to environmental stress [31]. One
salt-tolerant line identified, R07047, expressed a rice gene,OsSMCP1,which encodes
a small protein with a single C2 domain, a Ca2þ -dependent membrane targeting
domain. Line R07047 showed enhanced tolerance to high salinity, osmotic, dehy-
drative, and oxidative stresses. Furthermore, R07047 showed improved resistance to
P. syringae. In vivo localization studies revealed the plastid localization of the protein.
Overexpression of OsSMCP1 was found to induce overexpression of several nuclear-
encoded genes, including the stress-associated genes, in transgenic Arabidopsis [31].

In similar experiments, the role of a previously unknown zinc finger transcription
factor called DST (drought and salt tolerance) that negatively regulates stomatal
closure by direct modulation of genes related to H2O2 homeostasis in drought and
salt tolerance was analyzed [32]. A DREB1B gene (dehydration-responsive element
binding factor) from rice, differentially regulated at the transcriptional level by
osmotic stress, oxidative stress, salicylic acid, ABA, and cold, was characterized by
overexpression in tobacco plants and analysis of transgenic plants [33]. Another study
revealed the involvement of specific MAP kinase kinase (mitogen-activated protein
kinase) in different abiotic stress signaling [34]. Two rice calmodulin promoters
OsCaM1 and OsCaM3 were characterized by fusion with GUS reporter gene and
transformation into tobacco [35].

A study in two wheat recombinant inbred lines contrasting in their salt tolerance
examined the expression levels under salt or drought stress of 10MYB transcription
factor genes [36]. FourMYB genes were found to be consistently upregulated in the
seedling roots of both genotypes under short-term salt treatment. ThreeMYBgenes
were found to be upregulated in both genotypes under long-term salt stress. One
MYB gene was upregulated in both genotypes under both short- and long-term salt
stress. Of these salt upregulated MYB genes, one MYB gene (TaMYBsdu1) was
markedly upregulated in the leaf and root of wheat under long-term drought stress.
In addition, TaMYBsdu1 showed higher expression levels in the salt-tolerant
genotype than in the susceptible genotype under salt stress, indicating that it is
an important regulator involved in wheat adaptation to both salt and drought
stresses.

A novel wheat NAC transcription factor gene (TaNAC4) was found to share high
homology with rice OsNAC4 gene. TaNAC4 transcript in wheat leaves was induced
by the infection of strip rust pathogen and also by exogenously applied methyl
jasmonate (MeJA), ABA, and ethylene. Environmental stimuli, including high
salinity, wounding, and low temperature, also induced TaNAC4 expression [37].
A pectin methylesterase inhibitor (PMEI) was found to be upregulated under
hydrogen peroxide treatments in wheat [38]. Dehydration-responsive element bind-
ing factors (DBFs) belong to the AP2/ERF superfamily and play vital regulatory roles
in abiotic stress responses in plants. Three novel homologues of theDBFgene family
in wheat (TaAIDa-c, T. aestivum abiotic stress-induced DBFs) were isolated by
screening a drought-induced cDNA library [39]. Overexpression of TaAIDFa activated
CRT/DRE-containing genes under normal growth conditions and improved drought
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and osmotic stress tolerances in transgenic Arabidopsis plants. Vacuolar Hþ -trans-
locating pyrophosphatase (V-PPase) is a key enzyme related to both plant growth and
abiotic stress tolerance. V-PPase genes TaVP1, TaVP2, and TaVP3 were identified
from wheat [40]. TaVP2 was observed to be mainly expressed in shoot tissues and
downregulated in leaves under dehydration. Its expression was upregulated in roots
under high salinity. TaVP1 was relatively more ubiquitously and evenly expressed
thanTaVP2. Its expression level in rootswas highest among the tissues examined and
was inducible by salinity stress. These results indicated that the V-PPase gene
paralogues in wheat are differentially regulated spatially and in response to dehy-
dration and salinity stresses.

Sucrose nonfermenting 1-related protein kinase 2 family members play essential
roles in response to hyperosmotic stresses in Arabidopsis, rice, and maize. A study
characterized the function of TaSnRK2.4, an SNF1-type serine/threonine protein
kinase of wheat, in drought, salt, and freezing stresses inArabidopsis [41]. Transgenic
Arabidopsis overexpressing TaSnRK2.4 had enhanced tolerance to drought, salt, and
freezing stresses, which were simultaneously supported by physiological results,
including decreased rate of water loss, enhanced higher relative water content,
strengthened cell membrane stability, improved photosynthesis potential, and
significantly increased osmotic potential. The results indicated that TaSnRK2.4 is
involved in the regulation of enhanced osmotic potential, growth, and development
under both normal and stress conditions and imply that TaSnRK2.4 is a multifunc-
tional regulatory factor in Arabidopsis.

A novel aquaporin gene fromwheat, TaNIP (T. asetivum L. nodulin 26-like intrinsic
protein), was characterized in a study [42]. TaNIP was identified and cloned through
the GeneChip expression analysis of a salt-tolerant wheat mutant RH8706-49 under
salt stress. The overexpression of TaNIP in transgenic Arabidopsis produced higher
salt tolerance than wild-type plants. Under salt stress treatment, TaNIP overexpres-
singArabidopsis accumulated higher Kþ , Ca2þ , and proline contents and lower Naþ

level than thewild-type plants. The overexpression of TaNIP in transgenicArabidopsis
also upregulated the expression of a number of stress-associated genes. Their results
suggested that TaNIP plays an important role in salt tolerance.

30.4
Evaluation of the Role of MicroRNAs in Abiotic Stress

MicroRNAs (miRNAs) are small single-stranded RNAs with a length of about 21 nt;
these noncoding RNAs regulate developmental and stress responses in plants by
cleaving mRNAs. Most of the physiological processes are controlled by miRNAs in
several organisms including plants. A huge database exists on miRNAs identified
from diverse species. However, the processes of data mining of miRs in most of the
species are still incomplete. AlthoughmanymiRNAs have been identified in rice and
wheat, relatively little is known about their role in abiotic stress.

Cloning and identification of approximately 40 newputativemiRs is reported from
a basmati rice variety [43]. About 23 sequences were derived from rice exposed to salt
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stress, while 18 were derived from rice infected with tungro virus. A few of these
putative miRs were common to both. Their results showed that at least two of these
miRswere upregulated in response to both abiotic and biotic stresses. ThemiR target
predictions indicated that most of the putative miRs target specific metabolic
processes. The upregulation of similar miRs in response to two entirely different
types of stresses suggests a converging functional role of miRs in managing various
stresses. Recently, 18 cold-responsive rice miRNAs were identified using micro-
arrays [44]. The existence of hormone-responsive elements in the upstream regions
of these cold-responsive miRNAs indicated the importance of hormones in this
defense systemmediated bymiRNAs. Their findings confirm the role of miRNAs as
ubiquitous regulators in rice.

Deep sequencing of small RNA libraries is an effective approach to uncover rare
and lineage- and species-specificmiRNAs in any organism.A study constructed three
small RNA libraries from control rice seedlings and seedlings exposed to drought or
salt stress and then subjected them to pyrosequencing [45]. A total of 58 781, 43 003,
and 80 990 unique genome-matching small RNAs were obtained from the control,
drought, and salt stress libraries, respectively. Twenty-three new miRNAs, mostly
each derived from a unique locus in rice genome, were identified. Six of the new
miRNAs are conserved in other monocots.

In wheat, 12 miRNAs responsive to heat stress have been identified [46]. Another
study identified 2076 small RNAs in a small RNA library from leaf, root, and spike of
wheat. These small RNAsmapped to noncoding regions, the CDS region of protein-
coding genes, and 50 UTR and 30 UTR regions. The expression of small RNAs in
wheat seedling leaves, roots, and spikes were analyzed by Northern blot, which
indicated that some small RNAs were responsive to abiotic stress treatments,
including heat, cold, salt, and dehydration [47].

30.5
Generation of Transgenic Wheat and Rice Plants Tolerant to Abiotic Stress

Transgenic rice plants overexpressing ZFP245, a cold- and drought-responsive gene
that encodes a zinc finger protein, were found to display high tolerance to cold and
drought stresses. The transgenic plants did not exhibit growth retardation, but
showed growth sensitivity against exogenous abscisic acid, increased free proline
levels, and elevated expression of rice pyrroline-5-carboxylate synthetase and praline
transporter genes under stress conditions. Overproduction of ZFP245 enhanced the
activities of reactive oxygen species scavenging enzymes under stress conditions
and increased the tolerance of rice seedlings to oxidative stress. It was postulated
that ZFP245 may contribute to the tolerance of rice plants to cold and drought
stresses by regulating proline levels and reactive oxygen species scavenging
activities [48].

OsbZIP72, a member of the basic leucine zipper (bZIP) transcription factor
family, is an ABRE binding factor in rice. Transgenic rice overexpressing OsbZIP72
showed a hypersensitivity to ABA, elevated levels of expression of ABA response
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gene such as LEAs, and an enhanced ability of drought tolerance. These results
suggested that OsbZIP72 plays a positive role in drought resistance through ABA
signaling [49]. Transgenic rice overexpressing OsbZIP23, another member of the
bZIP family, showed significantly improved tolerance to drought and high-salinity
stresses and sensitivity to ABA. GeneChip and real-time polymerase chain reaction
analyses revealed that hundreds of genes were up- or downregulated in the rice
plants overexpressing OsbZIP23, indicating that OsbZIP23 is a major player of
the bZIP family in rice for conferring ABA-dependent drought and salinity
tolerance [50].

The DREB transcription factors, which specifically interact with C-repeat/DRE
(A/GCCGAC), play an important role in plant abiotic stress tolerance by controlling
the expression of many cold and drought-inducible genes in an ABA-independent
pathway. Three novel DREB genes, OsDREB1E, OsDREB1G, and OsDREB2B, were
isolated from rice [51]. Transgenic rice plants analysis revealed that overexpression of
OsDREB1G and OsDREB2B in rice significantly improved their tolerance to water
deficit stress, while overexpression of OsDREB1E could only slightly improve the
tolerance towater deficit stress, suggesting that theOsDREBsmight participate in the
stress response pathway in different manners.

Overexpression of TERF1 (encoding a tomato ethylene response factor) in trans-
genic rice resulted in an increased tolerance to drought andhigh salt [52]. The authors
associated the enhanced tolerance with the accumulation of proline and the decrease
inwater loss. Furthermore, TERF1was found to effectively regulate the expression of
stress-related functional genes Lip5, Wcor413-l, OsPrx, and OsABA2, as well as
regulatory genes OsCDPK7, OsCDPK13, and OsCDPK19, under normal growth
conditions. cis-Acting elements such as DRE/CRT and GCC box exist in TERF1
targeted gene promoters. Similarly, overexpression of a trehalose-6-phosphate phos-
phatase gene OsTPP1 conferred stress tolerance in rice and resulted in the activation
of stress-responsive genes [53].

An aluminum (Al3þ ) tolerance gene TaALMT1 was overexpressed in transgenic
wheat under maize ubiquitin promoter [54]. The transgenics showed increased
TaALMT1 expression, malate efflux, and Al3þ resistance compared to untrans-
formed controls. Some T2 lines showed greater Al3þ resistance than ET8, an Al3þ -
resistant reference genotype. Increased drought tolerance was reported in transgenic
wheat expressing Vigna aconitifolia D1-pyrroline-5-carboxylate synthetase (P5CS)
cDNA that encodes the key regulatory enzyme in proline biosynthesis under the
control of a stress-induced promoter complex (AIPC) [55]. Drought stress tolerance
was accompanied by accumulation of proline in transgenic plants.

30.6
Proteomics

The transcriptome analyses of gene expression at the mRNA level have contributed
greatly to our understanding of abiotic stress tolerance in plants.However, the level of
mRNA does not always correlate well with the level of protein, the key player in the
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cell [56]. Therefore, it is insufficient to predict protein expression level from
quantitative mRNA data. This is mainly due to posttranscriptional regulation
mechanisms, such as nuclear export and mRNA localization, transcript stability,
translational regulation, and protein degradation. Proteome studies aim at the
complete set of proteins encoded by the genome and thus complement the tran-
scriptome studies.

Several researchers have used the proteomics approach to identify specific proteins
involved in rice stress response. The proteome response of the plasma membrane
(PM) to environmental stresses was studied using a subcellular proteomics approach,
monitoring changes in abundance of PM-associated protein in response to salini-
ty [57]. The proteome was extracted from a root plasma membrane-rich fraction of a
rice salt-tolerant variety, IR651, grown under saline and normal conditions. Compar-
ative two-dimensional electrophoresis revealed that 24 proteins were differentially
expressed in response to salt stress. Most of the proteins identified were involved in
several important mechanisms of plant adaptation to salt stress, including regulation
of PM pumps and channels, membrane structure, oxidative stress defense, signal
transduction, protein folding, and the methyl cycle. These results point to the
suitability of proteomics approach in identification of stress-regulated proteins.

In another study, a proteomic approach was adopted to investigate the low-
abundant proteins in rice leaf in response to cold stress. Rice seedlings were exposed
to different temperatures, such as 5 or 10 �C, and samples were collected after
different time courses. The researchers were able to identify some novel proteins,
such as cysteine proteinase, thioredoxin peroxidase, a RING zinc finger protein-like,
drought-inducible late-embryogenesis abundant, and a fibrillin-like protein [58].
Another group of researchers also used proteomics approaches to get new insights
into chilling stress responses in rice. Rice cultivar Nipponbare was treated at 6 �C for
6 or 24 h and then allowed to recover for 24 h. The temporal changes in total proteins
in rice leaves were examined using two-dimensional electrophoresis [59]. The
researchers were able to identify 85 differentially expressed proteins using mass
spectrometry analysis that were involved in several processes including signal
transduction, RNA processing, translation, protein processing, redox homeostasis,
photosynthesis, photorespiration, and metabolisms of carbon, nitrogen, sulfur, and
energy. Interestingly, gene expression analysis of 44 different proteins by quantitative
real-time PCR showed that the mRNA level was not correlated well with the protein
level. This underlines the importance of proteomics in identification of key compo-
nents in stress tolerance. The same group had previously used proteomic success-
fully to investigate the salt stress-responsive proteins in rice cv. Nipponbare roots.
They were able to identify six novel stress-responsive proteins involved in regulation
of carbohydrate, nitrogen, and energy metabolism, reactive oxygen species scaveng-
ing, mRNA and protein processing, and cytoskeleton stability [56].

Several studies have suggested a critical role of protein phosphorylation in salt
stress response in plants. A study analyzed the differential expression of rice
phosphoproteome under salt stress [60]. Seventeen differentially upregulated and
eleven differentially downregulated putative phosphoproteins were identified. The
same group further identified 31 salt stress differentially regulated proteins, the
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majority of which have not been reported in the literature. Thus, proteomics is
indeed a valuable tool in providing new insight into plant response to abiotic
stress.

Cell wall proteins (CWPs) are important both formaintenance of cell structure and
for responses to abiotic and biotic stresses. To determine differentially expressed
CWPs in wheat under flooding stress, gel-based proteomic and LC–MS/MS-based
proteomic techniques were used [61]. Eighteen proteins were found to be signifi-
cantly regulated in response to flood by gel-based proteomics and 15 proteins by LC–
MS/MS-based proteomics. Among the flooding downregulated proteins, most were
related to the glycolysis pathway and cell wall structure and modification. However,
themost highly upregulated proteins in response toflooding belong to the category of
defense and disease response proteins. Among these differentially expressed pro-
teins, only methionine synthase, beta-1,3-glucanases, and beta-glucosidase were
consistently identified by both techniques. The downregulation of these three
proteins suggested that wheat seedlings respond to flooding stress by restricting
cell growth to avoid energy consumption; by coordinating methionine assimilation
and cell wall hydrolysis, CWPs played critical roles in flooding responsiveness. The
implication of different drought treatments on the protein fractions in grains of
winter wheat was examined using 1H nuclear magnetic resonance spectroscopy
followed by chemometric analysis [62]. Principal component trajectories of the total
protein content and the protein fractions of flour, as well as the 1H NMR spectra of
single wheat kernels, wheat flour, and wheat methanol extracts, were analyzed to
elucidate the metabolic development during grain filling. The results from both the
1H NMR spectra of methanol extracts and the 1H HR-MAS NMR of single kernels
showed that a single drought event during the generative stage had as strong an
influence on protein metabolism as two consecutive events of drought. In contrast, a
drought event at the vegetative growth stage had little effect on the parameters
investigated.

30.7
Metabolomics

Even after the completion of thewhole-genome sequencing inmany plants, networks
of gene tometabolite are largely unknown. To reveal the function of genes involved in
metabolic processes and gene-to-metabolite networks, the metabolomics-based
approach is regarded as a direct way. In particular, integration of comprehensive
gene expression profile with targetedmetabolite analysis is shown to be an innovative
way for identification of gene function for specific product accumulation in
plants [63].

Metabolomics represents the exhaustive profiling of metabolites contained in
organism. Proteomics and transcriptomics are both considered to be a flow of media
concerning genetic information. In contrast, metabolomic should be thought as
being concerned with phenotype [64]. Perturbations including environmental
change, physical stress, abiotic stress, nutritional stress, mutation, and so on lead
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to changes in the metabolome. Analysis of these changes serves to fine-tune our
knowledge on plant response to environmental changes, physical stress, abiotic
stress, nutritional stress, mutation, and so on.

Capillary electrophoresis–mass spectrometry (CE–MS) and capillary electro-
phoresis diode–array detection (CE–DAD) were used to analyze the dynamic
changes in the level of 56 basic metabolites in rice foliage at hourly intervals over
a 24 h period [65]. They found that in response to environmental stress,
glutathione and spermidine fluctuated synchronously with their regulatory
targets.

Overexpressing YK1gene, the homologue of theHC toxin reductase (HCTR) gene,
in transgenic rice was accompanied by an increase in the amounts of NAD(P)(H).
Besides HCTR activity, YK1 also possessed dihydroflavonol-4-reductase activity [66].
The overexpression of YK1was found to induce the activation of enzymes in theNAD
synthetic pathway, which resulted in an increase in the amount of NAD(P)(H). These
results implied that the coupled increase in DFR activity and amounts of NAD(P)(H)
may contribute to biotic and abiotic stress tolerance. A metabolite profiling of YK1
transgenic rice was done by CE/MS [67]. They analyzed several metabolites of
glycolysis, the tricarboxylic acid (TCA) cycle, and the pentose phosphate pathway.
In addition, the concentrations of sugars and ions were quantified. Their results
indicated that in YK1 overexpressing plants, the concentrations of cis-aconitate,
isocitrate, and 2-oxoglutarate were higher in leaves, whereas those of fructose-1,6-
bisphosphate and glyceraldehyde-3-phosphate were lower in roots. In seeds, the
amounts of free amino acids and metals were altered, whereas sugars in seeds were
kept constant. While the overexpression of YK1 was associated with only slight
changes in the amounts of severalmetabolites analyzed, glutathione derivatives were
substantially increased in suspension cultured cells.

Impact of nitrogen (N) and sulfur (S) deficiency on N and S remobilization from
senescing canopy tissues during grain filling in winter wheat was studied using
transcriptomic and metabolomic approaches [68]. Nuclear magnetic resonance
(NMR) metabolite profiling revealed significant effects of suboptimal N or S supply
in leaves but not in developing grain. Analysis of amino acid pools in the grain and
leaves revealed a strategy whereby amino acid biosynthesis switches to the produc-
tion of glutamine during grainfilling. Glutaminewas found to accumulate in thefirst
7 days of grain development, prior to conversion to other amino acids and protein in
the subsequent 21 days. Transcriptome analysis indicated downregulation of the
terminal steps in many amino acid biosynthetic pathways. Their results indicated
that vegetative tissue N has a greater control over the timing and extent of nutrient
remobilization than S.

30.8
Conclusions and Perspectives

The progress of �omic� technologies during the past decade has been spectacular.
After sequencing the complete genome of Arabidopsis in 2002, the technology has

710j 30 Wheat and Rice Crops: �Omics� Approaches for Abiotic Stress Tolerance



catapulted, significantly reducing the time and cost required to sequence the
complete genome of a higher plant. The next-generation sequencing technologies
have generated an information explosion that scientists all over the world are
earnestly exploring. Genomics, transcriptomics, proteomics, and metabolomics
investigate different facets of a given scientific issue such as abiotic stress tolerance,
but complement each other. Integration of phenotypic, genetic, transcriptomic,
proteomic, and metabolomic data will enable accurate and detailed gene network
reconstruction. This will ultimately result in the elucidation of the molecular path-
ways involved in complex phenotypic traits. A better understanding of genetic and
cellular mechanisms behind abiotic stress tolerance would facilitate generation of
transgenic plants with desired traits with little or no undesired/unforeseen effects.

Acknowledgment

The authors gratefully acknowledge the financial assistance from Department of
Biotechnology (DBT), India.

References

1 Bray, E.A., Bailey-Serres, J., and
Weretilnyk, E. (2000) Responses to abiotic
stresses, in Biochemistry and Molecular
Biology of Plants (eds W. Gruissem, B.
Buchannan, and R. Jones), American
Society of Plant Physiologists,
Rockville, pp. 1158–1249.

2 George, S. and Parida, A. (2008)Nutr. Nat.
Resour., 3, 13–20.

3 Gill, B.S., Appels, R.,
Botha-Oberholster, A.M., Buell, C.R.,
Bennetzen, J.L., Chalhoub, B.,
Chumley, F., Dvor�ak, J., Iwanaga, M.,
Keller, B., Li, W., McCombie, W.R.,
Ogihara, Y., Quetier, F., and Sasaki, T.A.
(2004) Genetics, 168, 1087–1096.

4 Yamaguchi, T. and Blumwald, E. (2005)
Trends Plant Sci., 10, 1360–1385.

5 Bennett, M.D. and Leitch, I.J. (1995) Ann.
Bot., 73, 113–176.

6 Sasaki, T. (2003) Breed. Sci., 53, 281–289.
7 Kawaura, K., Mochida, K., Enju, A.,

Totoki, Y., Toyoda, A., Sakaki, Y., Kai, C.,
Kawai, J., Hayashizaki, Y., Seki, M.,
Shinozaki, K., andOgihara, Y. (2009)BMC
Genomics, 10, 271.

8 Houde, M., Belcaid, M., Ouellet, F.,
Danyluk, J., Monroy, A.F., Dryanova, A.,

Gulick, P., Bergeron, A., Laroche, A.,
Links, M.G., MacCarthy, L., Crosby, W.L.,
and Sarhan, F. (2006) BMC Genomics,
7, 149.

9 Sorrells, M.E., La Rota, M., Bermudez-
Kandianis, C.E., Greene, R.A., Kantety, R.,
Munkvold, J.D., et al. (2003) Genome Res.,
13, 1818–1827.

10 Jain, M., Ghanashyam, C., and
Bhattacharjee, A. (2010) BMC Genomics,
11, 73.

11 Ramamoorthy, R., Jiang, S.Y., Kumar, N.,
Venkatesh, P.N., and Ramachandran, S.
(2008) Plant Cell Physiol., 49,
865–879.

12 Matsukura, S., Mizoi, J., Yoshida, T.,
Todaka, D., Ito, Y., Maruyama, K.,
Shinozaki, K., and Yamaguchi-Shinozaki,
K. (2010) Mol. Genet. Genomics,
283, 185–196.

13 Ma, K., Xiao, J., Li, X., Zhang, Q., and
Lian, X. (2009) Gene, 444, 33–45.

14 Sarkar, N.K., Kim, Y.K., and Grover, A.
(2009) BMC Genomics, 10, 393.

15 Berri, S., Abbruscato, P.,
Faivre-Rampant, O., Brasileiro, A.C.,
Fumasoni, I., Satoh, K., Kikuchi, S.,
Mizzi, L., Morandini, P., P�e, M.E., and

References j711



Piffanelli, P. (2009) BMC Plant Biol.,
9, 120.

16 Zhuang, J., Chen, J.M., Yao, Q.H.,
Xiong, F., Sun, C.C., Zhou, X.R.,
Zhang, J., andXiong,A.S. (2010)Mol. Biol.
Rep., 38, 745

17 Jung, J.H., Hong, M.J., Kim, D.Y.,
Kim, J.Y., Heo, H.Y., Kim, T.H., Jang, C.S.,
and Seo, Y.W. (2008)Genome, 51, 856–869.

18 Zhou, J., Xiangfeng, W., Yuling, J.,
Yonghua, Q., Xigang, L., Kun, He., et al.
(2007) Plant Mol. Biol., 63, 591–608.

19 Sharma, R.,Mohan Singh, R.K.,Malik, G.,
Deveshwar, P., Tyagi, A.K., Kapoor, S., and
Kapoor, M. (2009) FEBS J., 276,
6301–6311.

20 Kumari, S., Sabharwal, V.P.,
Kushwaha, H.R., Sopory, S.K.,
Singla-Pareek, S.L., and Pareek, A. (2009)
Funct. Integr. Genomics, 9, 109–123.

21 Naydenov, N.G., Khanam, S.,
Siniauskaya, M., and Nakamura, C. (2010)
Genes Genet. Syst., 85, 31–42.

22 Ergen, N.Z., Thimmapuram, J.,
Bohnert,H.J., and Budak,H. (2009)Funct.
Integr. Genomics, 9, 377–396.

23 Mohammadi, M., Kav, N.N., and
Deyholos, M.K. (2008) Genome, 51,
357–367.

24 Grennan, A.K. (2006) Plant Physiol., 140,
1139–1141.

25 Zimmermann, P., Laule, O., Schmitz, J.,
Hruz, T., Bleuler, S., and Gruissem, W.
(2008) Mol. Plant, 1, 851–857.

26 Dietz, K.J., Vogel, M.O., and
Viehhauser, A. (2010) Protoplasma, 245,
3–14

27 Hossain, A.M., Lee, Y., Cho, J.I.,
Ahn, C.H., Lee, S.K., Jeon, J.S., Kang, H.,
Lee, C.H., An, G., and Park, P.B. (2010)
Plant Mol. Biol., 2, 557–566.

28 Hossain, M.A., Cho, J.I., Han, M.,
Ahn, C.H., Jeon, J.S., An, G., and
Park, P.B. (2010) J. Plant Physiol., 167,
1512–1520.

29 Su,C.F.,Wang, Y.C.,Hsieh, T.H., Lu,C.A.,
Tseng, T.H., and Yu, S.M. (2010) Plant
Physiol., 153, 145–158.

30 Roychoudhury, A., Basu, S., and
Sengupta, D.N. (2009) Indian J. Exp. Biol.,
47, 827–833.

31 Yokotani, N., Ichikawa, T., Kondou, Y.,
Maeda, S., Iwabuchi, M., Mori, M.,

Hirochika, H., Matsui, M., and Oda, K.
(2009) Plant Mol. Biol., 71, 391–402.

32 Huang, X.Y., Chao, D.Y., Gao, J.P.,
Zhu, M.Z., Shi, M., and Lin, H.X. (2009)
Genes Dev., 23, 1805–1817.

33 Gutha, L.R. and Reddy, A.R. (2008) Plant
Mol. Biol., 68, 533–555.

34 Kumar, K., Rao, K.P., Sharma, P., and
Sinha, A.K. (2008) Plant Physiol. Biochem.,
46, 891–897.

35 Jung, K.Y., Kyung,C.E., In, L.S., Lim,C.O.,
and Ju, C.Y. (2010) BMB Rep., 43, 9–16.

36 Rahaie, M., Xue, G.P., Naghavi, M.R.,
Alizadeh, H., and Schenk, P.M. (2010)
Plant Cell Rep., 29, 835–844.

37 Xia, N., Zhang, G., Liu, X.Y., Deng, L.,
Cai, G.L., Zhang, Y., Wang, X.J., Zhao, J.,
Huang, L.L., and Kang, Z.S. (2010) Mol.
Biol. Rep., 37, 3703–3712.

38 Hong-Bo, S., Zong-Suo, L., and
Ming-An, S. (2005) Colloids Surf. B
Biointerfaces, 45, 7–13.

39 Xu, Z.S., Ni, Z.Y., Liu, L., Nie, L.N.,
Li, L.C., Chen, M., and Ma, Y.Z. (2008)
Mol. Genet. Genomics, 280, 497–508.

40 Wang, Y., Xu, H., Zhang, G., Zhu, H.,
Zhang, L., Zhang, Z., Zhang, C., and
Ma, Z. (2009) J. Genet. Genomics, 36,
711–720.

41 Mao, X., Zhang, H., Tian, S., Chang, X.,
and Jing, R. (2010) J. Exp. Bot., 61,
683–696.

42 Gao, Z., He, X., Zhao, B., Zhou, C.,
Liang, Y., Ge, R., Shen, Y., and Huang, Z.
(2010) Plant Cell Physiol., 51,
767–775.

43 Sanan-Mishra, N., Kumar, V., Sopory, S.K.,
and Mukherjee, S.K. (2009) Mol. Genet.
Genomics, 282, 463–474.

44 Lv, D.K., Bai, X., Li, Y., Ding, X.D., Ge, Y.,
Cai, H., Ji, W., Wu, N., and Zhu, Y.M.
(2010) Gene, 459, 39–47.

45 Sunkar, R., Zhou, X., Zheng, Y.,
Zhang, W., and Zhu, J.K. (2008) BMC
Plant Biol., 8, 25.

46 Xin, M., Wang, Y., Yao, Y., Xie, C.,
Peng, H., Ni, Z., and Sun, Q. (2010) BMC
Plant Biol., 10, 123.

47 Yao, Y., Ni, Z., Peng, H., Sun, F., Xin, M.,
Sunkar, R., Zhu, J.K., and Sun, Q. (2010)
Funct. Integr. Genomics, 10, 187–190.

48 Huang, J., Sun, S.J., Xu, D.Q., Yang, X.,
Bao, Y.M., Wang, Z.F., Tang, H.J., and

712j 30 Wheat and Rice Crops: �Omics� Approaches for Abiotic Stress Tolerance



Zhang, H. (2009) Biochem. Biophys. Res.
Commun., 389, 556–561.

49 Lu, G., Gao, C., Zheng, X., and Han, B.
(2009) Planta, 229, 605–615.

50 Xiang, Y., Tang, N., Du, H., Ye, H., and
Xiong, L. (2008) Plant Physiol., 148,
1938–1952.

51 Chen, J.Q.,Meng, X.P., Zhang, Y., Xia,M.,
andWang, X.P. (2008)Biotechnol. Lett., 30,
2191–2198.

52 Gao, S., Zhang, H., Tian, Y., Li, F.,
Zhang, Z., Lu, X., Chen, X., andHuang, R.
(2008) Plant Cell Rep., 27, 1787–1795.

53 Ge, L.F., Chao, D.Y., Shi, M., Zhu, M.Z.,
Gao, J.P., and Lin,H.X. (2008)Planta, 228,
191–201.

54 Pereira, J.F., Zhou, G., Delhaize, E.,
Richardson, T., Zhou, M., and Ryan, P.R.
(2010) Ann. Bot., 106, 205–214.

55 Vendruscolo, E.C., Schuster, I.,
Pileggi, M., Scapim, C.A., Molinari, H.B.,
Marur, C.J., and Vieira, L.G. (2007)
J. Plant Physiol., 164, 1367–1376.

56 Yan, S., Tang, Z., Su, W., and Sun, W.
(2005) Proteomics, 5, 235–44.

57 Nohzadeh, M.S., Habibi, R.M.,
Heidari, M., and Salekdeh, G.H. (2007)
Biosci. Biotechnol. Biochem., 71, 2144–2154.

58 Lee,D.G.,Ahsan,N., Lee, S.H., Kang,K.Y.,
Lee, J.J., and Lee, B.H. (2007) C. R. Biol.,
330, 215–225.

59 Yan, S.P., Zhang, Q.Y., Tang, Z.C., Su,
W.A., and Sun, W.N. (2006) Mol. Cell
Proteomics, 5, 484–496.

60 Chitteti, B.R. and Peng, Z. (2007) J.
Proteome Res., 6, 1718–1727.

61 Kong, F.J., Oyanagi, A., and Komatsu, S.
(2010) Biochim. Biophys. Acta, 1804,
124–136.

62 Winning, H., Viereck, N.,
Wollenweber, B., Larsen, F.H.,
Jacobsen, S., Søndergaard, I., and
Engelsen, S.B. (2009) J. Exp. Bot., 60,
291–300.

63 Hirai, M.Y., Yano, M., Goodenowe, D.,
Kanaya, S., Kimura, T., Awazuhara, M.,
et al. (2004)Proc.Natl. Acad. Sci.USA, 101,
10205–10210.

64 Fukusaki, E. and Kobayashi, A. (2005) J.
Biosci. Bioeng., 100, 347–354.

65 Sato, S., Soga, T., Nishioka, T., and
Tomita, M. (2004) Plant J., 40,
151–163.

66 Hayashi, M., Takahashi, H., Tamura, K.,
Huang, J., Yu, L.H., Kawai-Yamada, M.,
et al. (2005) Proc. Nat. Acad. Sci. USA, 102,
7020–7025.

67 Takahashi, H., Hotta, Y., Hayashi, M.,
Kawai-Yamada, M., Komatsu, S., and
Uchimiya, H. (2005) Plant Biotechnol., 22,
47–50.

68 Howarth, J.R., Parmar, S., Jones, J.,
Shepherd, C.E., Corol, D.I.,
Galster, A.M., Hawkins, N.D., Miller, S.J.,
Baker, J.M., Verrier, P.J., Ward, J.L.,
Beale, M.H., Barraclough, P.B., and
Hawkesford, M.J. (2008) J. Exp. Bot., 59,
3675–3689.

References j713



31
Rice: Genomics-Assisted Breeding for Drought Tolerance
Prashant Vikram, Arvind Kumar, Alok Singh, and Nagendra K. Singh

Rice is a major source of global food calories. Increasing population pressure,
unpredictable rainfall patterns, shrinking fresh water resources, and increased
frequency of severe drought spells in recent years are the reasons behind putting
concerted efforts toward breeding drought-tolerant rice cultivarsmuchneeded by the
rice farmers. Attempts to breed rice for stress environments have made limited
progress so far, but success with recent research on identification of major QTL
(quantitative trait loci) for grain yield under drought shows that genomics-assisted
breeding couldbea viable alternative to enhancegrainyieldunderdrought.MajorQTL
with consistent effects on grain yield under drought and different drought-related
traits have beenmapped on rice chromosome 1, 2, 3, 9, and 12 and search is on for the
genes underlying these QTL. Direct selection for yield under drought has emerged as
an important criterion for both conventional and molecular breeding approaches.
Transgenic rice with overexpression of transcription factors such as DREB1 and
SNAC1 has shown considerable promise, but its use in breeding is still impeded.

31.1
Introduction

Rice is the most important food crop of the world, cultivated in an area of about 150
million ha. Despite huge annual production of over 550million ton, only about 4% of
the total production is traded in international markets. In Asia, rice supplies 35–60%
of the total food calories [1]. In countries where rice is the major food source,
including China, India, and Indonesia, the average annual rate of population growth
(1.7%) has been higher than 1.2% average growth in rice production [2]. According to
FAO estimates, the world population would be around 9.8 billion by 2050 and 75%
more food would be required to feed the additional population [3]. Global warming
and unpredictable rainfall patterns in recent past have led to severe drought spells
causing huge yield losses and severe shortage in food production in several parts
of the world.
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Rice is a semiaquatic plant that is grown under four different cropping environ-
ments: irrigated, rain-fed lowland, rain-fed upland, and deep water [4]. Irrigated
rice is by far themost common ecosystem constituting 55% of the acreage and 75%
of the production globally [1]. The rain-fed lowland rice constitutes the secondmost
important ecosystem sharing 25%of the global rice area. These arefields that do not
receive irrigation water, but there are bunds around the fields that allow thewater to
accumulate on the field surface when there is rain [1]. Deep-water rice is planted in
the areas that are naturally flooded during the rainy season. This rice represents
about 8% of the total rice-growing area and here rice seeds are broadcasted a few
weeks before the beginning of themonsoon season [1]. Rain-fed upland, also called
dry land, rice is the type grown in areas where good soil drainage combined with an
uneven land surface makes the accumulation of water impossible. Upland rice
represents around 12% of world acreage and is the rice ecosystem with the lowest
yields of all [1].

Rice production losses due to drought are common inmore than 23million ha of
rain-fed area in South Asia, Southeast Asia, and Sub-Saharan Africa [5, 6]. In severe
drought years, total rice production losses have reached as high as 40%, valued at
US$650million in the eastern Indian states of Jharkhand,Orissa, andChhattisgarh
alone [7]. In India, the 2002 drought affected 55% of the country�s area and 300
million people when rice production declined by 20% from the interannual
baseline [8]. Recent drought in 2009 has resulted in 16% reduction in rice
production leading to high price rise and food security concerns. In 2004, a severe
drought affected more than 2 million ha of the cropped area in Southeast Asia
affecting the livelihood security of over 8 million people [8]. Drought also affects
production in millions of hectares dependent on surface irrigation, where river
flows and water impounded in ponds and reservoirs may be insufficient to irrigate
the rice crop [9]. Water deficit is predicted to be a major challenge for sustainable
rice production in future due to progressive climate change processes [100].
Despite drought being a major constraint to rice production, little success has
been made in developing drought-tolerant rice cultivars. Most of the improved
cultivars grown in drought-prone areas are the varieties originally bred for irrigated
conditions and are highly susceptible to drought. Predicted increase in incidence of
drought due to climate change presses the need to develop drought-tolerant high-
yielding cultivars [10–12].

Drought may simply be defined as reduction in yield due to shortage of water [13].
Drought in the rice crop is classified on the basis of growth stage of the crop facing
drought. Theremay be four kinds of drought: (i) seedling stage drought, (ii) vegetative
stage drought, (iii) intermittent drought, and (iv) reproductive stage or terminal
drought. Reproductive stage drought is the most devastating in terms of yield
reduction [14]. Drought tolerance has long been regarded as a complex trait related
to various physiological and biochemical parameters. These may include root traits,
osmotic adjustment (OA), and maintenance of plant water status. QTL for these
component traits and yield under drought have been identified and are being
employed in molecular breeding of rice.

716j 31 Rice: Genomics-Assisted Breeding for Drought Tolerance



31.2
Morphophysiological Basis and Breeding for Drought Tolerance in Rice

Rice plant employs several mechanisms to deal with the drought stress and these
mechanisms varywidely fromone cultivar to other. Plantsmay adopt shorter life cycle to
escape or avoid drought or they may have phenological adaptations, for example, thick
cuticles for reduced evapotranspiration and long and thick roots to enable the plant to
fetch water from deeper soil layers. Physiological traits such as osmotic adjustment to
maintain cell turgor pressure duringdehydration andability to recover fromdesiccation
are also important components of drought tolerance [15, 16]. Regarding traits for
breeding drought tolerance in rice, there are two important considerations, the stress
responsiveness of the trait and maintenance of plant water status (Figure 31.1, [17]).

Rice is a highly drought-susceptible plant. One of the reasons for this is its very thin
layer of epicuticular wax that is about 20% of that in sorghum, a relatively drought-
tolerant crop [15]. The resistance of rice cuticle to water loss is, therefore, low and it
loses water even when its stomata are closed [18, 19]. Upland rice cultivars that are
relativelymore drought tolerant usually have a thicker epicuticular wax layer than the
irrigated rice cultivars, indicating that the wax layer plays an important role in
drought resistance. Osmotic adjustment is another well-known phenomenon that
enables plants to survive water stress, but application of this trait in rice breeding is
still under debate. Some scientists believe that it can be an important part of the
solution leading to development of drought-tolerant rice [15, 20], whereas others are
skeptical about the usefulness of this approach [18].

In upland varieties, a deeper root system enables rice plants to extract more water
from the lower soil layers under drought conditions [21]. In most cases, the number
of rootsmay notmatter, but thickness and length of the roots help large xylem vessels
to extract moisture even under severe stress [15, 18]. Root-to-shoot weight ratio
becomes quite important in this case.Higher the root-to-shoot weight ratio, themore
a rice cultivar is likely to be tolerant to drought. However, partitioning of carbon
between source (shoot) and sink is important here because if too much carbon is
utilized for the root growth, then yield is likely to be adversely affected [22].

Flowering time
Stay-green and root traits

Nonstress
responsive

Stress
responsive

Plant water
relations

Osmoprotectants
Antioxidant agents
Heat shock proteins
Molecular chaperones
Osmotic adjustment
Membrane stability

Maintenance of leaf water potential
Maintenance of relative water content

Figure 31.1 Different categories of drought tolerance traits in rice.
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Lack of effective selection criteria for component traits of drought tolerance and
low heritability of grain yield under stress are cited as major reasons for the slow
progress in breeding for drought tolerance and the use of secondary traits for yield
improvement [23–31]. Gains in yield by selecting for secondary traits have not yet
been clearly demonstrated in rice. Significant scientific progress over the last 6 years
in (i) stress genomics, (ii) breeding and phenotyping methodology [12, 32, 33], and
(iii) better understanding of the drought tolerance mechanisms [18] has made it
promising to develop drought-tolerant varieties with high yield potential. Recent
studies at International Rice Research Institute (IRRI) have demonstrated the effec-
tiveness of direct selection for grain yield under drought stress [12, 13, 34–36].
Direct selection for grain yield under drought has led to release of two breeding
lines developed at IRRI, namely, IR74371-70-1-1 and IR74371-54-1-1, for cultivation in
India and Philippines, respectively, in 2009.

Breeding line IR74371-70-1-1 was developed at IRRI from IR55419-04�2/Way
Rarem cross, IR55419-04 being the drought-tolerant donor, and distributed to
National Agricultural Research and Education Systems (NARES) partners in
2003. A selection from this line, IR 74371-70-1-1-CRR-1, was first tested at several
locations in IRRI-India Upland Rice Shuttle Breeding Network (URSBN). It was
nominated for testing under the All India Coordinated Rice Improvement Program
(AICRIP) by Central RainfedUplandRice Research Station (CRURRS) of ICAR from
2005 to 2007. In the AICRIP trials, it showed yield advantage of 29.2 and 19.1% over
the national and regional check varieties under drought-affected situations. It has an
average yield advantage of 0.5 ton ha�1 under moderate drought and 1.0 ton ha�1

under severe drought over IR64. It was released by the name �Sahbhagi Dhan� for
cultivation in drought-prone Jharkhand and Orissa states of India.

31.3
Mapping of QTL for Drought Tolerance in Rice

Quantitative trait loci (QTL) have been identified for almost all drought-related traits
in rice. Around 20 different mapping populations have been screened both for
drought-related secondary traits and for yield under drought (Table 31.1). Slow
progress in breeding for drought-tolerant rice varieties has been attributed to failure
to identify QTL with large and consistent effects on yield that could be used for
marker-assisted selection [16, 37–42]. Most of the mapping populations studied for
the identification of secondary traits associated with drought tolerance have been
derived from parents that do not differ very widely for drought tolerance. Many
traditional varieties and land races of rice adapted to drought-prone areas have high
level of drought tolerance, but they have rarely been used as parents in the QTL
mapping studies. Many of the mapping populations used for QTL mapping are
derived from indica/japonica crosses because they show higher marker
polymorphism [43].

Recent research at IRRI in partnership with NARES using well-characterized
drought-tolerant donors as one of the parents in the mapping/breeding populations
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Table 31.1 Different traits andmappingpopulationsused for the identification of drought tolerance
QTL in rice.

Trait Population References

Osmotic adjustment, dehydration
tolerance

CO39/Moroberekan [44]

Root morphology Azucena/Bala [22]
Leaf rolling, stomatal conductance Azucena/Bala [22]
Root morphology, root distribution IR64/Azucena [41]
Tiller number, total/penetrated roots
ratio

Azucena/Bala [45]

CMS under drought CT9993/IR62266 [40]
Root characteristics IR58821/IR52561 [46]
Root thickness, root penetration
index

IR64/Azucena [42]

Leaf rolling, leaf drying, RWC,
growth rate

IR64/Azucena [47]

Drought-related morphological and
physiological traits

IR64/Azucena [38]

Root traits, OA CT9993/IR62266 [16]
Root growth, dehydration avoidance Azucena/Bala [48]
Root traits, shoot biomass CT9993/IR62266, IR58821/IR52561 [39]
Yield and root traits under drought IR64/Azucena [49]
Stay green character, chlorophyll
content

Hwacheong-wr mutants [50]

Yield, biomass, OA, root traits CT9993/IR62266 [37]
Root traits IR1552/Azucena [51]
Yield components under drought Bala/Azucena [52]
Yield components under drought Introgression lines [53]
Dehydration avoidance Indica� Japonica [54]
Dehydration avoidance O. rufipogon introgression lines [55]
Dehydration avoidance IR58821/IR52561 [56]
Root length (constitutive) Kalinga III/Azucena [57]
Yield under lowland drought stress CT9993/IR62266 [58]
Yield under drought at reproductive
stage

Vandana/Way Rarem [59]

Morphophysiological traits, yield
under drought

Taking background [60]

Growth and development under
PEG stress

Akihikari/IRAT109 [61]

Leaf epicuticular wax and other trait
responses under drought

CT9993-5-10-1-M/IR62266-42-6-2 [62]

Yield under drought at reproductive
stage

N22/Swarna, N22/IR64, N22/MTU1010 [63, 64]

Yield under drought at reproductive
stage

Apo/Swarna [65]

Drought resistance traits IR20/Nootripathu [66]
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has identified QTL with major and consistent effect on rice yield under drought
[58, 59, 65]. Bernier et al. reported a QTL on chromosome 12 (qDTY12.1) in the
Vandna/Way Rarem population that explained 51% of the genetic variance for yield
under drought [59]. Till now this QTL has shown the largest effect for grain yield
under drought in several genetic backgrounds. The qDTY12.1 also showed large
and consistent effect in target environments in a wide range of moderate to severe
drought situations [67, 68]. A major QTL for grain yield under lowland drought,
explaining 32% of the phenotypic variance, was reported on rice chromosome 1 in
CT9993/IR62266 population [58]. Subsequent studies have identified major QTL
with consistent effect on grain yield under lowland drought on chromosome 2
(qDTY2.1) and 3 (qDTY3.1) in Apo/2�Swarna mapping population. The DTY2.1 and
DTY3.1 QTL explain 13–16 and 31% of the phenotypic variance of the trait, respec-
tively, rendering them useful for marker-assisted breeding for yield under lowland
drought stress [65]. Recently, a common QTL for yield under drought (qDTY1.1) has
been reported in three different mapping populations involving Indian drought-
tolerant variety N22 [63, 64].

In case of new rice for Africa (NERICA), drought tolerance QTL have been
introduced from Oryza glaberrima into O. sativa, producing better-adapted alien
introgression lines for drought-prone areas of African continent [48]. QTL for yield
have also been identified inO. rufipogon and otherwild rice species thatmay provide a
source of new genes for drought tolerance [45, 48, 69, 70]. This approach also opens
up opportunities for the application of genomics for the identification of drought
tolerance genes. Comparative genome analysis shows that some of the drought
tolerance QTL identified in rice have their homologues in other crop species, for
example, barley andmaize, indicating that genes conferring drought tolerance in one
grass speciesmay have a similar effect on another species of this family. These genes
seem to be conserved inmany different grass species during the course of evolution;
therefore, knowledge gained from the research carried out in rice will be useful in
breeding other cereal crops and vice versa [16].

31.4
Meta-Analysis of Drought Tolerance QTL in Rice

A large number of minor QTL for different drought-related traits have been mapped
on almost all the 12 rice chromosomes. Therefore, the use of bioinformatics tools has
become imperative for the identification of consensus QTL and candidate genes.
Meta-analysis combines the results of several QTL mapping studies and provides
narrow confidence intervals for meta-QTL. This simplifies the identification and
positional cloning of the candidate genes.Meta-analysis is usually applied tomultiple
mapping populations, but it can be applied to a single population as well [71].
Combining QTL data from studies employing different mapping populations would
be extremely helpful in identifying candidate genes by positioning consistent QTL
with more precision. Meta-analysis of QTL enables us to work out �hot spot� regions
in the genome. Within those regions, one can look for the gene(s) underlying QTL
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more precisely. This approach has already been applied for the analysis of root trait
QTL in rice [72]. Interestingly, a QTL mapped on the long arm of chromosome 1 for
grain yield under drought in different populations emerged as one of the hot spots for
the root trait QTL in the meta-analysis [72].

31.5
Marker-Assisted Selection and Pyramiding of Drought Tolerance QTL
in Elite Rice Cultivars

A large number of QTL have been identified in rice for drought tolerance and yield
under drought, but their introgression in the popular varieties of rice has just begun.
Themajor drawback in this approach is the linkage drag – transfer of undesired traits
along with the trait of interest due to their tight genetic linkage. One of the most
successful examples of marker-assisted backcross breeding in rice for abiotic stress
tolerance is introgression ofSub1 gene for submergence tolerance into popularmega
variety of rice �Swarna� to create Swarna-sub1, where three kinds of markers were
used: (i) a gene-based functional marker for the selection of favorable Sub1 allele,
(ii) two markers flanking the QTL to eliminate the linkage drag, and (iii) random
background markers for fast recovery of the genetic background of the recipient
variety during backcrossing [73]. Drought-tolerant donors in most populations
screened for the QTL analysis are traditional varieties with low-yield potential, poor
response to high-input management, early duration, taller plants, and sometimes
carrying undesirable characteristics such as high grain shattering. One or more of
such undesirable traits may be located near the drought QTL regions, hence a
potential linkage drag in breeding for drought tolerance.

Despite the large number of drought tolerance QTL identified, limited attempts
have been made for the introgression of these QTL into high-yield breeding lines
[43, 69]. The limited success in the past may be due to involvement of minor QTL
explaining very small proportion of the total phenotypic variation (5.6–17.7%) and
lack of adequate fine mapping to develop tightly linked markers for breeding
applications. As a result, the desirable genes could be lost due to recombination
between gene for the trait and the marker during backcrossing [74]. Recent progress
in identification and fine-mapping of major QTL for yield under drought has paved
the way for introgression of suchQTL inmega rice varieties throughmarker-assisted
backcrossing in the near future.

Marker-assisted selection (MAS) could be applied with some modification of
strategies such as single large-scale marker-assisted selection (SLS-MAS) and mark-
er-assisted recurrent selection (MARS) [75, 76]. The main features of SLS-MAS are
that (i)MAS could be performed at F2 or preferably F3 populations derived from elite
lines, (ii) flanking markers are less than 5 cM away from the QTL, and (iii) QTL
chosen should explain large proportion of the phenotypic variation and be stable
across environments. This involves a four-step procedure: (i) identification of elite
lines outstanding for the trait of interest, (ii) identification of the most favorable
genomic regions for each parental line, (iii) intercrossing of elite lines to develop
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segregating populations, and (iv) selection of plants homozygous for the favorable
alleles at target loci.

Pyramiding of QTL is another approach for breeding drought-tolerant rice. A large
number of QTL introgression lines (ILs) could be created in elite backgrounds using
backcross (BC) breeding, each of which carries different genomic segments for
improved drought tolerance from known donors. The ILs are then intercrossed to
pyramid all QTL into one variety (Figure 31.2). A drawback of this approach is the
linkage drag from donor parents used for the introgression of different QTL.
Therefore, this needs to be approached with utmost care, particularly when targeting
introgression of several QTL into one line [77].

31.6
Comparative Genomics for Drought Tolerance

Comparative mapping of the genomic regions across species is an interesting
alternative for the identification and positional cloning of the candidate genes
underlying drought tolerance QTL. QTL for leaf water potential, relative water
content, and other drought-related traits have been identified on barley chromosome
7 H [78]. Leaf water potential and RWC QTL are also identified at orthologous
position on rice chromosome 8 in the C039/Moroberekkanmapping population [44].
A major gene called Or controlling osmoregulation has been identified at the same
orthologous position in wheat chromosome 7A [79]. The synteny and colinearity of
genes among cereals is muchmore complex with many exceptions, and it is difficult

Figure 31.2 Schematic plan for simultaneous but stepwise method for transfer of drought
tolerance QTL/genes from multiple donors in rice (A. K. Singh, Genetics, IARI, New Delhi).
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to find comparable QTLmap locations in cereals due to polyploidy and transposition
of genes [80]. However, such analysis is possible bymicrosynteny analysis for similar
QTL regions in different cereals as shown in the above example of the Or gene.

31.7
Transcriptomics and Proteomics for the Identification of Drought Tolerance
Genes in Rice

Since hot spots for drought tolerance QTL in the rice genome are known, it is now
relatively simple to identify differentially expressed candidate genes in these regions
for understanding drought tolerance in rice. In silico analyses have been carried out
for theQTL regionsflanked by themolecularmarkers and candidate genes identified
through functional homology. A study has identified 48 candidate genes on rice
chromosome 1 betweenmarkers RM212 andRM319, of which 16were suggested for
their potential role in drought tolerance [81]. Similar in silico analyses have been done
and candidate genes identified on chromosome 1, 2, 4, 8, and 9 [82]. Several
transcription factor genes, for example, CBF/DREB1, DREB2, RD29B, RD22, ICE1,
CDPK, ABF3, CBF3, and SNAC1 have been studied for their differential expression
and regulatory role under drought stress [83–86]. Some of these genes have been
transferred to rice through transgenic approach to validate their role in drought stress
tolerance (Table 31.2).

Table 31.2 List of transcription factors genetically transformed in rice for drought tolerance.

Gene Trait References

HVA1 (barley group 3 LEA protein) Drought and salt [87]
P5CS, encoding pyrroline-5-carboxylate synthetase Drought [88]
OsCDPK7 (rice calcium-dependent protein kinase) Cold, drought, salt [85]
TPS (trehalose-6-phosphate synthase), TP (trehalose-6-
phosphatase)

Drought [89–91]

Dadc (D. stramonium arginine decarboxylase) Drought [92]
RWC3 Drought [93]
ABF3 (Arabidopsis ABRE-binding factor 3) Drought [84]
DREB1A (Arabidopsis DRE-binding protein 1) Drought and salt [84]
MnSOD (pea Mn superoxide dismutase) Drought [94]
SNAC1 (rice stress-responsive NAC1) Drought and salt [83]
OsDREB1 (rice DRE binding protein 1) Drought, salt, cold [95]
HvCBF4 (barley C-repeat binding factor) Drought, salt, cold [96]
OsCIPK12 (rice calcineurin B-like protein-interacting
protein kinase 12)

Drought [97]

OCPI1 Drought [98]
ZFP252 (rice TFIIIA-type zinc finger protein) Drought, salt [99]
OsDHODH1 Drought, salt [100]
ONAC045 (NAC gene) Drought, salt [101]
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Most of the genes presumed to be involved in the drought tolerance are involved in
(i) signal transduction, (ii) osmotic adjustment, and (iii) transcriptional regulation of
the stress response pathway, for example, DREB1 and SNAC1. Transgenic rice with
overexpression of SNAC1 gene showed 22–34% higher seed setting than control
plants [83]. However, successful commercialization of these transgenic lines is still
questionable due to complex gene interactions. Despite considerable progress in the
development of transgenic rice lines, their impact on enhancing drought tolerance
under field conditions is still awaited. These lines need to be tested in field drought
environments and for their biosafety and other regulatory issues prior to their
deployment in popular rice varieties through marker-assisted backcross breeding.
Screening of transgenic plants for drought tolerance has been usually done under
controlled glasshouse, but selection for drought-tolerant rice varieties is advocated in
the target drought-prone environments [102, 103].

Proteomics approach has also been followed by someworkers, andmore than 2000
proteins were analyzed by 2D electrophoresis [104]. Drought-induced changes were
observed in actin depolymerizing factor (ADF), which is a chloroplastic glutathione-
dependent dehydroascorbate reductase. ADF concentration was higher in drought-
tolerant cultivars before stress and it increased further in leaf blades, leaf sheaths, and
roots after exposure to drought, suggesting that ADF could be one of the target
proteins for drought tolerance [105]. Differentially expressed proteins could be
worked out through protein profiling of the mapping populations.

31.8
Conclusions

Rice is a semiaquatic species highly susceptible to drought. Global warming,
unpredictable rainfall patterns, and climate change would cause more severe stress
situations in the rain-fed agriecosystems in future. Efforts for developing drought-
tolerant rice varieties through conventional breeding by direct selection for grain
yield under drought have yielded some success, and molecular breeding approaches
are now beginning to be employed for introgression of major QTL for grain yield
under drought. Genes underlying these QTL are being deciphered using genomics
approaches. Transgenic rice plants have also been developed with transcription
factors such as DREB1 and SNAC1, but these need to be evaluated under field
drought environment to validate their actual potential for increasing rice production.
However, drought tolerance is a complex trait and discovery of useful alleles of the
genes involved in the drought response pathway requires extensive use of genomics
approaches and high-precision phenotyping employing modern phenomic facilities
in addition to repeated field phenotyping in the target environment.

Acknowledgment

The first author gratefully acknowledges the financial support of IRRI studentship
during this study.

724j 31 Rice: Genomics-Assisted Breeding for Drought Tolerance



References

1 Khush, G.S. (1997) Origin, dispersal,
cultivation and variation of rice. Plant
Mol. Biol., 35, 25–34.

2 Asia Rice Foundation: News on Rice
(dated - September 23, 2004) Available at
http://www.asiarice.org/sections/
chapters/Philippines/ARF-Phil-About.
html (accessed 8 April 2005).

3 United Nations (2002)World population
prospects: the 2002 revision. p. 36.
Available at http://www.un.org/esa/
population/publications/wpp2002/.
(accessed 5 December 2004).

4 Poehlman, J.M. and Sleper, D.A. (1995)
Breeding Field Crops, 4th edn, Iowa State
Press, p. 494.

5 Huke, R.E. and Huke, E.H. (1997) Rice
area by type of culture: South, Southeast, and
East Asia, IRRI, Los Ba~nos, Philippines.

6 Monty, J. (2009) The prospects for
doubling rice production in Africa in 10
years. Paper presented at 14th Australian
Plant Breeding and 11th SABRAO
conference organized by Australasian
Plant BreedingConference and Society for
the Advancement in Breeding Research
in Asia and Oceania Congress in Cairns,
Australia from August 10–14, 2009.

7 Pandey, S., Bhandari, H.N., Sharan, R.,
Naik, D., Taunk, S.K., and Sastri,
A.D.R.A.S. (2005) Economic Costs of
Drought and Rainfed Rice Farmers� Coping
Mechanisms in Eastern India: Final Project
Report. International Rice Research
Institute, Manila, Philippines.

8 Pandey, S., Bhandari,H.N., andHardy, B.
(2007) Economic Costs of Drought and Rice
Farmers� Coping Mechanisms, IRRI, Los
Ba~nos, Philippines.

9 Maclean, J.L., Dawe, D.C., Hardy, B. and
Hettel, G.P. (eds) (2002) Rice Almanac.
Los Ba�nos (Philippines); International Rice
Research Institute, Bouak�e (Côte d�Ivoire)
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32
Rice: Improving Cold Stress Tolerance
Kodiveri Muthukalianan Gothandam

Rice plant normally grown in tropical and temperate climatic zones is often
threatened by cold stress and is especially sensitive to chilling stress at the seedling
and reproductive stages. Low temperature at the seedling stage can result in poor
germination, stunted seedlings, yellowing or withering, and reduced tillering.
Unpredictable cold snaps at the reproductive stage delay heading and result in
pollen sterility, which was thought to be one of the key factors responsible for the
reduction in grain yield of rice. Cold stress prevents the expression of full genetic
potential of plants owing to its direct inhibition ofmetabolic reactions and, indirectly,
through cold-induced osmotic, oxidative, and other stresses. In this chapter, various
aspects of improving rice cold tolerance are discussed.

32.1
Introduction

Rice is one of the three important cereals and it is produced annually at worldwide
levels ofmore than 600million ton.Unlike the othermajor cereals,more than 90%of
rice is consumed by humans. Approximately, half the world�s population derives a
significant proportion of their caloric intake from rice consumption. As little new
land is available to increase rice cultivation, larger yields will be needed to meet the
anticipated higher demand. On the other hand, temperature is a major factor that
limits the geographical locations suitable for growing rice plants. Plants exhibit a
maximum rate of growth and development at an optimum temperature or over a
diurnal range of temperatures. When ambient temperature deviates from the
optimal, physiological, biochemical, metabolic, and molecular changes occur within
plants. This is an effort of plants to maximize growth and developmental processes
and maintain cellular homeostasis during such adverse conditions. Under
increasingly stressful conditions, plants experience progressively more abnormal,
impaired, or dysfunctional cellular and whole-plant processes until the cardinal
temperatures for survival are reached [1]. At the extremes of the natural temperature
range of a plant, the degree of physiological, cellular, metabolic, and molecular
dysfunction becomes so severe that it leads to death. Plants feel stress under both
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high and low temperature exposure. Mesophilic temperate plants possess inducible
temperature stress tolerance. During high-temperature exposure, stress tolerance
can be induced by exposure to short-term elevated temperature and this is known as
acquired thermotolerance [2], while at lower temperatures, stress tolerance can be
induced by exposure to reduced temperature and this is known as chilling tolerance
and/or cold acclimation. Chilling tolerance is the ability of a plant to tolerate low
temperatures (0–15 �C) without injury or damage [3], while cold acclimation is an
enhanced tolerance to the physical and physicochemical vagaries of freezing
stress [4]. Both cold acclimation and chilling tolerance involve an array of biochem-
ical, molecular, and metabolic processes [2, 5, 6]. Exposure of plants to temperature
stress leads to the modification of metabolism in two ways. First, plants try to adjust
their cellular metabolism altered due to rising or falling of temperatures. Temper-
ature stress changes the structure, catalytic properties, and function of enzymes [7]
and membrane metabolite transporters. Interestingly, regulatory mechanisms of
plants become active and function to restore normal metabolite levels and, most
importantly, metabolic fluxes [8, 9]. Second, the modifications of metabolism in
response to temperature stress are mainly linked to enhanced tolerance mechan-
isms. Many metabolites are thought to have important properties that could
contribute to induced stress tolerance [10]. In this chapter, emphasis is placed on
the general response to the cold stress, and various factors involved in cold
acclimation and their roles in cold tolerance are discussed.

32.2
Effect of Cold Stress on Rice

Rice is widely cultivated in different natural environments. Compared to other cereal
crops such as wheat (Triticum aestivum) and barley (Hordeum vulgare), rice is much
more sensitive to low temperature as a result of its tropical origin [11]. For rice,
temperatures lower than 20 �C decrease both the speed and the percentage of
germination. Plants exposed to cold stress show various phenotypic symptoms that
include reduced leaf expansion, wilting, and chlorosis (yellowing of leaves) and may
lead to necrosis (death of tissue). The phenotypic symptoms of rice seedlings and
mature plants upon exposure to cold stress are shown in Figure 32.1.

With regard to the genetic bases for cold tolerance in cultivated rice, few major
genes, such as Chs1 [12], Cts1 [13], andCts2 [14], are reported to confer cold tolerance
at the seedling stage; however, recent quantitative trait locus (QTL) analyses revealed
that numerous QTL for cold tolerance are present on the rice genome [15–21],
suggesting that adaptation to cold climates might involve complex features in
physiological and genetic mechanisms.

Cold stress also severely affects the reproductive development of plants and thishas
been seen in rice plants at the time of anthesis (floral opening), which leads to sterility
in flowers. Male sterility is the most severe consequence among the many chilling-
induced agronomic damages in rice production. The developmental stages from
pollen formation to fertilization are themost vulnerable to low temperature through-
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out the life cycle of rice plants [22, 23]. It has been reported that the youngmicrospore
stage in pollen development was themost sensitive to low temperature [24]. Exposure
of rice plants at the tetrad stage to a moderately low temperature (12 �C) for 4 days
resulted in male sterility in 80% of spikelets [22, 25]. Microscopic observation of
developing rice anthers suggested that one possible reason for themale sterility after
low-temperature treatment was the failure of anther development. The observed
abnormalities included the cessation of anther development, the arrest of pollen

Figure 32.1 Effect of cold stress on rice
seedlings andmature plant. Rice seedlings were
exposed to 4 �C for 12 h and then allowed to
recover.Mature rice plants were exposed to 4 �C

for 36 h and allowed to recover. Damage due to
cold stress is seen as wilting, chlorosis, and
necrosis. (a and c) Unstressed. (b and d) Cold
stressed.
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development, anthers remaining within the flowers after anthesis, and partial or no
dehiscence. Cytological observation revealed a dilation of tapetal layers in chilling-
treatedriceanthers [22,24].Thedilationof tapetal layerwasaccompaniedbyavigorous
augmentation of cytoplasmic organelles such as mitochondria, proplastids, golgi
bodies, and endoplasmic reticulum [22]. Chilling temperature treatment also affects
the physiological status of anthers.Unpredictable cold snaps at the reproductive stage
delay heading and results in pollen sterility, which was thought to be one of the key
factors responsible for the reduction in grain yield of rice [24, 26–29]. The cytological
observations of the tapetum under cold stress are shown in Figure 32.2.

32.3
Effect of Cold on Plant Physiology

Each plant has its unique set of temperature requirements that are optimum for its
proper growth and development. A set of temperature conditions that are optimum
for one plant may be stressful for another plant. Chilling-sensitive plants charac-
teristically exhibit structural injuries and may suffer from metabolic dysfunction
when chilled [30]. Chilling ultimately results in loss ofmembrane integrity, leading to
solute leakage. Integrity of intracellular organelles is also disrupted, leading to the
loss of compartmentalization and reduction and impairing of photosynthesis,
protein assembly, and general metabolic processes. The physiological change in
response to exposure to low temperature that triggers tolerance against freezing is
known as �cold acclimation.� The primary function of cold acclimation is to stabilize
the integrity of cellular membranes against freezing-induced injury [31]. Cold
acclimation also results in physical and biochemical restructuring of cellmembranes
through changes in the lipid composition, induction of other nonenzymatic proteins,

Figure 32.2 Cytological analysis of rice anther
development (uninucleated stage) under cold
stress. Rice plants were exposed to 16 �C, 10 h
daylight. Cold stress resulted in abnormal

swelling of tapetum layer and this abnormal
swelling further dilated into the locular space,
leading to abortion of microspores.
(a) Unstressed (control). (b) Cold stressed.

736j 32 Rice: Improving Cold Stress Tolerance



enhancement of the antioxidativemechanisms, increased cellular sugar levels, and
accumulation of cryoprotectants [32]. The stress response mechanism involves
enzymes with biochemical roles that are believed to be major components of
cellular defenses to protect cells against potential membrane damage [33]. These
enzymes, such asD1-pyrroline 5-carboxylate synthase, adjust the osmotic potential
and thereby enhance the stability of cell membranes by increasing the desaturation
of fatty acids in membrane lipids [34]. All these modifications help the plant to
withstand and surpass the severe dehydration associated with cold stress. The
responses of rice plants during cold stress and acclimationmechanisms are shown
in Figure 32.3.

32.4
Transcription Factors in Rice Cold Stress

Understanding themechanisms bywhich plants perceive environmental signals and
transmit the signals to cellular machinery to activate adaptive responses is of
fundamental importance to biology. Molecular studies have identified many genes
that are induced or upregulated by stress [35–37]. Gene expression profiling using
cDNA microarrays or gene chips has identified many more genes that are regulated
by cold, drought, or salt stress [38–40]. Although the signaling pathways responsible

Figure 32.3 Cold stress response is perceived by plants through a signal transduction that leads to
the activation of transcription factors and cold-responsive genes. Components involving in the rice
cold stress tolerance are discussed in detail in the chapter (indicated by an asterisk in the figure).
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for the activation of these genes are largely unknown, transcriptional activation of
someof the stress-responsive genes is understood to a great extent. In rice, numerous
transcription factors have been found to play important roles in response to cold
stress. The best characterized regulon of cold stress responses in plant contains
transcription factor C-repeat binding factor/dehydration-responsive element bind-
ing factor (CBF/DREB) and its cold-inducible target genes, known as COR (cold-
regulated gene), KIN (cold-induced gene), RD (responsive gene to dehydration), or
LTI (low-temperature-induced gene) [41–49]. The promoters of RD29A (also known
as COR78/LTI78) genes contain both ABRE and dehydration-responsive element
(DRE)/CRT factors [50, 51]. Transcription factors belonging to the EREBP/AP2
family that bind to DRE/CRT were termed CBF1/DREB1B, CBF2/DREBC, and
BF3/DREB1A [51, 54]. These transcription factor genes are induced early and
transiently by cold stress and, in turn, activate the expression of target genes. Similar
transcription factors DREB2A and DREB2B are activated by osmotic stress and may
confer osmotic stress induction of target stress-responsive genes [53]. Several bZIP,
bHLH, WRYK, MYB, NAC family members are involved in improving cold
stress [55].

32.5
Improving Cold Stress Tolerance in Rice

Screening for genes involved in cold tolerance is an important initial step. Large
numbers of studies are done on engineering cold stress tolerance in rice, essentially
using compounds such as compatible solutes, membrane transporters, regulators of
signal transduction or transcription, and cold-responsive genes.

For improving the cold stress tolerance in rice, any one or a combination of the
following methods can be done:

1) Overexpression of transcription factors and cold stress-responsive genes
2) Increasing the production of osmolytes
3) Overexpression of cold stress signal transduction cascade genes

32.5.1
Overexpression of Transcription Factors and Cold Stress-Responsive Genes

Overexpression or enhanced expression of transcription factor could activate the
genes involved in cold stress pathway. For example, overexpression of the transcrip-
tion factor CBF1 leads to the induction of entire group of cold tolerance gene. All the
cold tolerance-related genes contain a similar regulatory element in their promoters,
the C-repeat (CRT) element/dehydration-responsive element/low-temperature-
responsive element (LTRE). In this method, the transcription factor CBF1 directly
binds to the CRT/DRE/LTRE elements in the promoter, and by activating transcrip-
tion, it increases the expression of the corresponding genes involved in cold tolerance
(Figure 32.4).
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Overexpression of zinc finger genes such as OsISAP8, OsCOIN, and OsISAP1
confers cold stress tolerance at the seedling stage [23, 56, 57]. Overexpression of
OsbHLH1, OsDREB1/CBF, ROs-bZIP, SNAC2, and OsNAC6 also enhanced trans-
genicseedlingresistancetochillingstress [49,58–62].OverexpressionofOsMYB4and
OsMYB3R-2 significantly increased tolerance to freezing stress in transgenic Arabi-
dopsis [63–65]. While in rice plants overexpression of OsMYB3R-2 led to higher
transcript levels of several G2/M phase-specific genes, including OsCycB1;1,
OsCycB2;1, OsCycB2;2, and OsCDC20.1, cold resistance mechanism in rice by
OsMYB3R-2 could be mediated by regulating the cell cycle. Signaling components
and metabolic regulators have also been shown to be involved in stress responses.

In rice, 33 aquaporins were reported by Sakurai et al. [66] and, more recently, 38
aquaporins by Forrest and Bhave [67]. Rice aquaporins are classified into four major
families on the basis of their amino acid sequences: the plasma membrane intrinsic
proteins (PIPs), tonoplast intrinsic proteins (TIPs), Nod26-like intrinsic proteins
(NIPs), and the small and basic intrinsic proteins (SIPs). These aquaporins when
overexpressed in rice, it constitutively overexpressed in the leaf and root of transgenic
plants, interactswithmembers of the subfamily, thereby improving thewater balance
of plants under low temperatures and resulting in the improved chilling tolerance of
plants [68].

OsLti6 genes (OsLti6a and OsLti6b) encoding hydrophobic proteins homologous
to Arabidopsis RCI2 enhanced tolerance to chilling stress in rice seedlings [46].
There are several reports regarding the enhanced tolerance of cold stress in rice. A
list of transcription factors and genes improving the cold tolerance in rice is given
in Table 32.1 and the rice genes showing tolerance in other plants are listed in
Table 32.2.

Figure 32.4 A number of cold-induced/
responsive genes contain the DRE element in
their promoters that is boundby transcription of
the CBF family that activates the transcription.

Overexpression of a single CBF gene induces
the several cold-induced/responsive genes.
NLS, nuclear localization signal.
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32.5.2
Increasing the Production of Osmolytes

Particular interest has been focused on metabolites that can function as osmolytes.
Osmolytes are involved in the regulation of cellular water relations and reduction of
cellular dehydration. Their compatible solute behavior allows them to stabilize
enzymes, membranes, and other cellular components. Osmolytes are also involved
in retailoring of membrane lipid composition to optimize the liquid/crystalline
physical structure necessary for proper membrane function and energy sources.
Such stress-responsive metabolites particularly include soluble sugars, amino acids,
organic acids, polyamines, and lipids [10, 94]. Plants experience cold or chilling stress
at temperatures from 0 to 15 �C. Under such situations, plants try to maintain
homeostasis to acquire freezing tolerance and this involves extensive reprogram-
ming of gene expression and metabolism [4, 95].

A wide range of compatible solutes are produced by plants. These compounds
fall into two broad classes: (i) sugars and sugar alcohol and (ii) zwitterionic
compounds. The first class includes sugar alcohols such as mannitol, sorbitol,
pinitol, and D-ononitol and oligosaccharides such as trehalose and fructans. The
second class includes amino acids such as proline and quaternary ammonium
compounds such as glycine-betaine. Overproduction of various compatible solutes
has been tested in rice, for example, glycine-betaine, trehalose, and proline, to achieve
significant cold tolerance. A list of compounds improving rice cold tolerance is given
in Table 32.3.

Table 32.2 List of rice genes conferring increased cold tolerance in other plants.

Genes Plant Mode of action References

OsDREB1F Arabidopsis Transcription factor [79]
OsiSAP8 Tobacco Cytoplasmic zinc finger protein

that is involved in the signal
transduction

[57]

OsDREB1D Arabidopsis Transcription factor [89]
OsSPX1 Arabidopsis and tobacco Accumulation of proline and

sugar
[90]

OsLTP Phalaenopsis amabilis Increased accumulation of total
soluble sugars, proline, antioxi-
dant superoxide dismutase

[91]

Osmyb4 Osteospermum ecklonis,
apple, Arabidopsis

Transcription factor [64, 92]

OrbHLH001 Arabidopsis Involved in metabolic regulation
or ionic homeostasis pathways in
stress

[93]

SICZFP1 Arabidopsis Regulating cold-responsive
genes

[83]

742j 32 Rice: Improving Cold Stress Tolerance



A few osmolytes are discussed here; for example, OsTPP1, a gene encoding a
trehalose-6P phosphatase in rice, when overexpressed in rice confers cold
stress toleranceby trehaloseaccumulationandbyactivationofstress-responsivegenes.

Free proline is known to be one of the compatible osmolytes preventing dehy-
dration in response to freezing and drought stress. Increase in proline content occurs
in many plant species during cold acclimation. Proline is also known to protect
membranes and proteins against the adverse effects of temperature extremes. Rapid
catabolism of proline upon relief of stress may provide reducing equivalents that
support mitochondrial oxidative phosphorylation and the generation of ATP for
recovery from stress and repair of stress-induced damage. Our recent report
indicated that overexpression of proline-rich protein OsPRP3, which increases the
free proline content in the transgenic plants, leads to the enhancement of the cell wall
integrity in the cold-tolerant plant and confers cold tolerance in rice [82]. Moreover,
proline-rich protein/glycoproteins are thought to play an integral role in extracellular
matrix structure ofmany plant cells by addingmechanical strength to the cell wall and
assisting in proper wall assembly.

32.5.3
Overexpression of Cold Stress Signal Transduction Cascade Genes

Plants are continuously exposed to various environmental stimuli during their life
cycle. To maintain their life from such stresses, several mechanisms for sensing
stimuli and activating immune responses are evolutionarily conserved. Particularly,
MAPK cascades are well known as a universal signal module consisting of a MAPK
kinase kinase (MAPKKK) that mediates the phosphorylation of a MAPK kinase that
in turn phosphorylates a MAPK. TheMAPK phosphorylation system serves as a link
in various ways between upstream receptors and downstream targets and thereby
controls many important cellular functions [102, 103]. MAPKs participate in signal
perception and transfer and then induce rapidly and correctly necessary information
for adaptation from different stimuli including cold stress. For example, in rice, two
components of an MAPK pathway, OsMEK1 and OsMAP1, are induced by low
temperature and involved in low-temperature stress [104], and also overexpression of
OsMAPK5 conferred tolerance to cold stress in rice seedlings.

In addition to MAPKs, in rice CDPKs (CaM domain-containing protein kinases)
are found to be upregulated by cold. Stress-responsive CIPK genes encoding

Table 32.3 List of compatible solutes conferring cold tolerance in rice.

Compatible solutes Mode of action References

Glycine-betaine Increase in glycine-betaine [69, 96–98]
Trehalose Trehalose accumulation and activation of

stress-responsive genes
[73, 99–101]

Proline Accumulation of free proline [75, 82]
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calcineurin B-like protein interacting protein kinases such as OsCIPK03,
OsCIPK12, and OsCIPK15 also play important roles in improving the tolerance
to chilling stress in rice [105]. The comprehensive analysis of CDPKs in rice shows
that OsCPK4, OsCPK5, and OsCPK13 (OsCDPK7) are upregulated in response
to cold [106]. The overexpression of OsCDPK7 in rice resulted in improvement
of cold, salt, and drought stress tolerance [107]. In another study, the overexpression
of OsCDPK13 and calreticulin interacting protein (CRTintP1) conferred cold
tolerance to rice [77].

32.6
Conclusions and Perspective

Cold stress signaling is an important area with respect to increasing the produc-
tivity in rice. Therefore, the basic understanding of the mechanisms underlying the
functioning of stress genes is important for the development of transgenic plants.
Each stress is a multigenic trait, and therefore their manipulation may result in
alteration of a large number of genes as well as their products. A deeper
understanding of the transcription factors regulating these genes, the products of
the major stress-responsive genes, and crosstalk between different signaling
components should remain an area of intense research activity in future. The
knowledge generated through these studies should be utilized in making trans-
genic plants that would be able to tolerate stress condition. In the improvement of
crops, it is very important to perturb the natural machinery as minimum as possible
and activate the stress genes at the correct time. Therefore, it is desirable that
appropriate stress-inducible promoters should drive both stress genes and tran-
scription factors, which will minimize their expression under a nonstressed
condition, thereby reducing yield penalty. The product of these genes should also
be targeted to the desired tissue as well as cellular location to control both timing
and intensity of expression.
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Maize: Physiological and Molecular Approaches
for Improving Drought Tolerance
Ishwar Singh, Thirunavukkarasu Nepolean, Rajyalakshmi Ambika Rajendran,
and Mariko Shono

Maize is aC4 cropwith a high rate of photosynthetic activity, leading to high grain and
biomass yield. It is predominantly a cross-pollinating species, a feature that has
contributed to its broad genetic and morphological variability and geographical
adaptability. Economically, themost important types ofmaize are grown for grain and
fodder or silage production. However, in the tropics, grain is primarily used for
human consumption. FAO predicts that an additional 60Mt of maize grain will be
needed from the annual global harvest by 2030. The demand for maize as an animal
feed will continue to grow faster than the demand for its use as a human food,
particularly inAsia, where a doubling of production is expected from the present level
of 165Mt to almost 400Mt in 2030.

33.1
Introduction

One of the focal points of global food security is the ability to produce the crop all year
round in variable climatic conditions, including unpredictable rainfall, low soil
moisture, excess soil moisture, excess heat, and so on. Among all, drought poses
amajor hindrance to this objective inmany tropical countries [1]. The ability of plants
to tolerate moisture stress condition is crucial for sustaining the agricultural
production worldwide. Recent studies of molecular and genomic experiments have
increased the understanding of the regulatory and functional networks controlling
the drought stress response and have led to practical approaches for developing
drought tolerance in plants [2].

From an application point of view, it is important to select genotypes that are able to
optimizewater harvest andusewater efficiently, whilemaximizing yield in relation to
the dynamics of the drought episodes prevailing in each target environment. The
objective of this review is to consolidate the current emerging trends of physiology,
molecular breeding, and functional genomics that would be influential in integrating
breeding and genetic engineering approaches for development of drought-tolerant
genotypes in maize.
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33.2
Basic Concept of Drought Tolerance and its Significance

Drought is a meteorological term and can be defined as the absence of adequate
moisture necessary for normal plant growth and to complete the life cycle.Drought in
agriculture is due to shortage of water in the root zone, resulting in yield reduction,
which is the principal concern of this chapter. The lack of adequate moisture leading
towater stress is a commonoccurrence in rain-fed areas, brought about by infrequent
rains as well as inadequate and poor irrigation [3]. Growth and other processes are
progressively retarded as soil water content decreases below field capacity. However,
most of the plant physiological processes are influenced directly by plant water stress
and only indirectly by soil and atmospheric water stress. As much as 17–60% loss in
maize yield could be recorded per year in tropical countries due to moisture stress.
Hence, the conservation of the soil moisture is essential in the dry season of the crop
growth [4].

The term drought tolerance relates to ultimate yield rather than to the capacity of
the plant to survive in water-limited conditions [5]. Tolerance consists of drought
avoidance and dehydration tolerance that are ultimately measured by the reproduc-
tive success of the species [6]. Those plants able to reproduce are represented in the
next generation. For grain crops, the measure is similar but determined as yield per
unit area of land. Drought avoidance strategies in plants include deep rooting traits,
conservative use of available water to ensure that the grain filling is completed, crop
life cycle tomatch rainfall, and short-duration genotypes to escape from the drought.
Dehydration tolerance involves plants� ability to partially dehydrate but remain viable
and resume growth when water is available.

33.3
Impact of Drought on Phonological Phases of Maize

Moisture stress particularly affects the ability of the maize plant to produce grain at
three critical stages of growth: early in the growing season (seedling emergence), at
flowering, and during mid-to-late grain filling. Moisture stress during flowering and
pollination leads to pollen and silk sterility, inadequate partitioning of source, and
improper mobilization from source to sink, which in turn cause maximum yield
penalty (Figure 33.1). In fact, silking or the onset of the reproductive stage is themost
sensitive stage and will result in 100% yield loss when moisture stress is accom-
panied with heat stress [7]. In India, moisture stress, particularly at reproductive
stage, has been identified as the most important limiting factor of maize production
and productivity.

In tropics, moisture stress at the beginning of a season can damage plant stands;
however, crop can revivewhen it gets water. On the other hand, grain yield reductions
from mid-to-late grain filling are not nearly as severe as those produced by a similar
stress during flowering.
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Reduction of plant water status to the wilting point during the preflowering,
flowering, and postflowering stages results in yield reduction by 25, 50, and 21%,
respectively [9]. Silk growth, kernel size, andnumber appear to depend directly on the
flowof photosynthates produced during the 3weeks of extreme sensitivity period that
bracket flowering [10]. Drought also lessens the capacity of developing kernels to use
available assimilates because of the impaired functioning of a key enzyme acid
invertase [11, 12]. Once kernels enter the linear phase of biomass accumulation about
2–3 weeks after pollination, they develop the capacity to access reserve assimilates
stored in the stem and husk. If kernels successfully reach this stage, they will
normally grow to at least 30% of the weight of kernels on unstressed plants, even in
the presence of severe moisture stress [13]. Plants also respond and adapt to water
deficit at both cellular and molecular levels, for instance, by accumulation of
osmolytes and proteins specifically involved in stress tolerance. The physiological
mechanisms involved in cellular and whole-plant responses to water stress, there-
fore, generate considerable interest.

33.3.1
Physiological, Morphological, and Metabolic Changes Induced by Drought

During drought, certain morphological, physiological, and metabolic changes occur
in response to drought that allow the plant to avoid water loss by continuous water
uptake at reduced water potential or to tolerate a reduced tissue water content [14].
Numerous physiological and biochemical changes occur in response to drought
stress in various plant species. Changes in protein expression, accumulation, and
synthesis have been observed in many plant species as a result of plant exposure to
drought stress during growth. The physiological responses of plants to a deficit of
water include leafwilting, a reduction in leaf area, leaf abscission, and the stimulation
of root growth by directing nutrients to the underground parts of the plants.

Figure 33.1 Impact of drought stress at different stages of maize development [8]. Reprinted from
[8] with kind permission from ASA, CSSA, and SSSA Book Publishing.
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Plant cells are required to maintain water balance. Tomaintain this water balance,
plants absorb water when water potential is negative. Cells can decrease their water
potential through the accumulation of solutes, such as sugars, amino acids, organic
acids, and ions, especially potassium (Kþ ). As cellular enzymes are severely inhibited
by the presence of ions, these must be removed from the cytosol (the ground fluid
substance of the cell) and stored in special storage cell organelles, the vacuoles. Plants
resort to many adaptive strategies in response to abiotic environmental stresses such
as dehydration and excessive osmotic pressure. These adaptive mechanisms include
changes in physiological, morphological, and biochemical processes.

33.3.2
Physiological Changes

Physiological changes at the cellular level associated with drought stress include
accumulation of osmolytes, turgor loss, reduction in photosynthetic activity, and
changes in membrane fluidity. Abscisic acid (ABA) production is also induced and
leads to a further loss of stomatal turgor. The resulting stomatal closure causes a
concomitant decrease in CO2 availability in the leaves, and hence in assimilates
availability to the plant [15].

Duringmoisture stress, the xylem vessels give up contents such as ABA to the leaf
apoplast, thereby increasing thehormone concentration in this compartment. ABA is
carried with the transpiration stream inside the leaf around and through the
mesophyll cells so that it reaches the stomatal guard cells of the epidermis that
contain ABA receptors with external (and possibly internal) loci in their plasma
membranes. Once bound, the hormone induces an internal signal transduction
cascade, usually involving increase in both externally and internally sourced cyto-
plasmic calcium, which eventually reduces the osmotic potential of guard cells via
loss of Kþ and Cl� with stomatal closure as a consequence [16].

Although the photosynthetic machinery has a range of photoprotective mechan-
isms to dissipate excess light energy, the continued exposure of leaves to excessive
excitation energy can lead to photoreduction of oxygen and the generation of highly
toxic reactive oxygen species (ROS), such as superoxides and peroxides. These free
radicals are harmful compounds causing chemical damage to DNA and proteins and
can therefore have lethal effects on cellular metabolism [17]. Plants have evolved
several strategies to dealwithROS, including theproduction of chemical antioxidants
such as ascorbic acid, glutathione, and a-tocopherol that directly remove potentially
damaging electrons from the ROS, and also peroxidases and superoxide dismutases
that scavenge the electrons enzymatically [18].

Another adaptive mechanism for protection against drought is the maintenance
of turgor during periods of drought by adjusting the osmotic pressure of cells. There
are two main routes whereby this can be achieved. First, the cell can sequester
ions into cellular compartments. Second, specialized osmolytes such as proline,
glycine-betaine, mannitol, trehalose, ononitol, and ectoine can be synthesized to
readjust cellular osmotic potential. These osmolytes are also active in scavenging
ROS, especially if they are targeted to the chloroplast [19]. Other specialized organic
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molecules can be used to protect cellular membranes against physical damage and
proteins against unfolding. Dehydration induces the partitioning of amphiphilic
molecules such as glycosylated flavonols and hydroquinones into membranes; these
compounds increase membrane fluidity and depress phase transition tempera-
tures [15]. During extreme desiccation, tolerant plants synthesize large amounts of
nonreducing disaccharides, such as trehalose, which can substitute for water by
satisfying hydrogen bonding requirements of polar amino acid residues at protein
surfaces and maintain the folded active states of the proteins.

Maturation proteins, which are induced in response to ABA or dehydration, also
protect plants under stress by stabilizing cellmembranes.Heat shock proteins (Hsps)
and molecular chaperones, as well as late-embryogenesis abundant (LEA) protein
families, are involved in plant abiotic stress tolerance [20]. High temperature, salinity,
and drought stress can cause denaturation and dysfunction of many proteins. Hsps
and LEA proteins help to protect against stress by controlling the proper folding and
conformation of both structural (i.e., cell membrane) and functional (i.e., enzymes)
proteins. Proteins synthesized in response to drought stress are called dehydrins
(dehydration induced) and belong to the group II LEA proteins. The dehydrin family
of proteins accumulates in a wide range of plant species under dehydration stress,
which range in size from 9 to 200 kDa. Dehydrin proteins have been characterized as
hydrophilic, heat stable, macromolecular stabilizer, free of cysteine and tryptophan,
responsive to ABA, prevent denaturation of cellular proteins, and rich in lysine. They
accumulate along with other LEAproteins in response to a particular stress and have
been proposed to play an important role in membrane protein stability and osmotic
adjustment. A proposed role of dehydrin-like proteins in drought stress has been the
protection of cells from dehydration stress. Dehydrin-like proteins may also have a
role similar to compatible solutes in osmotic adjustment. Another possible role of
stress proteins is to bind with the ions accumulated (ion sequestering) under drought
stress and to control solute concentration in the cytoplasm.

33.3.3
Morphological Changes

Plants exposed to sublethal abiotic stress conditions exhibit a broad range of
morphogenic responses that include inhibition of cell elongation, localized stimu-
lation of cell division, and alterations in cell differentiation status [21]. As such, abiotic
stress stimuli negatively affect plant growth and development through the arrest of
the cell cycle machinery. Abiotic stress perception activates signaling cascades that
stimulate cell cycle checkpoints, resulting in an impaired G1-to-S transition, slowing
down of DNA replication, and delayed entry into mitosis [22]. Water stress induces
meristem shortening in leaves of maize and prolongs the cell cycle duration as a
result of reduced CDK activity [23]. In plant tissues, water potential and content are
maintained close to the unstressed level by increasing uptake or limiting loss, so that
loss and uptake rates of water remain balanced. Such a balance is achieved in the
short term mainly by developmental and morphological traits, such as stomatal
closure that is paralleled by a decreased photosynthetic rate [24]. Indeed, stomatal
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closure in response to drought stress restricts CO2 entry into leaves, thereby
decreasing CO2 assimilation and water loss from the leaves and affecting mesophyll
metabolism [25].

In the longer term, the root/shoot ratio, the tissuewater storage capacity, the cuticle
thickness, and the water permeability are perceived to be the potentially important
target traits, of which change in root growth is the most crucial for crop plants to
maximize water uptake [26]. Highly water-stressed maize plants respond by rolling
the leaf early in the day. The stress-inducedmorphogenic response is postulated to be
part of a general acclimatization strategy, whereby plant growth is redirected to
diminish stress exposure [7].

33.3.4
Metabolic Changes

The plant defense response to drought stress is associated with the synthesis of
osmoprotectants, osmolytes, or compatible solutes. The accumulation of several
organic solutes according to the metabolic responses has drawn much attention.

Solutes that accumulate in the cytosol and do not interfere with enzymatic
reactions comprise sugar alcohols (mannitol and sorbitol), the amino acid proline,
free amino acids, and sugars in roots and shoots, and glycine-betaine. The synthesis
of these compounds by the plant enhances tolerance to drought [27]. Osmoprotec-
tants are small neutral molecules that are nontoxic to the cell at molar concentration
and that stabilize proteins and cell membranes against the denaturing effect of stress
conditions on cellular functions [28].

The compatible solutes may be classified into two categories: (1) nitrogen-contain-
ing compounds such as proline and other amino acids, quaternary ammonium
compounds, and polyamines; (2) hydroxy compounds, such as sucrose, polyhydric
alcohols, and oligosaccharides [29]. The plant�s response to drought is accompanied
by the activation of genes involved in the perception of drought stress and in the
transmission of the stress signal. One group of genes encodes proteins to protect the
cells from the effects of desiccation. These genes include those that govern the
accumulation of compatible solutes, passive transport across membranes, energy-
requiring water transport systems, and protection and stabilization of cell structures
from desiccation and damage by ROS [30]. The second group of genes activated
by drought consists of regulatory proteins that further regulate the transduction of
the stress signal and modulate gene expression. At least four independent stress-
responsive genetic regulatory pathways are known to exist in plants, forming a highly
complex and redundant gene network [2, 30]. Two of the pathways are dependent on
the hormone ABA, while the other two are ABA independent. These pathways are
also implicated in the perception and response to additional stress factors, including
cold, high temperature, and salinity.

Mannitol is a major photosynthetic product in many algae and higher plants,
enhancing tolerance to water deficit-induced stress primarily through osmotic
adjustment [31]. Its mechanisms are likely to involve the scavenging of hydroxyl
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radicals (OH�) and the stabilization of macromolecules [32]. Water deficit alters the
synthesis and partitioning of metabolically important carbohydrates in plants. Some
of these effects on carbohydrate metabolism might be required for the photosyn-
thetic assimilation of carbon and its conversion to metabolically usable forms. Other
stress-induced changes in carbon metabolism might reflect adaptations for stress
tolerance [33]. For example, raffinose family oligosaccharides (RFOs), such as
raffinose, stachyose, and galactinol, play important roles in the desiccation tolerance
of plants. Raffinose accumulates in vegetative tissues under drought stress [34].
RFO biosynthesis requires the presence of galactinol, which is formed by galactinol
synthase (GolS) from UDP-Gal and myoinositol. Galactinol is the galactosyl donor
for the biosynthesis of raffinose from Suc by raffinose synthase (RafS). Because
galactinol has not been assigned any function in plants other than acting as a
galactosyl donor for RFOs synthesis, GolS potentially catalyzes a metabolic key step
for RFO synthesis. Overexpression of one of them causes an increase in endog-
enous galactinol and raffinose, as well as an improvement in drought tolerance [35].
Fructans are polyfructose molecules that are soluble carbohydrates and are located
in the vacuoles of many plants. Fructan metabolism plays a significant role in
drought stress tolerance in plants [36]. As these compounds are soluble, they might
play a role in the osmotic adjustment of natural fructan accumulators by varying the
degree of polymerization of the fructan pool. Trehalose (a-D-glucopyranosyl-1, 1-
a-D-glucopyranoside) is an innocuous, scentless, nonreducing disaccharide and
melliferous nonreducing disaccharide containing two glucose residues bound in an
a,a-1,1-glycosidic linkage. It is the nonreducing nature of trehalose that determines
its high stability to acid, alkali, and heat. Trehalose can become glass state structure
by combining two water molecules. Its hydroscopic property is more than three
times of sucrose, maltose, glucose, and fructose. In cells, the high tolerance of
trehalose to dehydration provides protection to proteins and biomembranes from
drying, freezing, and heating. Accumulation of proline is a widespread plant
response to environmental stresses, including low water potential. Proline has a
clear role as an osmoticum. In particular, because of its zwitterionic, high hydro-
philic characteristics, proline acts as a �compatible solute,� that is, one that can
accumulate to high concentrations in the cell cytoplasm without interfering with
cellular structure or metabolism. There is presently no clear agreement on the
function of drought-induced accumulation, although a role in osmoregulation
seems likely. Other functions of proline accumulation have also been proposed,
including statabilization of macromolecules, a sink of carbon and nitrogen for use
after relief of water deficit, radical detoxification, and regulation of cellular redox
status by proline metabolism [37]. Glycine-betaine, a quaternary ammonium
compound, is a very effective compatible solute. In higher plants, glycine-betaine
is synthesized from choline (Cho) via betaine aldehyde (BA). Glycine-betaine
balances the osmotic pressure between outside and inside of cells to cope up with
osmotic stress and hence maintains turgor. Moreover, glycine-betaine also protects
physiological processes such as photosynthesis and protein synthesis under
drought conditions [38].
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33.4
Role of ABA in Drought Tolerance

ABA, a plant stress hormone, induces the closure of leaf stomata (microscopic pores
involved in gas exchange), thereby reducing water loss through transpiration and
decreasing the rate of photosynthesis. These responses improve the water use
efficiency of the plant on the short term. ABA plays an important role in seed
maturation and dormancy, as well as in the adaptation of vegetative tissues to abiotic
environmental stresses such as drought and high salinity [39].

33.4.1
ABA-Dependent Signaling

Drought stress induces de novo synthesis of the phytohormone ABA that plays an
important role in the adaptation of vegetative tissues to abiotic stresses, such as
drought and high salinity, by promoting stomatal closure in guard cells [40]. Many
ABA-inducible genes contain a conserved, ABA-responsive, cis-acting element,
designated ABRE (PyACGTGGC), in their promoter regions. Reversible protein
phosphorylation is an early and centrally regulated event in ABA signal transduction,
at least in the guard cells. Upon drought stress, the ABA-responsive 42 kDa kinases
are activated, thereby phosphorylating the conserved regions of ABA-responsive
element binding protein (AREB)/ABFs. Several SNF1-related protein kinases 2
(SnRK2s) such as ABA-activated protein kinase (AAPK) [41] and OST1/SRK2E
in Arabidopsis [42] were reported as AAPKs. All these kinases phosphorylate in vitro,
a motif in the so-called �Constant� subdomains found among basic-leucine zipper
(b-ZIP) transcription factors (TFs), includingAREB1, AREB2, andABI5 [43]. Someb-
ZIP TFs may also be the targets of calcium-dependent protein kinases (CPKs).

Abiotic stress activates the production of intracellular ROS. When the increase in
ROS is relatively small, the housekeeping antioxidant capacity is recruited to reset the
original balance between ROS production and scavenging, thus reestablishing the
redox homeostasis [44]. Otherwise, ROS is sensed bymembrane-localized kinases that
eventually activate the MAPK (Figure 33.2). MAPK regulates gene expression by
altering the TF activity through phosphorylation of serine and threonine residues,
whereas ROS is regulated by oxidation of cysteine residues [45]. Changes in gene
expression play an important role in plant drought stress response, and many stress-
induced genes are known or presumed to play roles in drought resistance. Formany of
these genes, the hormone ABA is a key signaling intermediate controlling their
expression in anABA-dependent or ABA-independentmanner (Figure 33.3), as shown
largely by the analysis ofABA-deficient andABA-insensitivemutants inArabidopsis [46].

33.4.2
ABA-Independent Signaling

The TFs DREB1 and DREB2 (Figure 33.4) are important in the ABA-independent
drought-tolerant pathways that induce the expression of stress response genes.
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Figure 33.2 Cellular ROS signaling in plants [45].

Figure 33.3 ABA-dependent and ABA-independent signaling in plants [46].
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Overexpression of the native form of DREB1, and of a constitutively active form of
DREB2, increases the tolerance of transgenic Arabidopsis plants to drought, high
salinity, and cold. Although these genes were initially identified inArabidopsis plants,
their presence and role in stress tolerance have been reported in many other
important crops includingmaize, indicating that thiswould be a conserved, universal
stress defense mechanism in plants.

Abundance of cationic peroxidases induces lignin biosynthesis in the xylem
vessels and induces cell wall stiffening that might strengthen the xylem vessels and
prevent any further cell expansion either to better withstand the tension occurring
duringwater stress or to restrict water loss from internal tissues [47]. Furthermore, in
water-stressed plants, the levels of many amino acids in the sap increase transiently
and a number of amino acids also accumulate only under severe water stress.
Metabolic changes associated with drought stress include modifications in solute
concentration and protein–protein and protein–lipid interactions [48]. Production of
phytoalexins, activation of the general phenylpropanoid pathway, and induction of
lignin biosynthesis have evolved as adaptation mechanisms to water deficit. Salicylic
acid, methyl salicylate, jasmonic acid, methyl jasmonate, and other small molecules
produced as a result of stress can also serve as signalingmolecules activating systemic
defense and acclimatization responses [49], whereas others protect plants from
oxidative damage associated with a variety of stresses, such as ascorbic acid,
glutathione, tocopherols, anthocyanins, and carotenoids, by scavenging the gener-
ated active oxygen intermediates. Knowledge of the physiological and biochemical
responses to severe water deficit conditions has been exploited for drought stress
tolerance in plants.

Figure 33.4 Effect of cold, salt loading, and dehydration on expression of stress-related genes
leading to striking improvements in plant tolerance [40].
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33.5
Developing Drought-Tolerant Maize

Unlike relatively static abiotic stresses such as soil salinity or acidity, drought stress in
most maize growing areas is strongly dependent upon stochastic weather processes.
Transient stresses give rise to complex genotype� year, genotype� season and
genotype� season� year, genotype� season� year�management interactions
since stress tolerance varies among genotypes and throughout the season of the
cropping period. With the advent of combine yield monitors, within-field spatial
variation in yield has become much more obvious to the farmer and often relates to
variation in soil texture and plant available water.

The application of genetics to improve drought tolerance and provide yield stability
is an important part of the solution to stabilizing global maize production. This does
not imply that agronomic interventions that aim tomaximize water availability at key
growth stages are not critically important since genetic solutions are unlikely to close
more than30%of the gapbetweenpotential and realized yieldunderwater stress [50].
However, improved genetics can be conveniently packaged in a seed and therefore
more easily and completely adopted than improved agronomic practices that depend
more heavily on input availability, infrastructure, access tomarkets, and skills in crop
and soil management. Fortunately, under stressful conditions, the performance
advantage of modern elite germplasm over its less improved and older counterparts
becomes larger, and much of the observed genetic gain in yield during the past 30
years has been attributed to greater stress tolerance rather than to an increase in yield
potential per se [51–53]. Physiology, coupled with genomics, offers promise of
improving the rate of gain for key traits, and especially those such as drought
tolerance that are difficult to phenotype, the baseline for comparisonmust be the rate
of improvement obtained through established selection systems. Thus, it is instruc-
tive to consider rates of gain in drought tolerance resulting from conventional
selection in a large hybrid development program that relies on extensive multi-
environment testing to identify superior progenies.

To do this, however, the association between genotype and phenotype must be
better understood and quantified so that our ability to predict phenotypic perfor-
mance from genetic information for many traits observed in an array of environ-
ments is greatly improved. Genomics, or the study of the function and structure of
specific genetic sequences accompanied by high-throughput laboratory-based anal-
ysis of DNA [54], is considered a key to comprehending gene–phenotype associations
at the level of candidate genes and sequences. This will be critically important for
quantitative traits such as drought tolerance, where performance is regulated by
many loci and subject to multiple genotype� environment (G�E), gene� gene
(G�G) interactions (epistasis), and gene� gene� environment (G�G�E)
interactions.

Identification and measurement of secondary traits associated with grain yield
provides a guide to specificmechanisms that contribute to grain yield under drought.
Thus,water depletion patterns, leaf rolling, and canopy temperatures are indicative of
root exploration and water extraction capacity, and chlorophyll concentration is a
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measure of functional stay green [55]. Some secondary traits are associated with
specific developmental stages such asflowering, while others, such as photosynthetic
rate, are indicative of plant growth throughout the life cycle of the crop. Ideally,
secondary traits should be correlated with grain yield under stress, highly heritable,
easy to measure, and stable over time. A short anthesis-silking interval (ASI) is
indicative of general tolerance to reduced photosynthesis per plant at flowering in
many cases [56]. To understand the genotypic differences in water acquisition, a
distinction must be made between the fine lateral roots, usually with diameters
smaller than 0.8mm [57], and their larger parental axile roots. In the fibrous root
system of maize, axile roots emerge from the stem, guaranteeing a wide vertical and
horizontal distribution of the root system, away from the plant basis, while lateral
roots are ofmajor importance for the efficient short-distance exploitation ofwater and
nutrients [58]. A series of correlated phenotypes that have associations with grain
yield under drought conditions are precocity, plant stature, chlorophyll content, root
morphology and conductivity, glucose, sucrose, dehydrin, ABA, and ABA glucose
ester measured on leaves, ear tips, and silks harvested at different developmental
stages.

Drought tolerance that impacts crop yield can be assessed reliably only in the field.
Managed stress environments, where the severity and timing of drought stress are
controlled in a manner relevant to target environment conditions, are essential for
approaches aimed at achieving genetic progress for drought tolerance. Accurate
water management in the absence of rain allows stress intensity to be adjusted so the
expression of genetic variability for key secondary traits ismaximized and the pattern
of stress, targeted at specific growth stages, can be repeated. The detection of
genotype� stress level interactions for drought tolerance provides essential evidence
for the presence (and absence) of unique, adaptive mechanisms among genotypes.
Generation of such interactions requires the application of relatively severe stress
levels that, in some cases, are more severe than those experienced in the target
population of environments. A well-watered control is generally needed to monitor
for losses in yield potential associated with selection for stress tolerance.

Comparison of performance in these contrasting environments provides the
critical data required to predict yield stability of genotypes. Care must be exercised,
however, when designing water stress regimes to ensure that the genetic correlation
between the managed stress environments and the target population environment
remains positive and reasonably large. Under managed stress environments, stan-
dard plot management techniques often require adjustment to enhance uniformity
within trials. Particularly critical is the establishment of uniform stands to ensure
evenness of water availability per plant. As plants remove soil water, differences in
root volume per plant and in transpiring leaf area can exaggerate plant-to-plant
variability. Blocking by flowering date is important in maize because of its suscep-
tibility to stress imposed at flowering. If entries vary widely in time to silk, the most
�tolerant� may simply be those that flower earlier than the mean and thus escape
stress that intensifies with time. Finally, time trends in data can occur when variables
such as canopy temperature are measured using handheld infrared thermo-
meters [59]. As soil water is depleted, spatial variability generated by differences in
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soil texture becomes increasingly obvious and can obscure genotypic differences.
The use of uniform land is obviously the best solution, and knowledge of these
patterns generated over time can be used to select the most uniform plot sites. The
use of incomplete block designs such as row/column or alpha (0, 1) designs [60] or
augmented designs provides amethod to adjust data for the effects ofwithin-replicate
spatial variation when dealing with large entry numbers [55]. Spatial trends in data
arise from soil heterogeneity aswell as unintentionalmanagement factors that can be
identified within a linear mixed model analysis framework. In addition, data can be
adjusted for these effects by incorporating appropriate model terms and identifying
appropriate variance structures for spatial trends [61]. Linear mixed models can be
used for estimating variance components and determining best linear unbiased
predictors (BLUPs) for genotypes from unbalanced data sets.

33.6
Modern Tools to Improve Drought Tolerance in Maize

Integrating molecular approaches of the latest advances in biotechnology, genomic
research, andmolecularmarker applications with conventional plant breeding, plant
physiology, and biochemistry could increase significantly the potential for genetic
gain under water-limited conditions (Figure 33.5).

Figure 33.5 Development of drought-tolerant maize genotypes by integration of classical and
modern tools.
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Changing maize genetic improvement from an empirical to a knowledge-based
process involves investing heavily in the use of high-throughput recombinant DNA
technology, genomics, and bioinformatics tools. The utility of these tools has, in turn,
been increased by advances in DNA sequencing capacity and in database develop-
ment and management. The availability of organized dense genetic maps based on
molecular markers and the awareness of the particulate nature of the inheritance of
quantitative traits have fostered an interest in the genetic dissection of drought
tolerance. Ideally, this involves associating genetic variation at the sequence levelwith
observed phenotypic variation and ensuring that those specific sequences imparting
tolerance are present in subsequent generations.

Geneticmapping with densemarkermaps can be used to identify the number and
genetic positions of quantitative trait loci (QTL) associated with a specific trait under
drought stress. In addition, this process can be used to estimate effects of the
segregating QTL and their contributions to trait variation (individually and in
combinedQTLmodels) and to obtain estimates of their stability across environments
(QTL� environment interactions) and across genetic backgrounds (QTL� genetic
background interactions).

The responses of the genotypes to drought stress are governed by the activity of
several genes involved in diverse pathways, including �constitutive� QTL and
�adaptive� QTL. DNA-based markers located in such genomic (bin) locations could
potentially serve as informative �anchor� markers for molecular marker-assisted
selection (MAS) as well as functional genomics. In addition to the consensus QTL,
analysis of individual genes, transcriptome profiling, and in silico mapping leads to
identification of specific candidate genes with significant influence over drought
stress tolerance in maize, many of which colocalize with the consensus QTL for
drought tolerance. Lebreton et al. [62]were thefirst to attempt to applyQTL analysis to
obtain genetic insights into the drought tolerance response in maize. Since then, a
number of reports of QTL associated with specific traits under drought stress have
been indicated using diversemapping populations [63–66]. The reports have targeted
grain yield and its components, ASI, root traits, andmeasures of plant water use and
status, such as stomatal conductance, and leaf and xylem ABA content [67].

Progress of trait is attributed to the number of major QTL identified per trait, the
magnitude of observed phenotypic variance that they generally express individually,
their interaction with the environment, and difficulty of epistasis evaluation [68]. For
complex traits such as drought tolerance, many QTL identified in elite lines
developed by breeding programs are likely to be context dependent due to the effects
of several gene and environmental interactions. Therefore, although we can men-
delize quantitative traits, the value of the QTL alleles will need to be determined for
the specific situation to which they are to be applied. Capacity for precision
phenotyping under repeatable but representative levels of stress in the field is
lagging far behind the capacity to generate genomic information and will limit
progress in generating gene–phenotype associations for traits.

MAS experiments based only on the QTL involved in the expression of yield
components would be inefficient because only a few of the QTL are stable across
environments. A MAS experiment should consider the QTL involved in the expres-
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sion of secondary traits of interest correlated with the yield under drought. If it is
possible, the selected QTL should be stable across environments and account for a
large percentage of the phenotypic variance. Therefore, an efficient MAS strategy
should take into account the most suitable QTL from different traits as an index [69].
Many studies clearly indicate the colocation of the QTL influenced including key
traits such as grain yield, ASI, root traits, and ABA accumulation across different
genetic backgrounds [5]. In maize, MAS has been used to introgress QTL alleles for
reducing ASI.

Compared to modern cultivars, which are usually selected for high-input envir-
onments where water supply is often not a major limiting factor, wild species show
morphophysiological features for survival and adaptation to drought conditions.
When considering exploiting alleles fromwild species for drought adaptive features,
a careful evaluation in terms of yield, once they are backcrossed in elite accessions, is
important [68].

Information aboutQTL in tropicalmaize can be applied to increase heritability and
favorable gene action to design optimum transgenic strategies for crop improve-
ment. Marker-assisted selection also accelerates the use of transgenes in commercial
cultivars, typically achieved through marker-assisted backcrossing [70]. An updated
compilation ofmappedQTL andmajor genes associated with abiotic stress tolerance
including drought inmaize and other plants is available at www.plantstress.com [71].
Other useful Web resources are www.generationcp.org, http://rarge.gsc.riken.jp/,
and http://rootgenomics.missouri.edu/ [5]. Identification of universal drought QTL
and putative candidate genes could be valuable for further analysis and
utilization [72].

33.7
Functional Genomics of Drought Tolerance

Functional genomics usesmostlymultiplex techniques tomeasure the abundance of
many or all gene products such as mRNAs or proteins within a biological sample.
Functional genomics includes function-related aspects of the genome itself such as
mutation and polymorphism (e.g., single-nucleotide polymorphic (SNP)) analysis, as
well as measurement of molecular activities. The latter comprise a number of
�omics� such as transcriptomics (gene expression), proteomics (protein expression),
phosphoproteomics (a subset of proteomics), and metabolomics (analysis of
metabolites).

Functional genomics provides important information for evaluating stress per-
ception, signal transduction, and defensive responses, the role of potential candidate
genes, and the pathways inwhich they are involved. Intensive studies have already led
to the discovery of promoter regulatory elements, such as DRE (dehydration-
responsive elements) or ABRE (ABA-responsive elements), involved in both dehy-
dration and low-temperature-induced gene expression [73], aswell as identification of
several key transcriptional factors interacting with such promoters [74]. With the
advent of genomics-related technologies, necessary tools to identify the key gene
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networks that respond to drought stress and those relating to the regulation of
adoptive events occurring during stress are now becoming available [75].

Cloning a drought-related QTL substantially contributes toward a better under-
standing of the genetic and functional basis of the response of a plant to drought.
Furthermore, the sequence responsible for the QTL becomes available for genetic
engineering andmining for themost desirable alleles within germplasm collections.
Until now, two approaches have been mainly used for the molecular dissection of a
QTL: positional cloning and association mapping [76].

Positional cloning begins with the production of a large population in a near-
isogenic lines (NILs) where only the target QTL segregates. A large number of
progenies (>1000) capturing all possible recombination events and molecular
markers in the target region enable us to identify the genetic and physical interval
cosegregating with the QTL. The availability of the genome sequence facilitates the
connection between genetic and physical information. When the genome sequence
is not available, genomic libraries (e.g., BAC clones) are used. Amaize domestication
locus, teosinte glume architecture (tga1), which encodes a transcriptional regulator,
was the first maize gene positionally cloned, using a population of over 3000
individuals [77]. Among the quantitative traits affecting drought tolerance, particular
attention has been devoted to the concentration of ABA, in view of its pivotal role in
regulating other molecular and morphophysiological processes involved in the
adaptive responses. Differences among NIHs (near-isogenic hybrids) for leaf ABA
and othermorphophysiological traitswere not affected bywater regimes.On average,
the QTL allele for high leaf ABA markedly reduced stomatal conductance and root
lodging [78]. Candidate genes or sequences that cosegregate with the QTL are then
functionally tested with reverse genetics tools (e.g., knockout mutants, RNAi, and
targeting induced local lesions in genomes (TILLING)) and ectopic expression.

Association mapping based on linkage disequilibrium (LD) seeks to establish a
statistical association between allelic (or haplotype) variation at a locus and the
phenotypic value of a trait across a large enough sample of unrelated accessions [79].
The LD approach offers two distinct advantages: the survey of multiple alleles in a
single analysis and avoidance of the time-consuming preparation of mapping
populations. In the presence of high LD (�100 kb or more), association mapping
can provide only coarse mapping information; however, when LD is low (�10 kb or
less), the resolution power is sufficiently high to assign a QTL to an interval
containing one or a few genes. Analysis of candidate genes has already provided
interesting results [79, 80]. Association mapping should greatly benefit from the
introduction of high-throughput platforms that are able to profile a multiplex of SNP
markers. Techniques such as EcoTILLING [81] are also available to streamline the
identification and scoring of new alleles at target genes or sequences.

Major challenges for gene discovery include the following:

. The large size of the maize genome

. Variation in genome size and gene order

. The high incidence of multicopy genes

. Transposons and other repetitive sequencesmakingup a large portion of the genome
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The wealth of active transposable elements residing in themaize genome plays an
important role in functional genomics. In addition to serving as molecular tags for
mutated genes, these transposons tend to knock out genes into which they are
inserted. Mutant libraries constructed using transposon tagging, T-DNA insertion,
and chemical and physical mutagenesis provide materials that can be screened for
base changes in any genes by reverse genetics methods such as TILLING [82].

Strategies have been developed so that subtle changes such as point mutation
generated by EMS can be detected easily. In the basic TILLING method, pollen is
mutagenized by treatment with EMS. These mutagenized lines serve as a general
reverse genetic resource. Weil andMonde [83] provided a detailed protocol for maize
TILLING including TILLING mutagenesis, tissue collection, DNA preparation, 2D
pooling, and detailed TILLING workflows. As the maize genome is completely
sequenced, advances in reverse genetics technologies including TILLING, EcoTIL-
LING, and massively parallel DNA resequencing provide excellent methods for
identifying mutations in a wide variety of traits and biological processes [84].
EcoTILLING is a way to survey how much allelic diversity there is for a given gene
target and where that diversity is located (intron versus exon).

Gene expression experiments have identified several hundred genes that are
induced or repressed during drought. Both cDNA- and oligonucleotide-based gene
expression profiling platforms are used to examine the effects of drought stress on
yield potential of maize [85]. The expression QTL (eQTL) mapping involves expres-
sion profiling as measured by mRNA transcript abundance for a large number of
genes that are each treated as a quantitative phenotype likely to be conveyed by
multiple genes and influenced by environmental factors. These expressional profiles
then constitute a marker-based fingerprint of each individual in a segregating
population and can be subjected to conventional QTL analysis [86], albeit interpreted
in the spatially and temporally specific context in which the data are collected. The
procedure is called mapping of eQTL, that is, genetic locus where allelic variation
affects the level of gene expression. Overlapping expression profiles and coordinate
expression indicated that genes relevant to stress resistance and such data sets form
an excellent resource for identifying candidate genes [87] through positional cloning
or association mapping. Transcription profiling has increasingly become an impor-
tant genomics tool for gene functional analysis. Expression patterns of some genes in
several stress response-associated pathways, including abscisic acid, jasmonic acid,
and phenylalanine ammonia lyase, are positively responsive to drought stress.
However, the cost of profiling the large number of samples required to identify
eQTL is still too high for routine application of this approach. The expression ismost
often quantified in terms of the amount ofmRNA in amicroarray-based analysis, but
the same principle has been applied to genetic control of the protein level. Micro-
arrays have become an important technology for the global analysis of gene
expression. Implemented in the context of a well-designed experiment, cDNA and
oligonucleotide arrays can provide high-throughput simultaneous analysis of tran-
script abundance for hundreds, if not thousands, of genes. Microarrays are being
used to assess gene expression in plants exposed to the experimentalmanipulation of
air temperature and soil water content in the root zone. Analysis often includes

33.7 Functional Genomics of Drought Tolerance j767



characterizing transcript profiles for multiple posttreatment sampling periods and
categorizing genes with common patterns of response using hierarchical clustering
techniques. In addition, microarrays are also providing insights into developmental
changes in gene expression associated with root elongation in maize [88].

The identification of candidate genes for the QTL and the elucidation of their
functional role can be facilitated by combining QTL maps with the so-called
functional maps (i.e., maps enriched with genes potentially involved in controlling
the target trait or with fully annotated genomic sequences). An important part of new
gene discovery through ESTand genome sequencing is the annotation of those genes
to assign putative functions [89]. In the absence of empirical data for a particular gene
in the appropriate target organism, gene annotation software can predict a function
using data from rice, Arabidopsis, and other organisms based on similarities for
intron/exon sequence and structure plus likely protein domains (www.maizese-
quence.org). One can BLASTmaize sequences against the cereal and other species
databases to generate predicted functional information. In forward and reverse
genetics approaches, maize is characterized by excellent mutagenesis resources in
the form of well-studied transposon systems, and new techniques for induced
mutations are also being applied [90].

Maize is one of the model systems for genetic research. The genome size of the
maize is 2300Mb, which is fivefold larger than rice but eightfold smaller than
wheat [91]. The sequencing of maize was recently completed by a U.S.-based
consortium of researchers [92]. The complete genome of B73, an important com-
mercial crop variety, was decoded. The 2.3 billion base sequence – the largest genetic
blueprint worked out for any plant species – includes more than 32 000 protein-
coding genes spread across 10 chromosomes of maize. The transposable elements
are the most abundant parts of the sequence, spanning almost 85% of the genome
and dispersed nonuniformly across the genome. The Maize Genome Sequencing
Consortium has generated a reference genome sequence that was integrated with
both physical and geneticmaps. Using a previously published integrated genetic and
physical map, combined with genomic sequence, new sequence-based genetic
markers, and an optical map, the researchers have picked a minimum tiling path
(MTP) of 16 910 bacterial artificial chromosome (BAC) and fosmid clones that were
used to sequence the maize genome. The new integrated physical and genetic map
covered 2120Mb (93%) of the 2300Mb genome, of which 405 contigs were anchored
to the genetic map, totaling 2103.4Mb (99.2% of the 2120Mb physical map). Using
all available physical, sequence, genetic, and optical data, a golden path (AGP) of
chromosome-based pseudomolecules, referred to as the B73 reference genome
sequence version, was generated [93].

The completion of the maize genome sequence provides the most essential
resource to move easily from gene to mutant phenotype and back. There are several
methods such as gene cloning, gene expression profiling, TILLING/EcoTILLING
and transposon tagging, and SNP haplotypes to target loci for experimentally
determining gene function [94]. Traditionally, gene discovery inmaize has employed
transposon tagging, ESTsearches, and comparative genomics, and due to increase in
genomic resources, positional cloning is increasingly being used for both qualitative
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and quantitative traits. Now with the physical maps for maize, the large numbers of
available markers, and conservation of synteny across the cereal genomes, it is
feasible to consider a less time-consuming chromosome walk rather than cloning by
transposon tagging [95].

The length and breadth of the utility of genome sequencing in crop research has
increased with the availability of new-generation sequencing (NGS) technologies.
This new-generation techniques will increase the throughput tremendously while
reducing the cost multiple times [96, 97]. The data generated through NGS techni-
ques have opened new era of maize genome analysis and provide sequence
information of the germplasm that are genetically diverse so as to uncover the
genetic potential of the unexplored genotypes. Getting enormous amount of data
cheaply in no time has extended its applications beyond just reading the order of
bases. Microarrays are being replaced by sequence-basedmethod in gene expression
studies. The ability to sequence the whole genome of many organisms will allow
large-scale comparative and evolutionary studies [98]. Sequencing technology is
developing very rapidly and already the third-generation sequencing platforms are
being made available such as �real-time sequencing� (www.pacificbiosciences.com).

Genomics and bioinformatics allow us to investigate sequence colinearity in the
main crops [99] and compare their gene order and content with those of model
species whose genomes have been sequenced, such as rice and Arabidopsis. The
colinearity between Arabidopsis and maize [100] has been eroded to such an extent
that theArabidopsis sequence does not appear to be ofmuchhelp for the identification
of related genes in maize. Conversely, comparative mapping between rice and
maize [101] as well as other cereals [102] provides valuable opportunities to exploit
high-resolution collinear maps to facilitate the positional cloning of maize QTL and
identify candidate genes and to establish whether sequences with high homology are
so because they represent orthologous loci.

Transcriptomics, proteomics, and gene expression studies have identified the
activation and regulation of several stress-related transcripts and proteins that are
generally classified into two major groups. One group is involved in signaling
cascades and in transcriptional control, whereas members of the other group
function in membrane protection, as osmoprotectants, as antioxidants, and as ROS
scavengers [103]. Manipulation of genes that protect and maintain cellular functions
or that maintain the structure of cellular components has been the major target of
attempts to produce plants that have enhanced stress tolerance [104].

Progress in the mass-scale profiling of the transcriptome, proteome, and meta-
bolome has allowed a more holistic approach in investigations of drought tolerance
based on the measurement of the concerted expression of thousands of genes and
their products. High-throughput mRNAprofiling has been applied to investigate the
changes in gene expression in response to dehydration [105]. An example of how
transcriptome analysis can advance our understanding of the physiology underpin-
ning drought-related traits has been recently provided by the expression profiling of
primary root apices in maize [106]. Collectively, the transcriptome profiling experi-
ments conducted on drought-stressed plants have highlighted the central role of TFs
while unveiling the complex hierarchy of the regulatory network that differentially
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modulates the expression of dehydration signature genes in a tissue-specificmanner.
In this respect, laser capturedmicrodissection is amajor technical breakthrough: the
technique allows the profiling of specific cell types [107] – a feature particularly
important when investigating genes encoding for TFs expressed weakly and in a cell
type-specific fashion.

The importance of metabolic changes during plant responses to abiotic stress
suggests that detailed metabolite profiling may provide valuable insights into stress
response mechanisms. Deciphering gene function can also be facilitated by infor-
mation gathered through profiling the proteome and metabolome. Profiling the
proteome of a mapping population offers the opportunity to identify PQL (protein
quantity loci) influencing protein quantity. In water-stressed maize, the Asr1 gene, a
putative TF, has been shown to colocalize with a PQL for the ASR1 protein and aQTL
for ASI and leaf senescence [108]. With regard to metabolomics, the present
technology enables the profiling of �2000 metabolites in a single sample [109]. The
susceptibility of early developing grain to water stress is a major problem in maize,
where a shortage of assimilate supply has been indicated as the likely cause for
insufficient grain filling and sterility [110]. In this respect, invertase activity in the
developing kernel has been shown to be an important limiting factor for grain yield in
maize exposed to drought [111]. Among the QTL for invertase activity described in
maize, one is mapped near Ivr2, an invertase-encoding gene [112]. Furthermore,
collocation between the activities of two enzymes (sucrose-P synthase and ADP-
glucose pyrophosphorylase) involved in carbohydrate metabolism and correspond-
ing structural genes has been reported in young maize plants subjected to water
deficit [113]. The increase in Hsp expression under conditions of abiotic stress was
studied extensively using functional genomics and proteomics in different plant
species [114]. Genomics-based approaches can contribute novel information to
identify candidate genes and elucidate their functions and regulation under
water-limited conditions.

33.8
Genetic Engineering Approaches for Improving Drought Tolerance

Although not a crop plant, Arabidopsis has played a vital role in the elucidation of the
basic processes underlying stress tolerance, and the knowledge obtained has been
transferred to a certain degree to important food plants. Many of the genes known to
be involved in stress tolerance have been isolated initially fromArabidopsis [115]. Two
general strategies for the metabolic engineering of abiotic stress tolerance have been
proposed: increased production of specific desired compounds or reduction in the
levels of unwanted (toxic) compounds [116]. However, modulation of a single
enzymatic step is usually regulated by the tendency of cell systems to restore
homeostasis, thus limiting the potential of this approach. Targeting multiple steps
in the same pathway could help to control metabolic fluxes in a more predictable
manner [117]. Effort heavily depends on the development and utilization of drought-
tolerant germplasm resources, which is far from plentiful and bottlenecks maize
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improvement. Therefore, germplasm enhancement and development is founda-
tionally important for maize improvement [118, 119]. Transgenic operation is a
useful technology to overcome reproductive isolation among species and utilize
beneficial exotic genes.

Acquired plant tolerance to abiotic stress can be achieved both by genetic
engineering and by conventional plant breeding combined with the use ofmolecular
markers utilizing QTL, Hsp, LEA, and ROS (Figure 33.6). The tolerance of the
transgenic offspring is not strong enough to meet the requirement of maize
production, as the mechanism of these exotic genes is not adaptive to physiological
metabolism of maize. It is the key step to explore new exotic gene with strong
tolerance and adaptive mechanism to maize [121–123]. Seed of improved cultivars
has shown itself to be an effective means of delivering conventional and transgenic
traits that contribute to improved yield and its stability.

Many loci for genes that control tolerance to abiotic stress in plants have been
identified by genetic analysis [124, 125]. However, many genes that control agro-
nomically important traits remain to be identified and modified to generate new
varieties with desirable traits. There is evidence that transgenic plants in which the
expression of a single gene has been modified have enhanced tolerance to abiotic
stress [126]. Ideally, modification of a single gene should confer tolerance to more
than one form of abiotic stress [127].

Figure 33.6 Approaches to improve stress tolerance [120].
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SOD, dehydration-responsive element binding (DREB), and some other stress-
tolerant genes have been used to transform maize for drought tolerance improve-
ment. A new sequence of trehalose synthase gene TPS1 was cloned from Saccha-
romyces cerevisiae using the method of homologous amplification. Sequence analysis
showed that its similarity to formerly reported sequence of gene TPS1was as high as
99.3%. The putative protein of this sequence had the same conserved contigswith the
protein sequences of trehalose synthases in many eukaryotic and prokaryotic
organisms. This sequence was used as exotic gene to construct a stress-inducible
expression vector and transform embryonic calli of maize mediated by Agrobacter-
ium. After screening and regeneration, one fertile plant was detected to be positive
using specific PCR amplification and sequencing of the amplified product [128].
Quan et al. [129] transformed maize with betA gene from Escherichia coli encoding
choline dehydrogenase, a key enzyme in the biosynthesis of glycine-betaine. The
transgenic maize plants accumulated higher levels of glycine betaine and were more
tolerant to drought stress than wild-type plants (nontransgenic) at germination and
the young seedling stage [130].

Multiple transgenic approaches include the use of polyol compounds such as
mannitol [131] and sorbitol [132]; dimethylsulfonium compounds such as dimethyl-
sulfoniopropionate and glycine-betaine [127]; sugars such as sucrose, trehalose [133],
galactinol [34], ononitol [134], and fructan [135]; or amino acids such as proline [136]
and ectoine that serve as osmolytes and osmoprotectants [7]. Therefore, it has been
hypothesized that engineering the introduction of osmoprotectant synthesis path-
ways is a potential strategy for improving the stress tolerance of crop plants [48]. The
genetic engineering of metabolic pathways for the production of osmolytes, such as
mannitol, fructans, trehalose, proline, and glycine betaine, among others, might
increase resistance to drought, but themechanism by which these osmolytes provide
protection is not completely understood [137]. Usually, the osmolytes are localized in
the cytoplasm of plants. The active accumulation of osmolytes decreases the osmotic
potential of cell andmaintains cell turgor. Other responses, such as the production of
scavenging ROS and the induction of chaperone-like activities that protect protein
structure and metabolic detoxification, are also being reported during drought
stress [138].

Metabolic engineering has allowed the introduction of biosynthetic pathways of
glycine-betaine from microorganisms into maize. Indeed, maize accumulated
higher levels of glycine-betaine when transformed with the beta gene from E. coli
that encodes choline dehydrogenase, a key enzyme in the biosynthesis of glycine-
betaine [129]. An assortment of genes with diverse functions are induced or
repressed by these stresses [139]. Most of their gene products may function in stress
response and tolerance at cellular level. Significantly, the introduction ofmany stress-
inducible genes via gene transfer resulted in improved plant stress tolerance [2, 140].

Genetic engineering of plants for tolerance to extreme abiotic stresses could be
achieved by the regulated expression of stress-induced TFs, which, in turn, would
regulate the expression of a large number of relevant downstream genes [141]. TFs
have been used to elicit multiple biochemical and developmental pathways that
regulate drought tolerance, thereby improving performance during drought under
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laboratory and greenhouse conditions [2]. The best stress-responsive TFs are the C-
repeat binding factor (CBF)/dehydration-responsive element binding proteins that
belong to the AP2/ethylene-responsive element binding protein family [142]. These
factors enhance or modulate the expression of genes with a CBF/DRE box in their
promoters and define a major stress tolerance pathway, in addition to the ABA
biosynthesis/response pathway. On the other hand, the promoter of the early
response to dehydration 1 (ERD1) gene contains cis-acting element(s) involved in
ABA-independent stress-responsive gene expression [143]. Positive reports on the
use of TFs to improve drought resistance in model and crop plants are based on
laboratory and greenhouse conditions rather than field conditions; hence, the use of
TFs in enhancing drought tolerance in crop plants should be consideredwith caution.
Therefore, there is a need for understanding the basic molecular mechanisms
influencing drought tolerance and grain yield under field stress conditions [7]. Till
date, various genes and TFs crucial for stress tolerance have been studied [144].

Recently, drought tolerance in transgenic maize plants under field conditions has
been enhanced through overexpression of NF-YB [144], which is part of a ubiquitous
TF composed of three distinct subunits, NF-YA (HAP2), NFYB (HAP3), and NF-YC
(HAP5) [145]. The NF-Ycomplex is also known as theHAP or the CAATcomplex that
acts in concert with other regulatory factors to modulate gene expression in a highly
controlled manner. The overexpression of a maize CAAT box TF (ZmNFYB2)
imparted significant tolerance to drought, resulting in increased yield. Most impor-
tant, in field trials, the transgenic lines gave higher grain yields than control lines
under drought conditions [7]. Engineering upstream signaling components of
drought stress pathways might be another promising way to obtain drought stress
tolerance. Indeed, constitutive expression of NPK1, a tobacco MAPKKK, in maize
enhanced drought tolerance, as demonstrated by higher photosynthesis rates and
higher kernel weight in the transgenic plants than those of the nontransgenic
controls under greenhouse dehydration conditions [146]. The stress adaptation
responses contribute to a yield advantage in maize that is grown within drought
environments. The application of this technology is therefore expected to have the
most significant impact on severely water-limited maize production systems [144].

33.9
Conclusions

The occurrence of drought varies unpredictably according to years, seasons, places,
and within fields, so maize genotypes able to withstand stress throughout their life
cycles at no cost to yield potential are the need of the hour. The use of genetics and
genomics within an integrated framework that relies heavily upon critical input from
disciplines such as plant breeding, crop physiology, crop modeling, and precise field
phenotyping is sought. This integration of quantitative knowledge arising from
diverse, but complementary, disciplines will allow researchers to more fully under-
stand genes associated with drought tolerance in maize and more accurately predict
the consequences of modulating expression levels of those genes.
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Knowledge-based approach can improve maize production for the drought-prone
weather and to developmore focusedfield screening techniques that increase rates of
gain for yield and its stability under conditions of variable and unpredictable water
stress. It is thus essential to test newly developed genotypes tomultiple stresses and to
carry out extensivefield studies under a large range of conditions that assess tolerance
as absolute yield increases. As a number of measures are in place to ensure the safe
and responsible design of field tests, especially the transgenic approach, excessive
precaution should not become a barrier to using all the tools available to us for amore
sustainable agriculture.
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34
Barley: Omics Approaches for Abiotic Stress Tolerance
Nicola Pecchioni, Justyna Anna Milc, Marianna Pasquariello, and Enrico Francia

Abiotic stresses such as frost, drought, salinity, hypoxia, and mineral deficiency or
toxicity frequently limit growth and productivity of temperate cereal crops, for which
barley (Hordeum vulgare L. ssp. vulgare) could represent a model. Improving barley
resistance to such constraints is thus fundamental in view of the expected climate
change forminimizing the gap between potential and actual yield (the so-called �yield
gap�), increasing the yield stability, and guaranteeing the sustainability of the crop. As
different omics technologies have been developed during the past few decades, they
enabled systematic analysis of changes that occur in plants in response to abiotic
stresses. In this chapter, we focus on the �omics� contribution to the improvement of
abiotic stress tolerance in barley. After a brief summary of the most relevant abiotic
stresses that limit the crop yields worldwide, successful genomics approaches have
been described, starting from the exploitation of germplasm resources. Structural
and functional approaches that helped in understanding the mechanisms and the
genetic bases of abiotic stress tolerance, when applied to barley and model species
(mainly Arabidopsis, rice, and Brachypodium), have been reviewed as an important
step toward crop tolerance improvement. Quantitative genetics and genetical geno-
mics of abiotic stress tolerance have been discussed, as they represent both a huge
source of information and a challenge for future holistic approaches. Then, we
present an overview of the contribution of other omics sciences (e.g., proteomics,
epigenomics, metabolomics, ionomics, and phenomics). In the last section, inte-
grative (systems) biology, together with a series of strategies for the future, is
proposed and discussed.

34.1
Abiotic Stresses Relevant for Barley

Throughout their domestication and breeding, man has driven the genetic improve-
ment of cereals toward high yields in different environments. Notwithstanding,
physical or abiotic stresses, particularly drought, low temperatures and salinity,
impose major limitations on cereal productivity worldwide. Trying to synthesize
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some of its academic definitions, Levine [1] described �stress� as an adaptation
syndrome to stressors, or stress stimuli; these disturb the homeostasis of an
organism, which in turn, through a complex processing system, responds to the
stress. In Levine�s view, stress is then a complex concept consisting of three main
subclasses, the input (stress stimuli), the processing systems, including the
organism�s subjective experience of stress, and the output (stress responses), with
the basic difficulty that these subclasses interact. To quote Larcher, �. . .stress can be
described as a state in which increasing demandsmade upon a plant lead to an initial
destabilization of functions, followed by normalization and improved resistance. If
the limits of tolerance are exceeded and the adaptive capacity is overtaxed, permanent
damage or even death may result� [2]. According to Pahlich [3], a plant physiologist
would consider how plants have to cope permanently with adverse environments,
then stress is not an exception but rather a normal situation of plant life.However, for
a plant breeder, the influence of stressors on the agricultural plant communities is
one of the major known limits of their yield potential.

In the case of barley, Hordeum vulgare L. ssp. vulgare, abiotic stresses are
responsible for significant grain yield losses on a global scale. Yet, under severe
stress conditions, barley, as fourth world cereal in terms of harvested area, after
wheat, rice, and maize, is one of the most important sources of energy for both
humans and animals. Average world barley yield is of 2.8 ton ha�1, according to FAO
estimates (http://faostat.fao.org/), while its yield potential would be above 6.7 ton
ha�1, as measured for Argentina by Abeledo et al. [4]. The wide yield gap is
significantly due to abiotic stresses, particularly drought and nitrogen, together with
biotic ones, besides other technical and social limitations [4]. Globally, barley is
cultivated in 54 129 438 ha (FAO�s estimates for 2009), and its geographic distribu-
tion suggests how abiotic stresses have driven evolution, distribution, and ecology of
both crop and whole genus Hordeum. In fact, the Hordeum species are diffused in
temperate, subtropical, and arctic areas, from the sea level to heights of more than
4500m a.s.l. in the Andes and Himalayas [5]. The same could be true for cultivated
barley, widespread from the Northern boreal countries, as the last crop encountered
before grassland toward the polar circle, up to the margins of the deserts [6].

Fromaphysiological point of view, the different strategies adoptedby plants to cope
with stressful environments can be classified into the mechanisms of stress escape,
avoidance, and tolerance [7]. The ability of barley to grow in very cold environments
of cultivation is mainly an escape strategy: in the short summer of such climate
regions only spring genotypes with a very short life cycle are grown. In totally
different environments, the short growth cycle allows barley to set seed after rainfall
winter growth, in dry and warm springs across the Mediterranean countries, when
durum wheat also fails. Synchronizing life cycle to seasonal changes thus allows
barley to escape extremely stressful conditions, although environmental adaptation
also involves barley plant�s ability to avoid or tolerate stresses such as frost, drought,
or low soil fertility. From a breeding point of view, stress tolerance can be described as
the capacity to maintain a constantly high yield, regardless of any environmental
adversity (a concept known as yield stability).
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A comprehensive classification of the abiotic (physical) stresses should comprise
nutrients (nutrient imbalance); light (high light,UV, and darkness); water (deficit and
flooding) and hypoxia; temperature (frost, chilling, and heat); salt; heavy metals and
other chemicals; and mechanical (wind and touch). Among them, the most impor-
tant and frequent stresses barley has to cope with are the following. Cold (frost)
during winter, in the early vegetative phases, damages the fall-sown barley in the
Northern Hemisphere. Drought and salt limit rain-fed barley yields in the Mediter-
ranean, subtropical, and inner continental arid and semiarid areas of the world, from
the vegetative to the grain filling phase, more often in the reproductive phase of its
cycle. In the same areas, often barley experiences nutrient stress, particularly due to
nitrogen deficiency. Cold stress in the reproductive phase is quite infrequent, except
in certain regions of Australia where it is commonly due to cold winds [8]. Again in
Australia, barley is exposed to toxic effects of imbalanced (excess) soil micronutrients
such as boron [9]. In East Asia, when the barley crop is cultivated in paddyfieldswith a
rice–barley double cropping system, it is often exposed to water damage and
consequent soil hypoxia due to the Asian monsoon climate [5].

It is often underestimated that plants most often experience a combination of
different abiotic stresses instead of a single physical stress. This is due to the
complexity of the physical and biotic factors that affect and characterize natural and
agricultural systems. For example, barley plants are exposed to heat and drought,
drought and nutrients, salt and drought, rather than simply to drought. As a
consequence, while generally abiotic stress �omics� experiments have often been
performed by molecular biologists under controlled conditions (growth chambers,
hydroponics, etc.), field experiments hold the greatest value for reality of the
combined stress conditions. As it will be demonstrated in the chapter, a common
part of the plant response/tolerance to multiple stresses surely exists. This was
indirectly deduced by very similar cellular damages fromdifferent stresses. But it was
also demonstrated, for example, by the improved tolerance to multiple abiotic
stresses acquired by plants transformed by single key transcription factors such as
DREB1A (dehydration responsive element binding 1A) [10] or TaERF1 (T. aestivum
ethylene-responsive factor 1) [11]. On the other hand,Mittler [12] correctly addressed
the existence of specific responses to multiple stresses. He underlined how recent
studies revealed that plants response to a combination of two different abiotic
stresses has a unique component that cannot be directly deduced if each stress
is applied individually. Notably, Rizhsky et al. [13] highlighted the plasticity of
the genome of Arabidopsis thaliana (L.) Heynh. (hereafter, Arabidopsis), demonstrat-
ing its ability to respond to a combination of drought and heat stresses. Besides genes
that were commonly or specifically induced by each single environmental factor,
454 transcripts were exclusively induced in plants exposed to both stresses
simultaneously [13].

Moreover, it should be considered that there can be under natural conditions
three kinds of recognized interactions between stresses: (i) no interaction, for
example, between heat and chilling; (ii) positive interaction, for example,
between light and ozone stresses; and (iii) negative interaction, for example, between
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drought and nutrient. In other combined stresses, the kind of interaction is not
known [12].

The cultivated and wild barley species within the Hordeum genus are part of the
Triticeae tribe in the Poaceae family. Representing strategic main food and feed
commodity crops in the Triticeae, wheats (bread and durum) and barley are among
the First World crops in terms of cultivated areas and product quantities (with barley
and wheat ranking sixth and ninth, respectively; http://faostat.fao.org/). Other
cultivated members of the tribe of lower importance are rye, triticale, emmer,
einkorn, and minor wheat species.

Among temperate cereal crops, it is well known that winter barley types are less
tolerant to frost damage than winter wheat or winter rye and triticale. On the other
hand, barley seems more adapted than wheat to shallow and poorly fertile soils or to
arid environments [5]. Stanca et al. [5] and Walia et al. [14], on the basis of previous
studies, clearly classify barley as more salt-tolerant than wheat, and as salt-tolerant
member of the tribe. Barley (H. vulgare L.) could be considered a good model for the
Triticeae among the temperate cereals, to study plant response to adverse environ-
mental conditions. Its inbreeding behavior and diploidy make the genetic and
genomic studies easier to perform compared to the polyploid wheats. The above
cited wide range of adaptations, the availability of large genetic stocks, and the
extended genome colinearity, not only with other members of the tribe but also with
the genome of Brachypodium distachyon (L.) Beauv. (hereafter Brachypodium), are
additional advantages for barley as a model [15, 16].

The �omics� approaches hitherto applied to understand the impact of environ-
mental stressors on the final phenotype are here reviewed in themodel diploid cereal
barley, with the hope that they will help drive the �developmental trajectory� [1] of
future cultivars to resilience under stress.

34.2
Genomics Approaches for Abiotic Stress Tolerance in Barley

Abiotic stresses influence plant growth and severely limit their yield potential, as
already underlined. Although the genomes of Triticeae are large and still poorly
characterized relatively to the model species, the diversity in the cultivated and wild
gene pools for the Triticeae tells us that there is room for achieving greater tolerance.
Research efforts have been and are mostly directed toward a better theoretical
understanding of the genetic basis of the adaptive response of plants to stress. The
complexity of abiotic stress responses, networks of signaling pathways, and inter-
connecting processes were dealt in primis with broad approaches of genomics
coupled with bioinformatics [17, 18]. Therefore, the wide spectrum of genomics
resources developed during the past two decades to facilitate the systematic analysis
of the barley genome are reviewed here, with special emphasis to the best exploitation
of theoretical knowledge for applied purposes. We are in fact convinced that the
applied aspect of genomic research would deserve in coming years constantly
increasing attention.
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34.2.1
Genomics for the Exploitation of Barley Germplasm Resources

Plant genetic resources (PGRs) have been useful for both breeders and research
community, at least since the first decades of the last century, for useful trait
introgression. Plant germplasm collections respond today to the pressing need of
preserving biodiversity, at its three recognizable levels. If, in fact, we would like to
define the concept of biodiversity, we would better divide it into the three levels of
intraspecific (�genetic�), interspecific, and (eco)system biodiversity (modified from
Ref. [19]). This last one depends and causes at the same time a series of interactions
between organisms, and between them and the physical stressors. From a conser-
vation perspective, the intraspecific variation (in case of H. vulgare L.) can be more
easilymaintained in ex situ collections, both private and public, since itsmaintenance
in the agricultural areas for a crop species cannot be pursued regardless of economic
considerations. The interspecific one should be instead better preserved in situ; under
such a condition, a natural dynamics of the diversity can, in fact, bemaintained, in all
the environmental stimuli, rather than in a �fixed� environmental situation like that
of a germplasm collection. However, conservation in situ has the necessity of a land
conservation project, and for the social and economic obstacles often encountered in
such projects, crop relatives and other plant species are preserved in gene banks also
at the interspecific level.

In the genomic era, the most valuable sum of the ex situ and in situ resources
should be viewed at least as the primary (GP1) and secondary (GP2) gene pools. In the
Harlan�s concept, these two comprise (1) both cultivated and wild species easily
crossable with the cultivated ones (GP1); (2) species that can be cross-bred only with
difficulty with the cultivated one (GP2). In case of barley, GP1 is composed of
H. vulgare L. ssp. vulgare cultivars and landraces, together with the wild H. vulgare
L. ssp. spontaneum (K. Koch) Thell. accessions, while GP2 is composed only of the
species H. bulbosum L. [20].

The greatest genomic value of the primary and secondary gene pools should be that
of an immense �barley metagenome,� boldly extending the proper concept of
metagenome [21]. Such a value recently increased because of the advent of second-
generation sequencing [22], and in the next decade could further increase with the
availability of the third-generation sequencing technologies [23]. Because of its large
genome, in the near future, at least the resequencingof the �gene space� of barley gene
pools should allow �fishing� a huge reservoir of alleles for their transfer to the future
barley cultivars. Apart from the technical limits described in Section 34.2.2, the
association between allele variation and precise phenotypic variants should be taken
into careful consideration as a bridle to the enthusiasm for genome resequencing. On
theotherhand, a bright developmentwork and theuse of prebreedingmaterialswould
be necessary. In fact, it has been demonstrated both in rice and in tomato how useful
variation can be hidden in wild materials with lower phenotypic value [24].

Systematic collection of barley diversity on a worldwide scale started in the early
twentieth century, after the Vavilov�s theory and inputs [25]. Major collections
(holding more than 10 000 accessions) are being conserved in Australia, Brazil,
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Canada (Plant Gene Resources of Canada – PGRC), China (CAAS – Chinese
Academy of Agricultural Sciences), Ethiopia, Germany (Leibniz Institute of Plant
Genetics and Crop Plant Research – IPK), Japan (Okayama University), Mexico,
Russian Federation (Vavilov Institute), South Korea, Sweden (Nordic Gene Bank),
Syria (ICARDA – International Center for Agricultural Research in the Dry Areas),
theUnited Kingdom, and theUnited States (USDA-ARS –United StatesDepartment
of Agriculture, Agricultural Research Service). In the initial phase of development of
the Global Strategy for the Ex Situ Conservation and Use of Barley Germplasm,
ICARDA was commissioned by the Global Crop Diversity Trust, with major input
from the IPK, Gatersleben, Germany, to coordinate the development of a global
inventory of barley genetic resources in ex situ collections. It was demonstrated that
the total of barley germplasmholdings at 47major barley collections (thosewithmore
than 500 accessions) was of 402 000 accessions, and if 28 minor collections are also
considered, the global total would rise to 405 000.Of the 290 820 accessions for which
germplasm type is known, 15% are wild relatives, 44% are landraces, 17% are
breeding materials, 9% are genetic stocks, and 15% are cultivars [26].

The Nordic Gene BankHordeum collection consists of 45 species and about 13 000
accessions. Furthermore, NGB stores many special collections, including the about
10 000 accessions of barley mutants, and the collection of near-isogenic lines (NILs)
of wheat, oat, and barley with different resistance genes in a standard genetic
background [27]. The barley genetic stock collection at USDA-ARS consists of over
2000 accessions collected worldwide. The accessions are entered as GSHO (genetic
stock of Hordeum) on the GRIN (Germplasm Resources Information Network)
database. Also remarkable is the public availability for the research community of
the Oregon Wolfe Barley (OWB) population of 94 doubled haploids (DHs) [28] that
were derived from the F1 of a cross between the dominant and the recessive parental
marker stocks developed in 1972 at Brandon, Canada, by R.I. Wolfe. Ninety-four
OregonWolfe Barley Genetic Stocks are also included in the GRIN database (GSHO
3325–3418). The European Barley DataBase (EBDB, http://barley.ipk-gatersleben.
de/ebdb) is a central activity of the BarleyWorkingGroup and includes about 155 000
accessions from 23 European countries and about 38 000 additional accessions from
three non-European gene banks, Australia (the Australian Winter Cereals Collection
– AWCC), Syria (ICARDA), and Japan (Barley Germplasm Center). Moreover, more
than 1000 accessions from the International Barley Core Collection (BCC) are
documented [29]. Such a collection, which contains both wild and cultivated
genotypes, was developed thanks to an international coordinated effort [30], and
could be valuable for allele mining.

A database on barley genes and genetic stocks (BGS, http://ace.untamo.net/) was
also developed using AceDB and the data model is similar to the one used in
GrainGenes. This server contains information onmorphological barleymutants and
their genetic background. Hyperlinks to some gene banks holding the mutant
accessions and parents (ARS/GRIN/NSBC or NGB) have been added to facilitate
easier access to stock material containing specific alleles.

From a phenotypic point of view, diversity for abiotic stress tolerance can be found
in various genetic stocks [5]. For example, Nevo [31] reported that the root system of
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the barley direct ancestor H. vulgare L. ssp. spontaneum penetrates deeply into the
warm steppes and deserts. A large number of Asian cultivated barleys were tested for
tolerance to hypoxia in terms of water sensitivity, pregermination and postgermina-
tion flooding. From the 1980s, a great number of barley accessions have also been
evaluated for salt tolerance in different experiments and under different stress
conditions [5]. From one of such H. vulgare L. ssp. spontaneum accessions, CPI-
71284-48, the �wild� allele of theHvNax3 gene reducing shoot Naþ accumulation is
going to be cloned by colinearity analysis with rice and Brachypodium [32].

For any project involving allele diversity mining, two approaches are possible. The
former is based on sequencing, while the latter is based on EcoTilling. In both cases,
at least for the moment, the experiments have been driven by trait – and underlying
genes – priority [33]. Moreover, since the �true� allele mining should include the
coding, noncoding, and regulatory regions of a gene, the availability of full genomic
sequences of the target genes should be available. To realize the potential of allele
mining in genetic resources, some of the international research institutes main-
taining crop germplasm collections have initiated studies to characterize the allelic
diversity of crop plants. In perspective, although many hurdles still need to be
overcome, the success of allele mining strategies is expected to result in a real
quantum leap in the use of PGRs. At present, however, allelemining seems to be still
a quite underexploited approach to unlock the diversity in the collections of the world
gene banks [34]. The few examples of allele mining available in literature for barley
mostly focused on cultivated germplasm. These efforts were concerned with few
genes, mostly amylase and others not involved in abiotic stress response, apart from
the allele survey of the couple VRNH-1/VRN-H2, regulating the vernalization
requirement and partially involved in frost stress tolerance, in 429 spring, facultative,
and winter European varieties [33, 35].

One challenge for allele mining in barley PGRs, as well as in other species, is an
appropriate selection of genotypes. In fact, screening the entire collection would be
helpful tofind rare alleles, for sure, but this would be an enormous task for a research
institute. Hence, a prioritization of genotypes should be done, like the development
of core or even minicore collections [36], as the BCC, which could constitute the
starting materials for the mining efforts. Moreover, as already underlined, accurate
phenotyping methods are needed to increase the efficiency of allele mining. Finally,
efficient computational tools are necessary to ensure the access to useful alleles [37].
Other issues that should be solved are then the demarcation and characterization of
putative promoter regions and the reduction of the cost per data pointwhen analyzing
allele sequence variants.

34.2.2
Barley Structural Genomics Resources

Barley �H� genome, as those of the other cultivated Triticeae, is a large genome of
>5000Mb, according to Bennett and Smith [38]. However, we would like to reinforce
the concept of barley as a genomic model for wheats, for the reasons discussed in
Section 34.2.1, and because barley science provided experimental results that
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assumed a general importance for understanding the Poaceae and plant biology [16].
In the time space between the end of the past century and the first decade of the
twenty-first century,whichhas seen thefirst plant small- andmedium-sized genomes
fully sequenced, it has partially closed the gap between the size of large genomes,
such as barley and wheat, and the technological feasibility of sequencing them at
reasonable costs, through next-generation sequencing (NGS) [22]. Although so far it
is not definitely demonstrated that large genomes like barley that feature >80% of
repetitive DNA can be fully sequenced, recent research efforts created new barley
genomic resources that bring the goal closer [16]. It was thus shown that NGS
technologies can be suitable to determine gene content of barley BACclones [39], can
support automated repeat annotation of barley genomic DNA [40], can lead to
correctly assembled BAC clone de novo sequences [41], and can allow by whole-
genome shotgun (WGS) the characterization of the composition of the barley
genome [42]. These first glances at the composition of the barley genome promise
future advancements toward understanding of barley biology, including that of
abiotic stress response. The availability of a fully ordered reference genome sequence
could, in fact, provide a physical �harbor� to link in amore coherent network the other
genetics and omics discoveries about abiotic stress biology. The steps and resources
that led to the present situation of the barley structural genomics, particularly those
relevant to abiotic stress response, are reviewed here.

Resources for barley structural genomics have improved over the past two
decades, initiated in 1991 with the release of the first barley genetic map [43]. Now,
about 70 barley maps with a large number of molecular markers are available, and
a comprehensive overview of published genetic map resources in barley can be
obtained from the GrainGenes database at http://wheat.pw.usda.gov/ggpages/
map_summary.html. In recent years, there has been a significant progress in both
marker density and convergence, leading to consensus maps for the species.
Consensus maps containing 1230 markers (RFLP, AFLP, SSR, and SNP) from
three doubled haploid populations [44] and 3458 markers (RFLP, AFLP, and SSR)
from six mapping populations [45] were recently developed. Varshney et al. [46]
produced a 775 SSR consensus map by joining six independent maps. The latest
technological developments in barley genomics and genetics include the Diversity
Arrays Technology (DArT), which allowed for the simultaneous analysis of several
hundred gene loci and resulted in a high-density map of barley molecular markers
linked to agricultural traits [47]. Wenzl et al. [48] created a consensus map
containing 2935 markers combining DArT with RFLP, SSR, and STS from nine
mapping populations. Hearnden et al. [49] combined 1000 SSR and DArTmarkers
on a map from a wide cross. Potokina et al. [50] combined SNP and other
transcript-derived markers to position 1596 loci on the �Steptoe�� �Morex�
linkage map.

Another step forward from genetic maps to genome knowledge was taken thanks
to expressed sequence tag (EST) sequencing, later with EST assembling, and
particularly with their anchoring to genomic positions. The first initiative of sys-
tematic EST sequencing to establish a public EST database on wheat and barley has
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been the ITEC (International Triticeae EST Cooperative), proposed at the Ninth
International Wheat Genetics Symposium held at Saskatoon, Saskatchewan, in
August 1998 (http://avena.pw.usda.gov/genome/). ITEC, starting with only six
wheat ESTs and a handful of other Triticeae ESTs on record in 1998, was the first to
produce thousands of barley ESTs, among others, from a cold-induced leaf cDNA
library [51]. Later, Zhang et al. [52] generatedmore than 100 000 barley ESTs from22
cDNA libraries representing tissues at various developmental stages, and with this
began large-scale sequencing programs for the development of ESTs from various
cDNA libraries. Today, progress made in the past 12 years has resulted in the
generation of 502 620 ESTs for H. vulgare ssp. vulgare covering different cDNA
libraries from various stages of plant development and tissues, challenged with
abiotic and biotic stresses (http://ace.untamo.net/ release 100110, October 1,
2010). The alignment of these ESTs led in the past decade to the identification
of 43 306 tentative consensus (TC) sequences and 39 502 singletons (http://
compbio.dfci.harvard.edu/cgi-bin/tgi/gimain.pl?gudb¼barley, Release 11.0, April
14, 2010). Searching the annotations with the abiotic stress-related keywords, one
can find 11 entries for �drought,� 9 for �water stress,� 74 for �salt,� 123 for �cold,�
and 37 for �heavy metal.�

At the same time, a broad range of online bioinformatic tools and databases have
been developed. These, such as Gramene (http://www.gramene.org), GrainGenes
(http://wheat.pw.usda.gov), PlantGDB (http://www.plantgdb.org), and HarvEST
(http://harvest.ucr.edu), help scientists to formulate and test their genomic hypoth-
eses and to share their results with the barley research community, through the
publication of genetic loci where the ESTs have been mapped thanks to different
efforts. In fact, on the onehand the in silico expression studies on theESTdata sets [52]
provided snapshots of the transcriptome of diverse plant tissues at different stages,
aiding in gene discovery, and allowed identification of metabolic and regulatory
networks [18, 53]. On the other hand, several mapping projects were targeted to
establish EST-based molecular maps [44, 49, 54, 55]. Among the first maps, the
functional genetic map of Tondelli et al. [54] was based on three different mapping
populations and on regulatory candidate genes (CGs) for abiotic stress tolerance; an
integrated barley transcript map comprising 1000 EST-based markers and 200
anchor markers from previously published data was generated by mapping them
in threeDHpopulations, as a tool for the integration of genetic and physicalmapping
information [55]. Recently, nearly 3000 ESTs were mapped on a high-resolution
transcript linkage map of barley created using a single DHmapping population and
only PCR-based assays [56]. A dense consensusmap based on transcribed gene SNPs
derived from four mapping populations was also developed by utilizing the Illumina
GoldenGate assay (Illumina Inc., SanDiego,CA) [57], andSchulte et al. [16] estimated
that the number of nonredundant barley genes mapped so far reached more than
5000. Eventually, in the near future the strategy used in the small genome species rice
could be adopted for barley, where the available reference genome sequence allowed a
high-throughput genetic mapping, on a gene-by-gene basis, by whole-genome
sequencing of a segregating population [58].
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At present, the high-density molecular maps based on gene-derived markers
constitute the genetic scaffold for barley physical genome mapping. During the
past years, core public resources have been established by generating bacterial
artificial chromosome (BAC) libraries [59]. Libraries from cultivar �Morex� [60],
�Cebada Capa� [61], and �Haruna Nijo� [62] have been reported, with several others
already constructed and being in the making. The BAC libraries represent a useful
tool not only for physical map construction but also for isolating several genes of
agronomic interest by positional cloning. As one of the last examples of such use for
abiotic stress tolerance, Shi et al. [63] developed a BAC library of the barley doubled
haploid line �CS134,�which contained tolerance alleles from the genotype �Sahara�
at four boron tolerance loci, and one of the BAC clones facilitated isolation of the
boron tolerance gene BOT1 at its locus on chromosome 4H. As already outlined,
ESTdensemaps can function as a framework for physicalmapping of barley. One of
the first efforts in physical mappping of the barley genome concerned the
assignment of physical positions to the mapped ESTs, to chromosome arms, by
using cytogenetic stocks, such as barley–wheat addition lines [64]. Such low-
resolution physical mapping approach is a useful first step in developing BAC
contigs for genome sequencing. However, better estimates of physical arrange-
ments of BAC clones would be necessary in case of an ordered sequencing strategy.
In the past years, increasing evidence has been found that genes are not randomly
distributed across the barley genome, but are confined to a �gene space,� which
mainly covers the distal parts of the chromosomes [59]. Experimental evidences for
the existence of a gene space has been gained from screening a barley BAC library
with EST-derived probes, which showed a significant nonrandom distribution
across the BAC clones [65]. The existence of a gene space also enables the
researchers to focus analysis on gene-rich regions. By following an NGS sequenc-
ing strategy, Wicker et al. [39] were able to identify gene-containing �Morex� BACs
by 454 sequencing. Some time later, by an alternative strategy, through the
screening of the �Morex� BAC library using EST-derived, pooled �overgo� probes,
Madishetty et al. [66] also identified the gene-containing barley BACs. Hybridiza-
tion using �overgo� probes is an established approach for screening arrayed BAC
libraries, which consists in annealing two 24-base or 22-base oligonucleotides with
an 8-bp overlapping region and filling in the overhanging bases with Klenow
enzyme and radiolabeled nucleotides. The probes that result from this procedure
can be multiplexed and are characterized by low background hybridization;
Madishetty et al. [66] have improved the yield of �overgo� positive clones using
reduced levels of radioisotopes and enzyme.

The identified gene-rich BACs have been selected from cultivar �Morex� to initiate
sequencing of all gene-containing regions of the barley genome by an international
effort, coordinated through the International Barley Sequencing Consortium (IBSC,
http://barleygenome.org). The international consortium was composed of eight
founding institutions from six countries and was established in 2006; it was joined
by China in 2010. Owing to the cost and technical difficulties, an immediate start
could not be made with sequencing of the entire large complex genome of barley, as
explained by its high content of repetitive DNA [16]. Therefore, a stepwise approach
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was chosen that included the preparation of the necessary genomics and bioinfor-
matics tools. The envisaged stepwise procedure should combine the strengths of
map-based sequencing of a minimal tiling path with paired-end WGS sequenc-
ing [16]. To test the feasibility of the NGS methods for de novo sequencing, Wicker
et al. [39] used 454 technology to sequence four barley BAC clones and compared the
results with those from ABI Sanger sequencing. All gene-containing regions were
covered efficiently and with high quality. Then, a pool of barcoded barley BACs was
sequenced using theGS FLX platform and assembled correctly. It was shown that the
gene-containing regions seem to assemble completely and uninterruptedly, thus
making this approach suitable for detecting complete and positionally anchored
genes [41]. The building of a genome-wide physicalmap of barley genome (H. vulgare
L. ssp. vulgare cv. �Morex�) is based on high information content fingerprinting
(HICF) of BAC clones that are provided from five different BAC libraries (2xHindIII,
EcoRI, MboI, and random sheared [67]). Cultivar �Morex� had been chosen as a
genomic reference because numerous resources have already been generated using
this genetic background. The complete physical map will comprise a 13–14-fold
haploid genome coverage. In order to anchor the BAC contigs to the genetic map of
barley, so farmore than 6000marker/BACrelationshipswere established. Anchoring
is performed by PCR- and/or hybridization-based screening of BAC libraries with
gene-based and genomic DNA-based marker types [68]. An IBSC goal is to obtain
10 000 mapped barley genes anchored, and high anchoring throughput can be
obtained by means of available multiplex marker platforms as DArTand the Golden
Gate assay [16]. In parallel, using low-pass shotgun sequencing, Wicker et al. [40]
generated more than 500 Mb of Illumina/Solexa sequences from barley total
genomic DNA, representing about 10% of genome equivalent. Then, to obtain a
whole-genome sequence sample, two runs of 454 (GS20) snapshot sequencing on
genomic DNA of barley cv. �Morex� were performed by Wicker et al. [42], which
yielded approximately 1% of a haploid genome equivalent. Almost 60% of the
sequences turned out to represent known transposable element (TE) families, while
another 9% represented novel repetitive sequences. IBSC initiated the sequencing of
the barley genome in 2006, but the time for its completion is hard to estimate
(minutes of the IBSC Business Meeting at Plant Animal Genome XVIII, January
2010; http://barleygenome.org).

34.2.3
Role of Model Species

Many recent advances in genomics research have been based on model species. In
the case of grasses, although the feasibility of sequencing large genomes like that of
barley has been demonstrated, the main role of the model grass genomes of rice and
false brome (Brachypodium) is in the synteny-based genomic research. Recently,
increased genomic data for cereals allowed Bolot et al. [69] to propose amodel for the
evolution of the grass genomes from a common ancestor. On the basis of their data,
an �inner circle� comprising five ancestral chromosomes was defined providing a
new reference for the grass chromosomes and new insight into their ancestral

34.2 Genomics Approaches for Abiotic Stress Tolerance in Barley j789



relationships and origin. In barley, Mayer et al. [70], through comparison against the
reference genomes of rice (Oryza sativa) and sorghum (Sorghum bicolor), and against
wheat (Triticum aestivum) and barley expressed sequence tag data sets, estimated the
presence of 4600–5800 genes on chromosome 1H. They identified conserved gene
content between chromosome 1H, known syntenic regions of both rice chromo-
somes 5 and 10, and sorghum 1 and 9. Informed by the syntenic relationships
between the two reference genomes, genic barley sequence readswere integrated and
ordered to deduce a virtual genemap of barley chromosome 1H. Recently, a collinear
structure, although with variations in the number ofCBF elements (14 in barley, 9 in
Brachypodium, and 3 in rice), was described between the FR-H2 frost tolerance locus
of barley and the corresponding CBF clusters of rice and Brachypodium [71].

Besides the synteny-based genomic studies, the model species Brachypodium
deserves a particular interest for the abiotic stress biology since it is a temperate
wild grass species [72], evolved in an ecological situation very similar to that of wheat
and barley and therefore most likely exposed to a very similar array of stimuli. Its
small genome size has been entirely sequenced; Sanger sequencing was used to
generate 9.4� coverage and the final assembly of 83 scaffolds covers 271.9Mb.
Sequence scaffolds were aligned to a genetic map to create pseudo-molecules
covering each chromosome [73]. Moreover, the false brome species presents self-
fertility, a short life cycle, diploidy in the ecotypes, the subject of genomic studies, and
simple growth requirements [74]. Genetic and genomic research resources for
Brachypodium have evolved with the development of diploid inbred lines [75] and
the establishment of a high-efficiency transformation system [76]. Genes most
suitable for normalizing the gene expression data in Brachypodium have been
identified [77]. Diverse collections ofBrachypodium accessions are valuable resources
for examining the natural variation of important traits such as its tolerance to abiotic
stresses. The wide phenotypic variation in Brachypodium in response to drought
stress has been recently explored and can be used to identify genes and alleles for the
complex trait of drought tolerance [78].

34.2.4
Barley Functional Genomics Approaches for Abiotic Stress Tolerance

Amajor aimof functional genomics is to understand on a genome scale themetabolic
and transcriptional networks within the structural and functional contexts of cells,
tissues, and organs in a time course. Two approaches can be distinguished for
studying the function of �stress genes.� The first �functional� approach, considers
stress genes as those crucial for response to a given stress, implying that mutational
gain or loss of function of genes involved should result in altered stress tolerance. The
second, the �inducible� approach, considers stress genes as those induced under the
stress conditions and is based on the study of theirmodulation under stress, through
differential screenings and displays and microarray methodologies [79].

In case of the functional genomics of barley�s response to abiotic stresses, themost
investigated field has been the �inducible� one, with a considerable amount of
transcriptomic data generated. In comparison, less information derived from the
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functional approach, as well as for the not-easy technical route that barley transfor-
mation takes. However, significant functional genomic resources such as TILLING
(targeting-induced local lesions in genomes) populations have been produced, and
thesemight be valuable tools for demonstration of hypotheses about themechanisms
of tolerance.

34.2.4.1 Reverse Genetics Platforms
To aid the �functional approach� analysis, efficient transformation systems and
genome-wide systems for reverse genetics were developed for barley, including
transgenic insertional mutagenesis and nontransgenic platforms such as TIL-
LING [59]. All these systems were transferred to barley a few years after their initial
development as mature technologies in Arabidopsis [80].

As far as transgenic insertional mutagenesis is concerned, the initial necessary
step was the establishment of an efficient transformation system. The first studies
of successful barley transformation in the early 1990s used biolistic techniques,
followed after few years by Agrobacterium-based techniques to introduce DNA to
immature embryos; these remain the target tissue of choice for obtaining high
transformation efficiencies. Agrobacterium-mediated transformation of barley has
now become more efficient in recent years with the development of new methods
and protocols making high-throughput experiments more achievable [81]. As an
alternative, Agrobacterium-based transformation system that uses microspore
cultures as the target tissue was developed [82]; using this approach, homozygous
doubled haploid plants can be obtained at high frequency through chromosome
doubling. The successful introduction of Ac/Ds elements to knockout gene
functions [83, 84] was the beginning of the establishment of gene tagging
functional genomics in barley. The two-component maize transposon system
Ac/Ds (Activator/Dissociator) is a widely used system for transposon-based inser-
tional mutagenesis in plants, exported from maize to other species. In a heterol-
ogous two-element system, the nonautonomous Ds element may be activated by
crossing the Ds-containing plant with an individual carrying the transposase gene
(AcTPase) [85].

After the first results of Koprek et al. [83] and Scholtz et al. [84], insertional
mutagenesis approaches in barley were thus used in the last decade to create both
gain-of-function [86] and loss-of-function [87, 88] mutant platforms. The former
approach, the last one achieved in the species in order of development, involves a
random genomic insertion of either promoter or enhancer sequences that produce
novel, dominant mutations by overexpression of endogenous genes (activation
tagging). As regard activation tagging in barley, Ayliffe et al. [86] developed a tagging
systemwhere amodified Ds element containing twomaize polyubiquitin promoters
(UbiDS) was utilized for activation of transcription of adjacent flanking sequences.
This study demonstrated the feasibility of activation tagging in barley, an approach
particularly useful in large cereal genomes where gene redundancy may preclude
gene identification through recessive loss-of-function mutations.

The systematic development of transgenic barleys overexpressing candidate genes
for abiotic stress response could also have, other than an applied value, a theoretical
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value, for validation of their functions in relation to abiotic stress tolerance. The
possibilities for increasing tolerance to abiotic stresses by genetic transformation
with candidate genes are enormous, while it is notable that the actual production of
transgenic plants with demonstrably improved abiotic stress tolerance had been slow
and limited to few species [89, 90]. Still there are only a few reported applications of
transgenic barley for improving tolerance to abiotic stresses. Very recently, Morran
et al. [91] generated transgenic wheat and barley plants expressing the TaDREB2 and
TaDREB3T. aestivumDREB transcription factors, with both constitutive (double 35S)
and drought stress-inducible (ZmRab17) promoters. They obtained resistance to
both drought and frost stresses, and the induction of other CBF/DREB genes,
together with a large number of stress-responsive LEA/COR/DHN (late-embryo-
genesis abundant/cold-regulated/dehydrin) genes. Transgenic barley plants expres-
sing ALMT1 (Al-activated Malate Transporter 1) gene of wheat that encodes a malate
transporter associated with malate efflux and aluminum (Al) tolerance were devel-
oped [92]. The results demonstrated thatALMT1was able to confer tolerance to Al in
acidic soils. Barley genes had been more widely used to improve stress tolerance
once introduced in other transgenic plants. For instance, expression in rice of
the barley HvHVA1, a LEA gene, was one of the first reports of genes conferring
tolerance to salt stress in plants [93]. The same transgene allowed rice to stand water
deficit [93, 94], while transgenic overexpression of HvCBF4 in rice resulted in an
increase in tolerance to drought, high salinity, and low temperature without stunting
growth [95].

A limit of the use of transgenesis to systematically modulate in barley the
expression of the inserted genes is intrinsic in the methodology; that is, the reported
experiments are based on hypotheses of action for single genes. Moreover, in the
barley private breeding sector, a high-throughput transformation system similar to
the �FAST Corn� system of maize (http://www.pioneer.com) does not exist. The
technology consists in introducing large numbers of transgene combinations into
corn quickly, potentially thousands per year, and using automated handling and
precise digital imaging technologies to assess how specific transgenes affect a plant
throughout its life cycle. The Pioneer maize seed company used the FAST Corn
technology in the recent years, with which drought-tolerant transgenic hybrids were
developed (DroughtII program, http://www.pioneer.com). However, a transient
assay system based on bombarded leaf epidermis was developed and proved to be
useful, to directly assess gene function in barley and wheat suffering from powdery
mildew, a biotic stress caused by the fungus Blumeria graminis [96, 97]. This system,
which can be used not only for transient overexpression of genes but also for
transient-induced gene silencing (TIGS), has been further developed using GATE-
WAY technology in order to enhance throughput [98]. It is worth mentioning such a
system of reverse genetics since a number of barley mRNAs homologous to drought
response genes were selected and targeted by TIGS in microprojectile-bombarded
barley leaves showing the value of the TIGS system for functional prescreening of a
larger number of dehydration stress-related candidate genes [99].

As regard to the generation of loss-of-function mutants for barley functional
genomics, a system for targeted gene tagging and local saturationmutagenesis based
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on maize transposable elements (Ac/Ds) was reported [88]. With a long-term
objective to develop andmake available to the research community a comprehensive
set of Ds insertion lines in barley containing a single Ds element assigned to a
genomic position, on a barley linkage map, two complementary approaches were
applied. In thefirst approach, a set ofDs-inserted lineswas created by reactivating few
original single-copy Ds plants by crossing them with AcTPase expressing plants and
then recovering the transposed lines. Because it is known that Ds element tends to
transpose at genomic positions close to the original Ds locus, to increase the number
of genomic regions where it would have been possible to inactivate genes by local
transposition, a second set of Ds-inserted lines was created. These lines were
obtained by introducing Ds-carrying T-DNAs via Agrobacterium transformation.
Single Ds insertions were then mapped genetically to verify the chromosome
coverage. Sequence analysis of flanking regions for transposed Ds and T-DNA
inserted Ds revealed a predominant insertion into nonredundant, gene-containing
regions of the barley genome.Moreover, the observed high transposition frequencies
demonstrated that the Ds launch pads could provide a solid base for functional
genomics in barley [88]. In their study, Singh et al. [87] generated 100 multigener-
ational barleyDs insertion lines sincenopreviously published data hadbeen available
in barley or wheat regarding the capability for consecutive Ds remobilization during
generation advance. It was demonstrated that observed frequencies of reactivation of
primary, secondary, tertiary, and quaternary TNPs (transposants–transposons inser-
tion lines) could be sufficient for a saturation mutagenesis approach using Ds.

A gene trap system based on Ac/Ds was reported in barley as a valuable tool for
knockout mutation, as well as forward and reverse genetic screens [100]. Gene
trapping is a high-throughput insertional mutagenesis approach, in which a gene-
trapping cassette consisting of a reporter gene and/or selectable genetic marker is
used. The gene traps are characterized by splice acceptor sites and sometimes by an
intron upstream of the reporter gene coding region. Such a structure facilitates the
expression of in-frame reporter protein fusions regardless of insertion into intron or
exon sequences. Until then, gene trap and enhancer trap approaches in monocots
had exclusively been reported in rice; Lazarow and Lutticke [100] thus expanded the
number of genomics tools available to the barley research community. The frequent
transposition of the gene trap construct and the observed efficient expression of the
reporter gene demonstrated that this approach could represent a significant step
toward large-scale gene trapping in the crop.

Although insertional mutagenesis is a powerful, much more scalable tool for
generating novelmutants, it has some limitations. These include the impossibility of
studying the function of multigene families, the difficulty to reach genome satura-
tion, and the possible parallel disruption of several genes due to the multiple
insertions [85, 101]. These obstacles can be overcome by posttranscriptional gene
silencing (PTGS), an RNA-mediated systemic silencing mechanism that permits to
specifically silence or knock down the expression of targeted gene in plants. The
discovery of the RNA interference (RNAi), in which double-stranded RNAs (dsRNA)
trigger degradation of a target mRNA containing homologous sequence [102], led
to the development of different and efficient dsRNA-mediated gene silencing
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methods [85]. In plants, a particularly effective method for induction of dsRNA-
silencing is transformation with a chimeric gene construct producing hairpin RNA
(hpRNA). Such construct consists of inverted regions of the target gene sequence,
separated by an appropriate spacer, which were shown to activate RNAi pathways in
almost 100% of the transformed plants [103]. In a study byWang et al. [104], in which
plants were transformed in an attempt to create transgenic barley protected against
the pathogen BYDV (barley yellow dwarf virus), out of 25 independent barley lines
transformed with the BYDV-PAV hpRNA construct, 9 showed extreme resistance to
the virus, and the majority of these contained a single transgene. However, hpRNA
technique cannot be applied to genes whose silencing may block plant regeneration
or result in embryo lethality. To solve these problems, Guo et al. [105] developed a
chemical-inducible Cre/loxP (CLX) recombination system to trigger conditionally
RNAi in plants, by the expression of an intron-containing inverted repeat RNA. They
showed that it can be used to induce silencing of both transgenes and endogenous
genes at different developmental stages, at high efficiency, andwithout any detectable
secondary effects. The Chimeric REpressor gene-Silencing Technology (CRES-T)
system was developed as a novel method for gene silencing, in which a transcription
factor, which was converted into a strong repressor by fusion with the SRDX
repression domain, suppresses the expression of target genes overcoming endog-
enous and functionally redundant transcription factors. In this way, dominant
negative phenotype could be induced in genes causing agronomically desirable
traits [106]. Repression of IDEF2, a novel transcription factor of rice and barley, which
specifically binds to the iron deficiency-responsive cis-acting element 2 (IDEF2),
obtained by the RNAi technique and CRES-T, was reported to cause aberrant iron
homeostasis in rice [107]. A recent example of RNAi technique applied to study plant
response to abiotic stress is an RNAi-induced CBF depletion in the Versailles core
collection of Arabidopsis, characterized by strong variability in CBF gene expression
after a cold exposure [108]. RNAi lines targeted against three CBF genes were
produced in eight different accessions to examine the quantitative contribution of
CBF expression to plant freezing tolerance. Analysis indicated a tight coregulation
between CBF1 and CBF3 expression levels, while expression of CBF2 seemed to be
regulated in an independent way. The analysis of freezing tolerance of the RNAi lines
also showed clear variation in the effect of downregulation ofCBF expression among
natural accessions.

Virus-induced gene silencing (VIGS) strategies have proven very useful in the
analysis of gene function in dicot plants, but still only few demonstrations of effective
VIGS in monocots have been reported. These include some examples of studies in
barley, although not related to abiotic stress response, where barley stripe mosaic
virus (BSMV) – themost effectively used virus inmonocots for VIGS [109] –was used
as a vector for silencing of barley phytoene desaturase (PDS) gene [110], for silencing
of barley P23k involved in secondary wall formation [111], and finally for silencing of
genes required for resistance toward B. graminis [112].

Targeting-induced local lesions in genomes was developed as a reverse genetics
strategy that provides an allelic series of induced pointmutations in genes of interest.
This strategy, which allows rapid mutational screening to discover induced lesions,
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has different advantages over othermethods, as it does not require transformation or
RNAi techniques and it can be applied to many crops. In barley, a TILLING resource
has been generated using ethylmethanesulphonate (EMS) chemical mutagenesis of
�Optic,� a European two-rowmalting variety [113]. A few years later, anEMSTILLING
population comprising 10 279M2mutants in the two-rowedmalting cultivar �Barke�
was developed at IPK Gatersleben [114], which has been used in the generation of
other genomic resources in barley (�150 000 ESTs, DH mapping population). The
TILLMore [115] population is the third, sodium azide-mutagenized TILLING col-
lection of 5 000 M3 mutants of the cultivar �Morex�, which is available at the
University of Bologna [116]. A mutagenized population of about 10 000 lines
(M3) has been recently developed in the Danish barley variety �Lux� by means of
sodium azide. The population was used for detection of induced point mutations in
two dehydrin genes DHN12 and DHN13, as a proof-of-concept of the usefulness of
such a TILLING resource for high-throughput mutation discovery [117].

34.2.4.2 Transcriptional Profiling
The transcriptome is by definition a set of all transcripts in one or a population of cells
at a specific developmental stage or physiological condition. With present technol-
ogies, it allows to comprehensively profile all the information provided by the
complete set of RNA transcripts (mRNAs, noncoding RNAs, and small RNAs), to
understand gene structure including splicing patterns and other posttranscriptional
modifications. It enables, therefore, to study the changes in barley gene expression
under abiotic stress conditions. Diverse technologies have been developed to study
the transcriptome, following hybridization- and sequence-based approaches; as is
well known, the former consists in the hybridization of retrotranscribed RNAs with
custom-made or commercial high-density (oligo) microarrays, while the sequence-
based approaches directly determine the transcribed nucleotide sequences (for a
review see Refs [118, 119]).

34.2.4.2.1 Available Platforms The availability of barley EST resources led to the
development of the first generation of platforms for transcriptome analysis, from
cDNA-based to oligonucleotide-based Affymetrix and Agilent microarrays. The
Affymetrix 22 K Barley1 GeneChip [120] represented approximately 20 000 barley
unigenes; annotation information for the Barley1 array is hosted on the NetAffx
Analysis center at Affymetrix company. Moreover, HarvEST is functioning as an EST
database-viewing software in support of the Affymetrix Barley1 GeneChip, enabling
probe set annotation export, graphical displays of probes on unigenes, and other
�Search the Barley Chip� functions. HarvEST Barley, Version 1.77 (January 9, 2010),
has several additional features: barley genetic map viewer, including rice and
Brachypodium synteny view, �Morex� BACs anchored to nearly 50% of the 2943
mapped SNP loci, and other few more. Barley Gene Expression Array on the Agilent
Platform was developed in a 4� 44K slide format, using Agilent�s 60-mer SurePrint
technology. It has a comprehensive transcriptome coveragewith 43 803 barley probes
represented and content sourced from RefSeq, UniGene, TIGR Transcript Assem-
blies, and TIGR Gene Indices (http://www.genomics.agilent.com).
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The increasing number of studies on plant transcriptomes, mainly in the past
decade, has led to an accumulation of profiling data; and this in turn led the scientific
community to provide itself withWeb-based searchable databases to store the wealth
of transcriptomic data.On the top of the already citedHarvESTbioinformatic tool, the
online Plant ExpressionDatabase (PLEXdb), previously known as BarleyBase (http://
www.plexdb.org), has been created to store, visualize, and statistically analyze Barley1
GeneChip data [121]. It provides public access to experiments done with GeneChip
hybridizations from barley and to the barley transcriptomic atlas – a data set available
for the research community that was generated from two barley genotypes, �Morex�
and �Golden Promise,� using a diverse series of tissues [53]. The WebComparator
(http://contigcomp.acpfg.com.au/) is a web-based graphical interface that permits
comparison of expression profiles of homologous genes across a wheat and barley
tissue series. The search can be done for �probe name� or �function� and results
include the homologous cluster relevant to the query probe set, a comparison
of expression profiles and annotations [53, 122]. Genevestigator V3 (http://www.
genevestigator.com) is another Web-based resource with diverse applications, from
cancer and other human diseases to the model plant Arabidopsis, to crop plants. It
offers a unique collection of gene expression data for a variety of commercial crop
species (maize, wheat, rice, barley, and soybean), together with a set of specifically
developed analysis tools that are accessible online [123].

The transcript profiling approaches based on hybridization are quite high through-
put and relatively inexpensive. However, several limitations of these methods can be
observed such as relianceupon existing knowledge about genome sequence, a fact for
which they could be named �closed� systems; possible high background levels due to
cross-hybridization; and a limited dynamic range of detection given by both back-
ground and saturation of signals. Moreover, comparing expression levels across
different experiments can be difficult and requires sophisticated normalization
methods [118, 119].

To overcome these drawbacks, in contrast tomicroarraymethods, sequence-based
approaches directly determine the cDNA sequence and for this reason they could be
named �open� systems. Different techniques were developed and used in barley,
including cDNA-AFLP [124], serial analysis of gene expression (SAGE) [125], mas-
sively parallel signature sequencing (MPSS), and �iGentfier,� which combines
elements of tag sequencing such as SAGE or MPSS and fragment display [126],
allowing analysis of samples in high throughput using capillary electrophoresis
equipment. Recently, the NGS methods led to development of a new approach for
both mapping and quantifying transcriptomes called RNA-Seq (namely, RNA
sequencing) that is expected to revolutionize in the short term the transcriptomic
research. Total RNA is converted by reverse transcription (RT) into cDNAs with
adapters attached to one or both ends. The output of RNA-Seq is usually composed of
millions of reads of 30–400 bp, depending on the DNA sequencing technology used.
Any high-throughput sequencing technology can be utilized for RNA-Seq, and the
Illumina IG1, Applied Biosystems SOLiD, and Roche 454 Life Science systems have
already been applied for this purpose, as reviewed by Wang et al. [118]. The reads
resulting from the sequencing are either assembled de novo without a reference
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genomic sequence or aligned to a reference genome, or to reference transcripts, to
produce a genome-wide picture of transcription of both the level of expression and
the transcriptional structure for each gene [118]. RNA-Seq does not necessarily
depend on any prior sequence knowledge; there is no need for design of probes that
must be based on prior sequence or secondary structure information. Therefore, this
feature makes this method particularly attractive for nonmodel species. The tech-
nique has also other technical, expected advantages, such as higher sensitivity
and greater range of detectable expression. Moreover, it has been demonstrated
that 454-based transcriptome sequencing is a valid method for the high-throughput
identification of gene-associated SNPs [127]. This technique has been applied to
several plant species, frommodelsArabidopsis [128] andMedicago truncatula [129], to
horticultural andfield crops, for instance, cucumber [130] and soybean [131], either to
study the gene expression and genome annotation or to create an organism-wide
gene expression atlas. As regard the application of this technique to studies on stress
tolerance, the use of 454/FLX sequencing of Gossypium transcriptome in genotypes
characterized for contrasting drought tolerance by Asif and colleagues was reported
by Thakur and Varshney [132], who reviewed challenges and strategies for NGS.
Asif�s analysis involved comparison of aligned tags using R statistics, followed by
PCA and Biplot analysis. Several activities of the IBSC aim at extensive RNA-Seq in
barley, as reported in the minutes of the IBSC Business Meeting at Plant Animal
Genome XVIII, January 2010 [133]; however, still no published data are available.

The development and the use of efficient bioinformatic tools for analysis of
transcript profiling data is an important issue that deserves a separate discussion,
but not addressed here for space constraints. The availability of all these platforms,
not only in Arabidopsis but also in crops like barley, led to significant studies of
response to various abiotic stresses in the species, as reviewed here, although, as
underlined before, mostly under single stress conditions.

34.2.4.2.2 Transcriptional Profiling of Cold Stress in Barley A set of EST sequences,
obtained from a cDNA library of cold acclimatized leaves of cultivar �Nure,� was
delivered to the ITEC [51, 134]. The EST sequencing work, performed on a non-
normalized cDNA library from cold-treated leaf tissue of a cold-tolerant variety,
already showed, in a sort of in silico expression profiling experiment, that about
8–10%of the randomly chosen and sequenced cDNAclones from the leaf tissues had
significant levels of homology with known COR (cold regulated) or other stress-
related genes. A cDNA microarray developed from that collection of ESTclones was
thus used for expression profiling to more understand the cold acclimation genomic
response [135]. Sequence alignment of the differentially expressed cDNA clones
indicated that the most abundant COR mRNAs identified during EST sequencing
were similar to COR413, BLT4, and BLT14 gene families, and together represented
about 4%of the nonnormalized barley transcriptome at low temperature [134]. These
gene families were among the upregulated redundant clones identified in the
microarray experiment. Different stress conditions (two cold treatments, three
dehydration treatments, salinity, high light, and two copper treatments) imposed
as single stresses, although including a combination of abiotic stresses, were studied
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using a second cDNA microarray, consisting of more than 300 selected sequences
directly or indirectly related to abiotic stress response [136]. Clones were selected on
the basis of several previous publications concerning stress-related sequences, for
instance, some ITEC-derived ESTs, or because they were involved in metabolic
pathways known to be affected by abiotic stresses (sugar, lipid, and amino acid
metabolisms) or because they belonged to families known to be involved in plant
response to environmental factors, for instance, CBF-like and other AP2-related
transcription factors. When the cold-tolerant cultivar �Nure� was challenged with a
combination of stresses, the response was unique and different from that when two
stresses were applied singularly, as it was demonstrated by Rizhsky et al. [13] in
Arabidopsis by an oligo array experiment. In response to low temperature and in the
presence of light, the repression of LHC (light harvesting complex) was observed
coupled with the upregulation of genes coding for enzymes involved in the amino
acid metabolism. On the other hand, genes coding for enzymes involved in the
pathway leading to proline synthesis (P5CS–d-1-pyrroline-5-carboxylate synthetase –
and ornithine aminotransferase) were found upregulated after cold treatment
independent of a light. The comparative analysis of the abiotic stress response in
barley pointed out the existence of a group of three cold-specific sequences (dehy-
drins: DHN5, DHN8, and COR14b) induced only at low temperature and in all cold
treatments, regardless of the presence of light or copper; these sequences could be
considered asmarkers of the barley low-temperature response. Finally, the induction
of different genes, such as some dehydrins, or proteins with heavy metal binding
domains that are induced undermany stress conditions, suggested a general role of a
cluster of genes in abiotic stress response [136].

To identify barley genes involved in response to low temperature, to investigate the
interactions among stress responses to cold and drought, and to specifically test the
hypothesis that the dehydrin (DHN)multigene family can serve as an indicator of the
entire transcriptome response, the responses of the cold-susceptible cultivar �Morex�
to low temperature including chilling, freeze–thaw cycles, and deacclimation over
33 days, as well as to gradual drought was studied with Barley1 GeneChip [137]. The
results obtained indicated that the majority (50%) of transcriptome changes at low
temperatures are part of a general stress response common to chilling and freezing,
while only smaller parts were specific either to chilling or to freezing. Since the
intersection between frost- and drought-responsive genes was bigger than that of
chilling- and drought-modulated genes, this suggested an important element of
osmotic stress response to freezing stress condition. Three clusters of dehydrinswith
similar expression patterns were identified by hierarchical clustering analysis; those
upregulated by drought stress but not by low temperature, those induced by both
drought and low temperature, and the third cluster that did not respond to low
temperature or drought, as already reported [136, 137]. Genes involved in biogenesis
of cellular components, cell cycle, and DNA processing, protein modification, and
destination and cellular transport were among genes induced exclusively by low
temperature. Some of these changes were thought as probably related to mechanical
stress induced by ice crystal formation in plant tissue. The mechanisms for cell
rescue and defense including oxidative stress responses were activated. Genes
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induced in response to both drought and low temperature included those involved in
osmotic stress signal perception such as genes encoding phospholipid biosynthetic
enzymes and calcium signaling proteins. Moreover, changes in transcripts involved
in protection of membranes and proteins (accumulation of osmoprotectants such as
galactinol and proline), genes coding for proteases and protease inhibitors important
for protein homeostasis, and genes coding for polyamines were observed [137].

Transcription profiling of either genetic mutants or transgenic plants represents a
powerful tool for dissecting the derived molecular networks. Barley genetic stocks
offer a unique collection of chloroplast-deficient mutants, most of them character-
ized at genetic and biochemical levels. Thanks to them, the involvement of
the chloroplast in the signal transduction pathway of the cold stress was demon-
strated [138]. Those results were confirmed by wide-scale transcriptional profiling by
the Barley1 GeneChip of cold-acclimated wild-type barley versus four chloroplast-
defective mutants. Transcript profiling showed that 66.9% of the wild-type cold-
regulated genes were either not or not correctly cold regulated in the mutants
demonstrating that the chloroplast has a major role in the control of molecular
adaptation to cold. Moreover, a fully operational chloroplast rather than a specific
step in chloroplast development is required for normal cold-dependent regulation of
the transcriptome. Three main pathways of the wild-type cold-regulated genes were
identified: cold-regulated genes that were unaffected by any chloroplast mutation
(including the CBF–C-repeat binding factor; transcription factors; and many genes
known to be under CBF control), cold-regulated genes constitutively induced in all
mutants (although to different levels), and finally, cold-regulated genes belonging to
signaling pathways disrupted in all mutants, whose expression consequently was not
(or only marginally) responsive to cold. These results brought the conclusion that the
factorsderived fromthechloroplast inaddition toCBFsarerequired topromote the full
suite of molecular changes associated with cold acclimation [139] to withstand frost.

34.2.4.2.3 Transcriptional Profiling of Drought Stress in Barley The experimental
conditions that have been applied in drought stress transcriptional profiling studies
differ substantially as far as the dynamics and/or intensity of the water stress
treatments applied are considered. Therefore, it is important to verify the corre-
spondence of changes in expression profiles occurring under different experimental
conditionsmimickingdrought conditions in thefield [140]. Inmost cases, expression
profiling for the response to water deficit has been performed on plants subjected to
high-intensity stress treatments, frequently applied in a very short time, the so called
�shock-like� (DHSH) treatments [136, 141]. Under such conditions, examples of
significantly drought-affected genes in barley leaves, induced by stress, were those
involved in the jasmonate biosynthesis (e.g., AOS – allene oxide synthase), together
with the jasmonate-regulated genes (jasmonate-induced proteins – JIPs – and
methyl-jasmonate-inducible lipoxygenase). Two arginine decarboxylases were
induced (also in roots), possibly reflecting the altered synthesis of polyamines.
LEA/dehydrin protein and metallothionein encoding transcripts, as well as P5CS
involved in proline biosynthesis and some ABA (abscisic acid)-responsive proteins,
were also found to be induced. In turn,most drastic downregulationwas observed for
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photosynthesis-related genes [141]. Dehydration was also shown to regulate several
genes involved in glutathione biosynthesis pathway [136].

The use of �shock-like� treatments, however, may prevent the identification of
some long-term responses that might play an important role in plant adaptation to
drought under field conditions. A cDNA microarray mainly derived from dehydra-
tion-shocked barley leaf tissues was used to monitor expression changes in leaves of
barley plants subjected to slow drying conditions in soil and after rehydration. The
results were compared with those obtained under shock-like conditions (DHSH),
showing changes in expression profiles according to the dynamics of the dehydration
treatment [140]. Themajority of the transcripts were, in fact, regulated only by one of
the drought treatments, and the gradual dehydration of leaves led to a lower number
of differentially regulated transcripts, with lower fold changes in expression levels
when compared to the DHSH treatment. The changes in gene expression observed
under DHSH were in agreement with results of other authors obtained under
shock conditions [141]. Only a small portion of transcripts showed similar
changes regardless of the shock-like/gradual type of water stress. These few common
genes included upregulated genes coding for metallothionein-like proteins, some
involved in jasmonic acid (JA) biosynthesis and in osmoprotectant synthesis. The
results suggest that caution should be exerted when transcriptome information
obtained under conditions of water deficit induced in a very short time is used to
understand how plants may regulate gene expression in response to a water deficit
developedundermorenaturally induceddroughtconditions.Thesamecautionshould
be used when the same information would be aimed to identify candidate genes for
QTL of field-related traits with an adaptive role in drought. Ideally, a correct strategy
couldbetocarryoutbothtypesof treatments intimecourseexperiments forarecording
of transcript dynamic changes through the different conditions of water deficit [140].

Different experiments on barley response to drought stress have been conducted
using theBarley1GeneChip since thefirst study byClose [142], where the response of
�Morex� barley to water deprivation stress was analyzed at different stages of stress.
Barley1 GeneChip profiling of barley response to drought and cold enabled iden-
tification of genes responsive exclusively to drought among those involved in
transcriptional regulation, including basic leucine zipper (bZIP) proteins, home-
odomain-leucine zipper (HD-ZIP), andMYB family members [137]. The changes in
the expression of transcription factorsweremostly in the early stages of the treatment
modulation of transcription [142]. Genes for downstream protection mechanisms
induced by drought stress included those coding for several LEA proteins that are
typically induced by osmotic stress or exogenous application of ABA.Dehydrin genes
were reported to be expressed mainly during the most severe stages of the stress
treatment [142]. Heat shock protein (HSP) genes, generally involved in cell rescue
and defense mechanisms, were also induced. The induction of genes by combined
drought and cold reported by Tommasini et al. [137] has been already reviewed above.

The study by Close [142] was performed, in the same manner as the one by
Tommasini et al. [137], on the cultivar �Morex,� cold susceptible, and not drought
tolerant. In order to investigate the nature of a tolerance response to drought stress,
expression profiling of the tolerant versus susceptible varieties was investigated, for
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example, in case of cDNA-AFLP profiling of wild barley genotypes [143]. One of the
differentially expressed transcript-derived fragments (TDFs) was selected as a
promising candidate gene for water stress tolerance, sequenced, and characterized.
The deduced amino acid sequence of the corresponding gene (called HSDR4-H.
spontaneum dehydration-responsive) was homologous to rice Rho-GTPase-activating
protein-like (Ras homologue-GTPase-activating protein-like) with a Sec14 p-like
(phosphatidylinositol/phosphatidylcholine transfer protein-like) lipid binding
domain. Analysis of HSDR4 promoter region enabled identification of a new
miniature inverted repeat transposable element (MITE), and different putative
stress-related binding sites for transcription factors such as MYC, MYB, LTRE
(low-temperature-responsive element), and GT-1, suggesting a role of the HSDR4
gene in tolerance to drought stress. Moreover, the HSDR4 gene was mapped to the
long arm of chromosome 3H between markers EBmac541 and EBmag705, in a
region that had been previously shown to affect osmotic adaptation in barley [143]. A
recent comprehensive transcription profiling of differentially expressed genes
between drought-tolerant and drought-sensitive barley genotypes in response to
drought stress during the reproductive stagewithAffymetrix Barley1GeneChip [144]
enabled the identification of three distinct groups of drought-responsive genes. The
first group consisted of genes expressed exclusively in drought-tolerant genotypes
under drought stress, encoding proteins that may be involved in drought tolerance,
through (a) controlling stomatal closure via carbon metabolism (NADP malic
enzyme and pyruvate dehydrogenase); (b) synthesizing the osmoprotectant
glycine-betaine (CSMO – C-4 sterol methyl oxidase); (c) generating protectants
against reactive oxygen species (aldehyde dehydrogenase and ascorbate-dependent
oxidoreductase); and (d) stabilizing membranes and proteins (heat shock proteins
and DHN3). The second group was composed of genes abundantly expressed in
tolerant varieties (versus susceptible ones), both under drought and control condi-
tions, and thus possibly belonging to a constitutive resistancemechanism. Theywere
coding for proteins involved in signaling, such as calcium-dependent protein kinase
(CDPK) and membrane steroid binding protein (MSBP), antisenescence, and
detoxification (glutathione transferase) pathways. Finally, a third group of genes
including those encoding P5CS, protein phosphatase 2C-like protein (PP2C), and
several chaperones were differentially expressed in all genotypes, both tolerant and
susceptible, under drought; thus, they more likely represented general drought-
responsive genes in barley.

Most genome-wide transcriptional profiling studies on drought stress in barley
and in other cereals have focused on the response of vegetative organs [137, 140, 144].
However, drought affects all stages of plant development and the reproductive stage is
the most sensitive in temperate cereal crops. Understanding how drought affects
reproductive development is crucial for improving yield in environments charac-
terized by terminal drought. This notwithstanding, the response of the spike
transcriptome to drought stress has been largely overlooked. The photosynthetic
organs of the spike are the major suppliers of carbon to the developing seeds, and
barley varieties, truly tolerant to drought, have a better chance of achieving normal
seed size when available water is reduced during grain filling. The transcriptomes of
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lemma, palea, awn, and seed of barley were thus compared using the Barley1
GeneChip. The results obtained suggested that among the spike organs, the lemma
and the palea could be more actively tolerant to drought stress compared to the
awn [145].

One of the most common responses to drought stress is accumulation of
osmolytes. What is particularly interesting, the proline synthesis pathway driven
by arginase and ornithine aminotransferase, and not the P5CS, seems to be preferred
in barley spike during drought stress [145]. A similar situation was reported by
Atienza et al. [136] under shock-like drought stress conditions.

34.2.4.2.4 Transcriptional Profiling of Salt Stress in Barley Large-scale approaches
including differential display [146] and differentmicroarray platforms [141, 147, 148]
have been employed to identify genes responding to salinity stress in plants.
Differential display analysis enabled identification of salt-inducible genes expressed
strongly in roots and rarely or weakly in barley leaves. These genes included those
coding for proteins involved in signal transduction (e.g., MAPK –mitogen-activated
protein kinase; transcription factors; receptor protein kinase; and PP2A-protein
phosphatase 2A), typical stress tolerance genes (encoding glutathione reductase,
thioredoxin-like protein, and heat shock proteins), and genes coding for membrane
transporters, members of the P450 family, enzymes involved in RNAmetabolism or
function, and enzymes of sugar or amino acid metabolism [146].

A salt stress has at least two components: an osmotic one and an ionic one.
Therefore, studies should try to distinguish the effects of osmotic components on
global gene expression from that of the ionic stress components. Two microarrays
composed of spotted cDNAs that included drought- [141] and salt-responsive [147]
clones have been used to investigate the expression of salt- and drought-induced
genes in barley leaves and roots. In the former study, however, probably due to
pronounced natural salt tolerance of the barley line used for experiments, and for the
mild salinity stress conditions applied, a relatively small number of salt-regulated
transcripts were identified; moreover, only a small number of transcripts showed
overlap between drought and salinity response. Upregulated transcripts under both
stresses included those enzymes of the biosynthetic pathway that lead to jasmonate
(AOS), P5CS, and several transcripts known to accumulate under abiotic stress
conditions such as metallothionein-like protein, early-responsive dehydration
1 (ERD1), or germin-like protein. Common downregulated transcripts included
transport proteins such as lipid transfer protein (LTP) and an ATP binding cassette
(ABC) transporter, while increase in ubiquitin-related transcripts in roots charac-
terized the salt stress response [141]. The results ofUeda et al. [147] demonstrated that
the majority of 52 genes differentially expressed under pure osmotic stress were
differentially expressed also under salt stress. Some of those genes such as the
upregulated genes for P5CS, betaine aldehyde dehydrogenase 2 (BDH2), and plasma
membrane protein 3 and the downregulated genes for water channel 2, heat shock
protein 70, and phospholipase C were involved in a wide range of metabolic and
signaling pathways, suggesting that during the initial phase under salt stress, several
cellular responses are mediated by changes in osmotic potential [147].
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Barley1 GeneChip was used to investigate the transcriptional response of the
barley cultivar �Morex� to a salinity stress applied at seedling stage [148]. The level of
stress was similar to the conditions found in agricultural systems in California, and
the stress was imposed gradually over a 4-day period. This enabled reduction of the
osmotic effect of salt stress, which ismost important during the early stages of stress
imposition, and allowed to focus the study on the ion-specific effects of salinity on
gene expression, as opposed to osmotic shock effects. Some genes known to respond
to other abiotic stresses including dehydration, osmotic stress, and exposure to low
temperature were modulated, such as DHN5, dehydration-responsive gene RD22,
late-embryogenesis abundant LEA, low-temperature-induced protein blt101/salt
stress-induced ES13, a cold-regulated protein 2, and a CCAAT-binding transcription
factor (CBF-B/NF-YA – CCAAT-binding transcription factor subunit B/nuclear
transcription factor Y subunit A). The largest group of induced genes related to
abiotic stress falls into the category of heat shock proteins. Genes coding for P5CS
and phosphoethanolamine N-methyltransferase, two rate-limiting enzymes for
accumulation of proline and glycine-betaine, respectively, were induced at all time
points indicating that osmoprotection appears to be one of themechanisms triggered
in barley as a relatively early response. In contrast to thefirst functional studies, fewer
genes responding to salinity stress were identified, likely due to themoderate level of
stress and its gradual application; moreover, only few genes common with previous
studies [141, 147] were detected. The differences could be explained by the different
platform used for analysis, by the different genotypes of barley used, and by the
significantly different stress conditions applied, long-term salinity stress [147] versus
salt shock [141], versus early stage of gradual andmoderate stress application [148]. A
particularly noteworthy feature of the early-salinity stress response of barley at
seedling stage was the change in expression level of genes related to JA biosynthesis
such asAOS, lipoxygenase (LOX), allene oxide cyclase (AOC), lipase (phospholipase)
together with JA-responsive genes such as those coding for jasmonic acid-induced
proteins, hordothionins,O-methyltransferase (OMT), glutathione S-transferase, and
selenium binding protein [148]. The JA pretreated salt-stressed plants were reported
to accumulate strikingly low levels of Naþ in the shoot tissue compared to JA
untreated salt-stressed plants, still after several days of exposure to stress, and a
pretreatment with JA was shown to alleviate the photosynthetic inhibition caused by
salinity stress [14]. Expression profiling after a short-term exposure to salinity stress
indicated a considerable overlap between genes regulated by salinity stress and JA
application. Three JA-regulated genes, arginine decarboxylase, ribulose-1,5-bispho-
sphate carboxylase/oxygenase (rubisco) activase, and apoplastic invertase, were
reported to be possibly involved in salinity tolerance mediated by JA [14].

In order to elucidate the mechanisms of salt tolerance in barley, the level of
polymorphisms anddifferences in responses of two genotypes that differ in tolerance
to salt stress were studied with Barley1 GeneChip [149]. �Golden Promise� accu-
mulated lower shoot Naþ compared to �Maythorpe� when growing under saline
conditions and it was identified as salt tolerant. Such a response of salt tolerance
in �Golden Promise� had been attributed to a single mutation at the Ari-e locus
(on chromosome 5H) resulting from irradiation of �Maythorpe.� However, the
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expression profiling of salinity stress response of the two varieties was significantly
different, with this difference beingmore apparent in the root comparison. Several
of the JA biosynthetic pathway genes (AOS, LOX2, LOX3, and OPR2 – oxophyto-
dienoate reductase) were downregulated in response to salinity in �Maythorpe,�
while others like AOC and two JIPs were upregulated in �Golden Promise� but not
in �Maythorpe� in response to stress, confirming previous results of JA involve-
ment in salt stress resistance [14, 148]. JA appears thus to be an important
component of heritable salt tolerance in �Golden Promise� and in barley in general.
Two exchanger proteins were identified to be downregulated in �Maythorpe� roots
in response to salinity stress (aNaþ /Ca2þ exchanger protein and a vacuolar cation/
proton exchanger), and this might explain the low Naþ accumulation trait of
�Golden Promise,� as salt tolerance in Triticeae is generally associated with Naþ

ion exclusion [150]. Only a low number of probes that aremodulated in common in
roots and shoots of two barley genotypes, corresponding to genes coding for P5CS,
LTP, phosphoethanolamine cytidyltransferase, and dehydrin 7, probably take part
in a general response of barley to salt [149].

A comparative functional genomics approach was successively applied to study
barley response to salinity stress, to identify analogous and contrasting gene
expression patterns between rice and barley, by using cDNA [151] and oligonucle-
otide microarray platforms [152]. Rice and barley are both members of Poaceae
family, but they have amarked difference in salt tolerance. The differential regulation
of a relatively larger number of genes in barley roots than in rice roots during the
initial phase of salt stress suggested that barley root cells are more responsive to salt
stress signals and that the divergent transcript profiles reflect fundamental differ-
ences in the biological responses to salt stress of those two species. The coordinated
regulation of early synthesis of osmoprotectants proline and betaine, by P5CS and
BADH2 (betaine aldehyde dehydrogenase) genes, respectively, with regulation of
water permeability (downregulation of water channels) could constitute a counter-
balancing response to the initial decline in leaf water potential in barley under salt
stress [151]. Divergences in rice and barley responses were confirmed by Barley1
GeneChip analysis of two rice and two barley susceptible and resistant geno-
types [152]. Clustering analysis of differentially expressed genes revealed that there
were no prominent gene clusters in rice and barley that had conserved expression
patterns, while gene clusters with contrasting responses between barley and rice
orthologues were identified. Genes involved in low-temperature response and
acquired tolerance to freezing (LOS2 – low expression of osmotically responsive
gene 2), and in theH2O2-mediated programmed cell death (phospholipase Dd), were
among those upregulated in barley but repressed in rice. Activation of PLDd
decreases H2O2 cell death and improves stress tolerance. Genes related to cell wall
biogenesis were repressed in barley, since high salt levels around roots could be
expected to retard growth and cell wall biogenesis in the root tissue, while upregu-
lated in rice. Moreover, several auxin-related genes were responsive, being down-
regulated in barley, but only to a small extent in rice. To increase the power of the
comparative analysis approach, a data set generated in wheat roots during salt stress
using the Affymetrix Wheat Array was chosen for in silico comparison. The overall
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results showed that the transcriptional response to high salt is conserved to a
significant degree between wheat and barley. But it is highly divergent in rice [149].

34.2.4.2.5 Transcriptional Profiling of Nutrient andMetal Stress in Barley Nitrogen is
a crucial macronutrient required by plants, and development of crop varieties with
high nitrogenutilization efficiency (NUE) adapted to low inputmanagement systems
is mandatory for sustainable agriculture. The content of nitrogen intermediates is
highly influenced by nitrogen availability. Moreover, nitrogen-containing com-
pounds play an active role as metabolic scavengers of excess ammonium accumu-
lated under stress [153]. Understanding the plant response to different nitrogen
conditions is essential for the development of future approaches for NUE improve-
ment. Notwithstanding, nitrogen deficiency stress is the most important nutrient
stress limiting barley grain yield worldwide; a survey of bibliography did not recover,
to our knowledge, any significant result in genome-wide functional studies in this
species.Microarray andRNA gel blot analyses were performed to identifyArabidopsis
genes responding to both low and highnitrate concentrations [154]. Genes associated
directly or indirectly with nitrite reduction were most highly induced. Most of the
known nitrate-regulated genes, including those encoding nitrate reductase, the
nitrate transporter (NRT1), and glutamate synthase, were induced too; moreover,
some other nitrate-induced genes were also found, including those encoding
regulatory proteins, metabolic enzymes, such as transaldolase and transketolase of
the nonoxidative pentose pathway, and proteinswith unknown functions. Two genes,
AMT1 encoding an ammonium transporter andANR1 encoding aMADS-box factor,
were repressed by nitrate. A high-density array of mineral nutrition-related cDNAs
was used to study the response of tomato plants exposed to nitrate deprivation at
different time points after nitrogen was withheld for 48 h [155]. One hundred and
fifteen genes were found to be upregulated by nitrate resupply. Among these genes
were included several previously identified as nitrate responsive, including nitrate
transporters, nitrate and nitrite reductase, and metabolic enzymes such as transal-
dolase, transketolase, malate dehydrogenase, asparagine synthetase, and histidine
decarboxylase. Moreover, some other nitrate-inducible genes, such as those coding
for water channels, phosphate and Kþ transporters, genes potentially involved in
transcriptional regulation, some stress response genes, and ribosomal protein genes
were found induced. In wheat, the activity of three different enzymes involved in
nitrogen assimilation, GS (glutamine synthetase), GOGAT (glutamine synthetase
oxo glutarate), and GDH (glutamate dehydrogenase) under different nitrogen
treatments, was analyzed and compared with gene expression profile of a Dof (DNA
binding with One Finger) transcription factor. The elevated expression ofDof 1 at the
grain filling stage was proposed to be responsible for overexpression of the GS and
GOGATgenes, thereby prolonging their activities [156]. As far as barley is concerned,
the studies reported the isolation of the first HvNRT2.1 and HvNRT2.2 genes
encoding putative NO3

�-inducible high-affinity transporters in higher plants [157].
Northern blot analysis of barley plants exposed to nitrogen starvation showed that the
HvNRT2 transcript accumulated rapidly in roots after NO3

� was supplied [157].
Vidmar et al. [158] reported the isolation of two new cDNAs, HvNRT2.3 and
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HvNRT2.4, which are closely related to HvNRT2.1 and HvNRT2.2. Moreover, the
correlation between Northern blot patterns of the HvNRT2 gene expression and
13NO3

� influx in response to various nitrogen sources confirmed the identification
of the HvNRT2 genes as participants in high-affinity NO3

�. In a study by Wang
et al. [159], a correlation of the level of 6-SFT (sucrose:fructan 6-fructosyltransferase)
mRNA determined by Northern blot analysis with fructan accumulation induced by
nitrogen deficiency in barley leaves was demonstrated suggesting that the changes in
fructan levels under N stress are connected to the fructan synthesis rate that is
controlled by 6-SFT.

Transcriptomic analyses inArabidopsis [160], rice [161], and lupin [162] have shown
that coordinated changes in the expression of numerous genes involved in various
metabolic pathways, such as photosynthesis, carbon metabolism, nitrogen assim-
ilation, and synthesis of protein and nucleic acids, take place in P-deficient plants. As
regard barley no genome-wide transcriptional studies for functional genomics were
reported.

Aluminum-resistant cultivars of barley rapidly secrete citrate from the roots in
response toAl, and a good correlation betweenAl resistance and the amount of citrate
secretion among different cultivars was reported. Microarray analysis with Barley1
GeneChip enabled identification of a candidate gene, HvAACT1 (aluminum-acti-
vated citrate transporter) belonging to the multidrug and toxic compound extrusion
(MATE) family, whose expression is constitutively higher in tolerant cultivar than in
the susceptible one. The HvAACT1 expression was shown not to be induced by Al
exposure in neither of cultivars suggesting that it is constitutively expressed in the
roots and that the secretion of citrate is mediated through the activation of
HvAACT1 [163]. Four SNPs were found in the ORF of HvAACT1 in 10 barley
cultivars differing in Al resistance, but these SNPs could not explain the differential
citrate secretion. In contrast, a good correlation was found between the expression of
HvAACT1 and the amount of citrate secretion in these cultivars. These results
indicate that higher expression ofHvAACT1 rather than its sequence polymorphism
is required for greater release of citrate. A recent study inwheat demonstrated that the
expression of ALMT1 (Al-activated malate transporter 1) may be controlled by the
presence of the sequence repeats upstreamof this gene. Furukawa et al. [163] suggest
that the expression ofHvAACT1might also be controlled by the promoter regions, a
hypothesis that has to be investigated.

Microarray analysis with Barley1GeneChip proved that barley plants survive in the
presence of the toxic heavy metal HgCl2 (mercuric chloride) through several
mechanisms that includewater uptake limitations, shoot and root growth regulation,
increased expression of genes involved in the biosynthesis of several plant protection
secondary metabolites, and finally through detoxification. Genes involved in detox-
ification and defense mechanisms induced in the presence of mercury include
several cytochrome P450s, glucosyltransferases and glutathione S-transferases
together with genes involved in amino acid metabolism (experiment submitted by
Lopes to PLEXdb, 2009 [164]).

Genes coding for protein with heavy metal binding domain (metallothionein-like
protein and heavy metal binding farnesylated protein), whose induction is common
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to different stress responses have been found induced in response to the plant
micronutrient copper (Cu) [136]. Excess copper stress conditions promoted a strong
upregulation of genes coding for antioxidant enzymes such as peroxidase and
ascorbate peroxidase, underlining the presence of a high oxidative stress. In fact,
copper, although an essential metal, is also capable of catalyzing the formation of
reactive oxygen species that can cause intracellular oxidative damage to lipids,
proteins, and nucleic acids [136].

Both limiting and excess (toxic) soil concentrations of the essential micronutrient
boron (B) represent major limitations to crop production worldwide. Bot1, a BOR1
efflux transporter orthologue, was identified as the gene responsible for the superior
boron toxicity tolerance of the Algerian barley landrace �Sahara� and located at the
Bot1 tolerance locus by high-resolutionmapping. Compared to intolerant genotypes,
�Sahara� contains about four times asmanyBot1 gene copies, produces substantially
more Bot1 transcripts, and encodes a BOT1 protein with a higher capacity to provide
tolerance in yeast. Bot1 transcript levels identified by QRT-PCR in barley tissues are
consistent with a role in limiting the net entry of boron into the root and in the
disposal of boron from leaves via hydathode guttation [165]. Barley1 GeneChip was
then used to investigate transcriptome changes associated with boron toxicity in the
susceptible barley cultivar �Hamidiye,� revealing that B toxicity results in global
changes in the barley transcriptome and involves networks of signaling ormolecular
responses [166]. Boric acid treatment resulted in modulation of genes involved in
JA biosynthesis (most of them were upregulated) and JA-responsive genes (both
upregulation and downregulation were observed). JA is one of the signaling mole-
cules produced in an integrated signaling network and B toxicitymight be inducing a
response that is connected to the JA regulated response. The induction of JA-related
or -responsive genes as a key feature of response to salinity in barley was
reported [148]. Ozturk et al. [141] reported upregulation of genes encoding
JA-responsive proteins under drought stress in barley. Moreover, boric acid-induced
expression of genes encoding glutathione S-transferase, pathogenesis-related or
senescence-associated proteins. Expression of genes coding for transcription factors,
chaperones, and transport proteins were modulated [166].

A microarray containing 8987 rice ESTs was used to analyze the gene expression
profile of barley roots grown under either low zinc (Zn) or low iron (Fe) stress.
Inductions in expression of genes involved in the methionine cycle in both
Zn-deficient and Fe-deficient barley roots were reported [167]. It was reported that
Zn deficiency increases the secretion of metal chelators (MAs) that are known to be
produced in grasses in response to iron deficiency. The levels of the HvNAS1
(nicotianamine synthase), HvNAAT-A, HvNAAT-B (nicotianamine aminotransfer-
ase), HvIDS2, and HvIDS3 (iron deficiency-specific) transcripts, which encode the
enzymes involved in the synthesis of MAs, were increased in Zn-deficient roots.
Studies on the genes involved in the methionine cycle showed that the transcripts
of these genes were increased in both Zn-deficient and Fe-deficient barley
roots, probably allowing the plant to meet its demand for methionine, a precursor
in the synthesis of MAs. Analysis using the positron-emitting tracer imaging
system (PETIS) confirmed that more 62Zn(II)-MAs than 62Zn2þ were absorbed by
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the roots of Zn-deficient barley plants. These data suggest that the increased
biosynthesis and secretion of MAs arise from a shortage of Zn and that secreted
MAs are effective in absorbing Zn from the soil [167].

The most important result of expression profiling studies, from an application
point of view, is the identification of candidate genes with an effect on tolerance or
resistance. Such candidate genes, when coincident with quantitative trait loci (QTL)
that have a significant effect in increasing stress tolerance under field conditions, are
reinforced in their role as actors for real abiotic stress tolerance. In turn, this
information may offer additional opportunities for a more effective application of
marker-assisted selection (MAS), genetic engineering, and/or other genomics
approaches for the release of stress-resistant cultivars.

34.2.5
Quantitative Genetics and Genetical Genomics of Abiotic Stress Tolerance

Plant tolerance to abiotic stress is largely groundedonquantitative genetic bases [168].
For this reason, the discovery of quantitative trait loci, controlling the genetic
variation in the tolerance traits, and their manipulation via MAS are very important
for obtaining the successful integration of genomics approaches in breeding pro-
grams. Since the first proof-of-concept of Sax in 1923, which demonstrated in bean
the possibility to identify a genetic locus associatedwith the variation in a quantitative
trait, plant science had to wait many decades for the availability of appropriate
algorithms in the late 1980s, and of geneticmolecularmaps in the early 1990s. These
two developments allowed plant scientists to start mapping the genomic regions that
have a statistically significant impact on the quantitative variation of agronomically
relevant traits. QTL mapping, from a conceptual point of view, represented an
enormous breakthrough for plant biology since it made possible the dissection of
the complex inheritance of quantitative traits, until that time only under speculative
research, into �Mendelian-like� factors. In such a state, they could be identified,
numbered, characterized, and validated, and were amenable to be selected through
the linked flanking molecular markers and, eventually, to be cloned. This last
significant step forward was achieved for cultivated plants in the first decade of this
century.

Many studies in barley as in other cereals described important QTL imparting
tolerance to adverse environmental stressors. These, as other many QTL responsible
for pathogen quantitative resistance, quality traits, and yield, could be named today
�phenotypic� QTL (phQTL). In fact, the two key elements to get an accurate genomic
placement of quantitative phenotypic trait-driving loci are the availability of a
complete and robust genetic map, together with a careful phenotyping for the trait
(validated inmore than a single experiment) of the experimental population that gave
origin to the genetic map. The classical phQTL mapping approach is then a linkage
mapping approach, in which the count of recombinants betweenmarker loci takes to
the genetic map construction, and the so-called �interval mapping� procedure [169]
scans the genome by intervals, assigning a probability for the allelic variation at each
interval to be associatedwith a trait variation. The statisticalmethods to calculate such
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a probability score or, better, logarithm-of-the-odds (LOD) score evolved from the
initialML (maximum likelihood)mapping algorithm [169] to the regressionmapping
algorithm [170, 171]. QTL linkage mapping was joined in the past decade by QTL
association mapping, named LD (linkage disequilibrium) mapping. With such a
procedure, an LD-based genetic map, often starting from an integrated genetic map
coming from different linkage mapping projects, is used to associate the allelic
variation at the mapped loci with the phenotypic variation, both scored on an
unrelated plant population. The first publication on the usage of LD in barley to
explore the genome for mean yield and yield adaptability QTL is from Kraakman
et al. [172]. The authors simply used Pearson correlation coefficients to evaluate the
marker-trait associations and to derive the positions of QTL on an integrated barley
genetic map.

To date, more than 1200 studies on plants have been published on mapping
phQTL [173]. Such a wealth of information has been stored for barley in web-based
resources such as mainly Graingenes (http://wheat.pw.usda.gov/GG2/index.
shtml [174] and, although with few data, Gramene (http://www.gramene.org [175]),
and Cerealab (http://www.cerealab.unimore.it [176]). These databases, however, also
contain other genomics information, such as genetic maps, molecular markers, and
DNA sequences. Interestingly, from Graingenes, directly accessible through the
�BarleyBoulevard,� a �BarleyQTLCommunityCurationBook� is downloadable as an
MS Excel spreadsheet.

By merging and integrating diverse types of data and information across species
and levels of biological complexity, the QTL databases enhance the potential to
understand and utilize QTL information. Moreover, the accumulation of an impres-
sive amount of phQTL data brought about the development of the concept of meta-
analysis. �Meta-analysis� method enables to combine QTL results from different
independent analyses, andwasfirst described in general terms byGlass in 1976 [177].
This technique has been used mainly by researchers in medical, social, and
behavioral sciences, and also in genetics and plant evolution (see, for example,
Ref. [178]). Meta-analysis is an important tool in linkage analysis. The pooling of
results across primary linkage studies allows greater statistical power to detect QTL
and more precise estimation of their genetic effects and, hence, yields conclusions
that are more conclusive than those of individual studies. The meta-analysis has, for
example, been applied in rice to dissect the complex genetic structure of drought-
related QTL, and in some cases was able to clarify the crucial question if overlapping
loci displayed pleiotropy or close linkage between adjacent genes [179]. The main
practical value ofmeta-QTL analysis is in the ability to provide an accurate estimate of
QTL position that will be useful in marker-assisted selection and candidate gene
identification [179]. The first attempt of QTL summary for abiotic stress tolerance in
the Triticeae wasmade by Cattivelli et al. [180]; in this chapter, we propose an updated
version of such a QTL survey, reported on a barley Bin-map [181] (Figure 34.1). The
figure shows the �hot spots� of phQTL determining tolerance/adaptation to various
abiotic stresses in barley, together with the approximate map positions of cloned
genes underlying QTL, and likely candidates to explain tolerance components. It
should be emphasized here the colocation between multiple QTL of abiotic stress
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tolerance and the two regulatory candidate genes HvMYB4 and HvABI5 on,
respectively, Bin 9 of chromosome 2HL and Bin 7 of chromosome 5HL. HvMYB4
maps in a region where loci for drought-related traits, waterlogging, boron toxicity,
and salinity tolerance were discovered (see Section 34.2.5.2). Interestingly, the rice
orthologous gene OsMYB4 encodes an MYB transcription factor induced during
exposure to low temperatures and other abiotic stresses [182]. HvABI5 is a bZIP
transcription factor, upregulated byABA,which binds to cis-elements in the promoter
region of the ABA- and stress-responsive COR/LEA effector genes HVA1 and
HVA22 [183]. Notably, the involvement of HvABI5 in abiotic stress tolerance was
reinforced by the report of Kobayashi et al. [184], inwhich the authors found a positive
role of a wheatHvABI5 orthologue (namely,Wabi5) in response to low temperature,
drought, and exogenous ABA treatment.

The accumulation in 20 years of a very large number of phQTL results for a wide
range of traits and in the most important crop species led in the late 1990s to
emerging concerns and discussions about some aspects of QTL mapping. Although

Figure 34.1 Summary of abiotic stress
tolerance QTL mapped on the barley genome
(see details in the text). Chromosome length,
QTL map comparisons, and loci assignment to
marker Bins are based on both the barley Bin
map ([181] and http://barleygenomics.wsu.
edu) and the consensus map of Marcel
et al. [45]. Chromosome length is reported on
the left in Kosambi cM. QTL: CT, cold tolerance
at vegetative (V) and/or reproductive (R) stage;
DT, drought tolerance measured as relative
water concentration (R), osmotic potential/
osmotic adjustment (O), carbon isotope
discrimination (C), and water-soluble
carbohydrate concentration (W); ST, salt

tolerance at germination (G) or seedling (S)
stage; BT, boron tolerance measured as root
(R) and leaf (L) sensitivity; AT, aluminum
tolerance measured as root elongation
sensitivity; WT, waterlogging tolerance; ABA,
abscisic acid response at germination. Cloned
QTL, candidate genes to explainQTL, andmajor
loci have been reported on the right of
chromosomes. Their positions were derived
from Graingenes (http://wheat.pw.usda.gov/
GG2/index.shtml) and from the literature cited
in the text. Gene names are reported in italics
with the Hv prefix; major loci names in normal
style; cloned QTL are in boxes.
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most of the worries have been solved (see, for example, Ref. [185]), a brief discussion
about dependence on background effects, QTL�QTL, and QTL�E interactions
deserves to be treated here since they are aspects of the genetic basis of quantitative
traits that scientists and breeders have always to cope with. It is, in fact, quite obvious
that different steps of ametabolic pathway leading to a phenotypic trait can negatively
or positively interact; as it is quite obvious that allelic variants of a gene underlying a
QTL, and present in a particular genotype, could act better, or exclusively, in a
particular environment. Some studies dealt with the evaluation of both the effects,
QTL�QTL and QTL�E, in barley [186], as in other plants. For example, Xu and
Jia [187] evaluated the �Harrington�� �TR306� barley doubled haploid (DH) pop-
ulation �TR306� for QTL mapping in different environments for seven yield-related
quantitative traits. They found that epistatic variance contributed to the genetic
variance, but the cumulative contribution from significant epistatic effects was very
small compared to that from the additive effects. The interaction between the
genomic regions and the environment (QTL�E) has been investigated, for example,
in a study by Comadran et al. [188] where the analysis of phenotypic and genotypic
data for a different set of barley germplasm is described, with the phenotypic data
being collected from yield trials grown across a wide range of Mediterranean
environments subjected to varying levels of stress.

The existence of QTL interactions have both practical (MAS) and theoretical
(genomics) implications; in the first case, they suggest to proceed for QTL identi-
fication in parallel with the breeding process. In the second case, they suggest the
need to deepen the study of both simple and complex QTL networks, on a genome-
wide basis.

34.2.5.1 Genetical Genomics of Abiotic Stress Tolerance
Since a QTL is by definition a genomic locus explaining part of the variation for any
quantitative trait recorded in a plant population, the trait might be not only a field-
recorded one but also the quantity of a protein, of a metabolite, or of a transcript. For
example, in barley, a QTL for the accumulation of a cold-regulated (COR) protein,
detected byWestern blotting, was coincident with a QTL of frost tolerance [189]. If we
extend this concept to a �omics� scale, we could outline the so-called strategy of
�genetical genomics� [190]. Owing to such an approach, genetical genomics can
generate in principle QTL maps from any method of genome-wide expression
profiling based on mRNAs (eQTL), proteins (pQTL), or metabolites (mQTL).

An emerging application of transcriptome analysis is the identification of the so-
called eQTL, namely, QTL that control the level of expression (hence the �e�) of
particular genes. Differentially expressed genes involved in metabolic or regulatory
pathways and identified by means of high-throughput methods are treated as
phenotypes, while allelic variants that underlie the gene expression changes are
identified in genetically related lines. eQTL can thus be classified as cis- or trans-acting
based on the location of the transcript compared to that of the eQTL influencing the
expression of that transcript. eQTL that map to the same genetic location as the gene
whose transcript is being measured generally indicate the presence of a cis-acting
regulatory polymorphism in the gene (cis-eQTL). eQTL that map distant to the
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location of the gene being assayed most likely identify the location of trans-acting
regulators (trans-eQTL) that may control the expression of a number of genes
elsewhere in the genome [191].

To date, the eQTL strategy has been successfully applied in sequenced model
plants, such as Arabidopsis [192] and rice [193], and also in barley in response to
Puccinia hordei infection [194]. However, genomic surveys of eQTL for abiotic stress
tolerance are still rare, or at their very beginning, in crops [195, 196]. Although not
related to abiotic stresses, an interesting eQTL discovery in barley has been reported
by Potokina et al. [50]. The authors used the Affymetrix barley GeneChip to measure
transcript abundance in embryo-derived tissue of germinating grains collected from
139 DH lines of the �Steptoe�� �Morex� population. A genome-wide QTL analysis
based on expression data of about 16 000 transcripts was thus performed and more
than 23 000 significant eQTL, affecting the expression of about 13 000 genes, were
found [50]. Interestingly, several regions that hadmanymore eQTL than expected by
chance alone if one assumes a uniform distribution based on genes per centiMorgan
were identified, and an eQTLhot spot on chromosome5HBin 1, affecting expression
ofmore than 200 genes, were coincident with amajor locus of grain hardness already
mapped in the same population.

Expression QTL researches alone, however, may fail to dissect physiological traits.
For instance, if a sequence polymorphism does not affect gene expression itself,
although it leads to differences in protein stability, enzymatic activity, or metabolite
production, an eQTLwould not be detected at that locus. In these cases, as in general,
the other genetical genomics approaches could be used for the parallel measurement
of the abundance of thousands of proteins and metabolites, to map protein QTL
(pQTL) andmetaboliteQTL (mQTL).Moreover, as another future development of the
genetical genomics, transcript, protein, and metabolite profiling could be combined
to extract the highest possible information from each data set. Unluckily, as far as we
know, no or very few studies on protein or metabolic QTLmapping for abiotic stress
tolerance/adaptation have been published in barley so far. A recent interesting
example of the application of pQTL analysis in barley is the work of Witzel
et al. [197]. The authors employed a two-dimensional gel electrophoresis to charac-
terize the grain proteome deriving from a set of doubled haploid introgression lines
(IL) inwhich theH. vulgare spp. spontaneumHs213 represented the donor parent and
H. vulgare spp. vulgare cv. �Brenda� the recurrent one. A total of 51 quantitative trait
loci for protein expression (pQTL) were found. With the only exception of chromo-
some 3H, where no pQTLwere detected, an evenly distribution of loci was observed.
Mass spectrometry (MS) was also used to examine proteins underlying pQTL and the
most expressed were those involved in metabolism and disease/defense-related
processes [197].

In the past 2 years, several studies have been carried out at themetabolomic level in
Arabidopsis and other most studied plant species, which have led to a far richer
description of the natural variation of chemical composition in these species
facilitating the identification of important sources of allelic variance for metabolic
engineering. Meyer et al. [198] used gas chromatography–mass spectrometry
(GC-MS) to study the primary metabolism of Columbia�C24 RIL population.
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Although no single primary metabolite displayed a strong correlation with plant
biomass accumulation, a metabolic signature composed of contributions from
various metabolites was identified and abundance data allowed the detection of
157metabolicQTL [198].More recently, Rowe et al. [199] conducted a similar study on
210 RIL genotypes derived from the �Bayreuth� (Bay)� �Shahdara� (Sha) cross. The
distribution of metabolite QTL across the genome included 11 QTL clusters; 8 of
these clusters were associated with an epistatic network that regulated the plant�s
central metabolism. Since the same population was previously employed for global
eQTL analysis, the authors compared theheritability of themQTLthey foundwith the
results ofWest et al. [200] and showed that mQTL tended to be less heritable than the
eQTL displaying a moderate phenotypic effect [199].

As a general consideration about the advancement of �omics� sciences in the study
of quantitative variation, as well as of QTL mapping in general, such advancements
could enable the cloning of most mapped QTL in plants. This will definitely finalize
their mendelization, and move plant science to a step forward similar to that of the
advent of QTL mapping. Another opportunity for the near future could be a better
understanding of the QTL�QTL interactions on a genomic scale, together with the
identification of the biological meaning for the QTL�E effects.

34.2.5.2 Genomic Regions Carrying phQTL for Abiotic Stress Tolerance

34.2.5.2.1 phQTL for Cold (Frost) Stress Tolerance As underlined in Section 34.1,
Triticeae need to experience an acclimation period (hardening) to acquire a complete
low-temperature resistance. In fact, it is during the hardening phase that the
metabolic machinery of response to frost is activated [134, 201]. For this reason,
functional genomics studies aiming to explore the key components of suchmolecular
mechanisms have been conducted at low, nonfreezing temperatures (see, for
example, Ref. [202]). On the other hand, as phenotypic evaluation for frost tolerance
has a more applied significance, most QTL searches were done for tolerance to frost
(Fr) conditions, both in the field and in the controlled environments. Although
considered a polygenic trait, since the early 1990s, QTL mapping has led to the
identification in barley of a relatively small number of quantitative trait loci having
major effects on the ability of the plant to survive freezing (i.e., exposure to �11/
�13 �C). Since the first reports, a large genomic region of chromosome 5H was
highlighted as responsible forwinter survival in the �Dicktoo�� �Morex� population,
with one QTL mapped to the VRN-H1 vernalization requirement locus [203, 204].
Later on, Francia et al. [189] developed the �Nure� (winter)� �Tremois� (spring)
N�T linkage map and DH population as valuable genetic resources for the analysis
of winter hardiness-related traits. They demonstrated that frost tolerance was
controlled mainly by two linked QTL (Fr-H1 and Fr-H2) rather than by one, both
located on 5H, explaining a large part of phenotypic variation [189]. As far aswe know,
the N�Tgenetic system is the only population where both FrQTL are segregating in
the Triticeae since in wheat Fr-A1 [205] and Fr-A2 [206] were mapped in different
genetic systems. It has also been shown by colinearity approaches that the two loci of
chromosomegroup5 are conserved in the Triticeae [207]. Tolerance atFR-H2 appears
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to be governed by a cluster of at least 12CBFgenes, which reside at this locus [54, 189,
208, 209], whereas FR-H1 was found as overlapping with the VRN-H1 vernalization
response locus. At the moment, testing the hypothesis whether the effect of Fr-H2 is
either due to a �CBFnumber game�, that is, due to a particular and critical number of
HvCBFs acting in a coordinated manner, or due to the action of only one HvCBF is
still underway. Knox et al. [210] showed that barley genotypes �Dicktoo� and �Nure,�
carrying a vrn-H1 winter allele at VRN-H1 harbor, increased copy numbers of CBF
coding sequences in comparison to genotypes �Morex� and �Tremois� carrying aVrn-
H1 spring allele. Sequencing bacteriophage lambda genomic clones from these four
cultivars, alongside DNA blot hybridizations, indicated that approximately half the
CBF orthologues at FR-H2 are duplicated in individual genomes. One of these
duplications discriminates winter (vrn-H1) genotypes from spring (Vrn-H1) geno-
types, as the winter cultivars harbored tandem segmental duplications through the
CBF2A–CBF4B genomic region andmaintained two distinctCBF2 paralogues, while
the spring varieties harbored single copies of CBF2 and CBF4 [210]. An additional
CBF gene, CBF13, was a pseudo-gene interrupted by multiple nonsense codons in
�Tremois,� whereas CBF13 showed a complete uninterrupted coding sequence in
�Dicktoo� and �Nure.� Finally, DNA blot hybridization with wheat DNAs revealed
that a greater copy number of CBF14 also occurs in winter wheats than in spring
wheats. Overall, these data indicate that variation in CBF gene copy numbers is
widespread in the Triticeae and suggest selection for winter hardiness coselects
winter alleles at both VRN-1 and FR-2. To further reinforce the hypothesis on the
main role played by the CBFs in the cultivated germplasm, in their work Tondelli
et al. [54] mapped to chromosome 7H, loosely linked, two barley orthologues of the
AtFRY1 and AtICE1 genes, putative upstream regulators of CBF genes in Arabi-
dopsis [211, 212]. No QTL of cold tolerance were mapped on chromosome
7H, suggesting that allelic variation at these two CBF regulators are not important
for the trait.

Vrn-H1 is one of the three vernalization genes loci required to determine barley
growth habit [213, 214]. Limin andFowler [215] suggested that themain vernalization
gene in wheat, VRN-A1 (VRN-1), which is induced during vernalization, plays an
important role in decreasing the ability to cold acclimatewith development. SinceFR-
A1 (FR-1) cosegregates with VRN-1 in most genetic studies, until recently it was not
clear if FR-1was an independent gene or just a pleiotropic effect ofVRN-1 [189, 216].
Notably, barley genotypes carrying the vrn-H1 allele for winter growth habit express
certain CBF genes at higher levels than genotypes carrying the Vrn-H1 allele for
spring growth habit [217]. Moreover, once the winter genotypes carrying the vrn-H1
allele are vernalized,CBF transcript levels are dampened relative to levels detected in
nonvernalized plants [217]. This suggests that VRN-H1 somehow acts to repress
expression of the CBFs at FR-H2 and in turn decrease freezing tolerance. Recently,
Dhillon et al. [218] used two diploid wheat (T. monococcum) mutants, maintained
vegetative phase (mvp), which carry deletions encompassing VRN-1. The Mvp/2
normal flowering plants showed reduced freezing tolerance and reduced transcript
levels of several CBF and COR genes compared to the mvp/mvp never flowering
plants. Diploid wheat accessions withmutations in theVRN-1 promoter, resulting in
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high transcript levels, showed a significant downregulation of COR14b under long
days, but not under short days. These results suggested thatVRN-1 is required for the
initiation of the regulatory cascade that downregulates the cold acclimation pathway.
In the same study, Dhillon et al. [218] hypothesized that previously mapped FR-1 on
the chromosome 5A region was likely a pleiotropic effect of VRN-1 rather than the
effect of a separate closely linked locus.

Generally, in winter barley growing areas, frost is experienced at the vegetative
stage of development. In Australia, the predominant frost damage occurs from
radiation frost events in spring during the reproductive stages of barley and other
cereals� development. Reproductive tissue is very sensitive and can be damaged by
small subzero temperature drops (��2 �C). QTL for reproductive frost tolerance
were then identified by Reinheimer et al. [8] and by Chen et al. [219]. Reinheimer
et al. [8] indicated that two chromosomes, 2H and 5H, were implicated in the genetic
control of reproductive frost tolerance. The QTL on chromosome 2HLwas identified
for frost-induced floret sterility in two different populations at the same genomic
location, namedFlt-2L, whichwas not linked to previously reported developmental or
stress-responsive loci. QTL on chromosome 5HL were identified for frost-induced
floret sterility and frost-induced grain damage in all the three populations studied,
coincident with Fr-H1/Vrn-H1. Similar results were obtained by Chen et al. [219].
Winter alleles at the VR-H1 vernalization response locus on 5H were linked in
coupling to reproductive frost tolerance.

34.2.5.2.2 phQTL for Drought Stress Tolerance Among the different abiotic stres-
ses, drought is by far the most complex and devastating for crops on a global
scale [220]. Because of its complex genetics, it is often considered the most difficult
trait to improve. Drought stress might be defined as the condition in which the
amount of water available for the plant or through rainfall or irrigation is not
sufficient to cover the plant evapotranspiration demand [221]. As a consequence,
the level of drought tolerance of a plant has been determined by a great number of
traits over the past decades and also in barley, but not always physiologically
meaningful. Jones [222], for instance, underlined how in the majority of the
molecular studies, measurements of plant water status (e.g., relative water content,
RWC) are often not made, although they would be needed for good and appropriate
measurement of tolerance. However, final grain yield of a given genotype in drought
environments, with equal length of growth cycle phases with respect to other
genotypes, should be considered as the best target trait of tolerance (measured as
adaptation to drought-prone areas) [188, 223]. In this view, in drought tolerance
studies the time period of drought stress is also very important. The longer this
period, the more drastic are the consequences on the yield. Moreover, the different
crop developmental stages show different sensitivity to drought stress [224]. Adap-
tation of barley growth cycle, and corresponding variation at cloned genes/QTL
driving such adaptation, is also extremely important for stable yields in drought-
prone environments. Very recently, Francia et al. [225] showed that plant adaptation in
terms of grain yield was primarily driven by the allelic constitution at three out of the
fourmajor candidate genes for flowering time segregating in the studied segregating
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population (i.e., Vrn-H1, Ppd-H2, and Eam6). The interrelationships among a series
of characters defining grain yield and its components were explored as a function of
the length of the vegetative, reproductive, and grain filling developmental phases. In
most of the 18 environments across the Mediterranean, the best performing
(adapted) genotypes were those with faster development until early occurrence of
anthesis; the study confirmed the crucial role of the period defining the number of
grains per unit area in grain yield determination in Mediterranean environments.

In 2002,Ozturk et al. [141] identified anumber of differentially expressed sequence
tags (dESTs) and putative candidate genes for drought response. These genes and
ESTswere later used byDiab et al. [226] to enrich the linkagemap developed by Teulat
et al. [227], in the �Tadmor�� �Er/Apm� barley cross. On this map, 68 phQTL for
different phenotypic measurements of drought stress were identified [226], and the
highest significantQTLwere obtained for osmotic potential under irrigation (OPi) on
chromosome 2H and for WSC100 (water-soluble carbohydrates at full turgor) under
drought stress on chromosome 4H. Most of the dESTs identified by Diab et al. [226]
were �effector� genes, while the study by Tondelli et al. [54] represented the first
example of an integrated approach for mapping several regulatory candidate genes
involved in (cold and) drought response of barley. The authors gave great emphasis to
TFs and upstream regulators, rather than to structural genes, following the hypoth-
esis that the trait of interest may be influenced by molecular variation in regulatory
genesmore than in the structural ones [228]. It could be worthmentioning that of the
12 drought tolerance QTL reported on their consensusmap, Tondelli et al. [54] found
positional association with several regulatory candidate genes on chromosomes 2H,
5H, and 7H, among whichHvABI5 on chromosome 5H, and with drought-induced
effector genes on chromosomes 5H and 6H. More recently, Chen et al. [229]
conducted drought resistance QTL mapping on 134 F4 families derived from a
cross of two wild barley (H. vulgare spp. spontaneum) lines in moderate drought. In
agreement with previous studies on cultivated barley, three phQTL for relative water
content were identified on chromosomes 1H, 2H, and 6H, underscoring the
importance of the 1H and 6H genomic regions for the maintenance of plant water
status. In particular, the RWC-phQTL on chromosome 1H is coincident with that
identified by Teulat et al. [230], while the RWC-phQTL on chromosome 6H was
coincident with two QTL found under field conditions for RWC and carbon isotope
discrimination, by Teulat et al. [227, 231]. A QTL for seedling regrowth rate (REG)
identified by Chen et al. [229] on chromosome 4H is coincident with a QTL for RWC
under Mediterranean field conditions [231]. A genomic region on chromosome
6H [229] corresponds to a previously identified QTL that control leaf osmotic
potential and osmotic potential at full turgor, scored under Mediterranean field
conditions [231]. Finally, Chen et al. [229] found a genomic region on chromosome
2H, near AFLP marker W3555-113, with QTL effects on leaf relative elongation rate
(RER), second leaf length (L2L), and root length (RLE). This regionmightmatch both
a QTL effect for RWC under Mediterranean field conditions [231] and a QTL for salt
tolerance reviewed by Cattivelli et al. [180]. As was briefly summarized here, grain
yield has been the subject of numerous QTL studies in barley, but most of these have
been conducted in relatively high yielding environments. Comadran et al. [188]
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assembled a population of 192 genotypes that represented landraces and old and
contemporary cultivars from Europe and WANA (West Asia and North Africa). This
population was grown in contrasting rain-fed and irrigated sites through the
Mediterranean countries. By LD mapping, QTL exhibiting consistency across
environments were detected in Bins 4, 6, 6, and 7 of barley chromosomes 3H,
4H, 5H, and 7H, respectively. The authors were able to detect between two and five
significant QTL in severely stressed environments with field mean yields lower than
2 ton ha�1. As one of the most interesting findings, one of the most consistent
genomic regions was located in Bin 7 of chromosome 7H, where four out of the five
significant associations came from the four Jordanian sites with mean grain yield
ranging from 0.3 to 1.2 ton ha�1.

34.2.5.2.3 phQTL for Salt Tolerance Barley is one of the most salinity-tolerant
cereals, and barley cultivars display different levels of tolerance toward salinity [141].
As outlined in Section 34.1, salt stress has at least two components, an osmotic one
and an ionic one, due to sodium (Na). Generally, barley plants are more sensitive to
salinity at germination and young seedling stage, while they exhibit increased
tolerance with age. No correlation was observed between salt tolerance at seedling
and salt tolerance at germination stage in barley, suggesting stage-specific mechan-
isms [232]. Salt tolerance of barley has beenof interest for a long time andhas resulted
in a considerable body of data from studies using physiological [233], genetic [234],
and cytogenetic approaches [235]. The first evidences of salinity tolerance QTL date
back to the second half of the last decade, and they are related to sodium tolerance at
germination stage [232]. These authors reported that salinity QTL at the seedling
stage were located on chromosomes 1H, 2H, 5H, and 6H in the DH lines of
�Steptoe�� �Morex� and on chromosome 5H in theDH lines of �Harrington�� �TR
306.� More recently, in the work of Witzel et al. [236], a QTL analysis of the Oregon
Wolfe Barley (�DOM�� �REC�) population germinating at different salt concentra-
tions led to the identification of two chromosome regions on 5H and one on 7H
associatedwith salt stress response. The samepopulationwas also used to identify via
2D-GE six protein spots with a differential abundance between the tolerant and the
sensitive lines. Based on a dense barley transcriptmap [55], two of themore expressed
proteins, Hsp 70 (heat shock protein 70) and Glc/RibDH (glucose/ribitol dehydro-
genase), were assigned to a genetic location and colocalized with the identified QTL
on chromosome 5H [236]. Other genomic experiments like those of transcriptional
profiling in response to salt stress by Ozturk et al. [141], Ueda et al. [147], and Walia
et al. [14, 148] allowed to find a significant selection of transcription factors and other
candidate genes for salinity tolerance (see Section 34.2.4.2). These are a reservoir of
coding sequences for explaining with genetical and genomic evidences each salt
tolerance phQTL. In the near future, they could be used to improve resilience to an
abiotic stress relatively easy to phenotype, on large numbers of plants, if compared to
the others described.

34.2.5.2.4 phQTL for Nutrient and Metal Stress Tolerance Increasing the efficiency
withwhich cropsutilize nutrients, in particularN andP, represents anurgent priority
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for ensuring a cost-effective and sustainable agriculture for the future. As regard
nitrogen, nitrogenuse efficiency (NUE) is a synthetic index that indicates the biomass
nitrogen yield per unit of nitrogen consumption, calculated on the basis of a complete
nitrogen balance. In case of cereals, worldwide NUE was estimated approximately
33%, and might be estimated by the equation NUE¼ (total cereal N removed – N
coming from the soil þ N deposited in the rainfall)/(fertilizer N applied to cer-
eals) [237]. As a synthetic index, it depends on several known agronomic traits such as
the extent of root–soil association, the root N uptake, the N metabolism, and the N
translocation and remobilization from vegetative tissues to the grain. Although
under high environmental influence, and depending upon agronomical practices,
attempts to uncover the genomic regions associated with both NUE and nitrogen-
related traits in maize and other crops have been made. QTL for tolerance to low N
were mapped in barley. Several QTL for nitrogen-related traits, namely, QTL
associated with nitrogen uptake, storage, and remobilization, were located practically
on all chromosomes, although NUE was not calculated. Chromosomes 3H and 6H
were especially important, for their QTL, alleles associated with inefficient N
remobilization were also related to depressed yield [238]. No map comparisons
between QTL and candidate genes were performed. In maize were reported a high
number of QTLmapping studies for nitrogen-related traits (see, for example, Coque
and Gallais [239]). A number of genes that encode enzymes involved in N and C
metabolism were associated by mapping to QTL for vegetative development and for
grain yield and its components [240]. These included genes for Gln synthetase (GS):
Suc-P synthase, Suc synthase, and invertase (b-fructofuranosidase). The most
notable outcomes of these studies were the colocation of a major grain yield QTL
on maize chromosome 5 with the gene encoding cytosolic GS (gln4 locus) and the
correlation between the expression levels of the gln4 alleles and the contributions of
the respective QTL alleles at this locus.

Because of the lowmobility of P in the soil, extensive QTLmapping work has been
carried out to investigate the effects of root architecture on P uptake and use
efficiency, although not in barley. A common feature of these studies was the finding
that theQTL alleles for highPefficiencywere associatedwith greater root surface area
due to an increase in either root mass or root hair density. Interestingly, in rice,
marker-assisted backcross breeding of the positive allele at Pup1, a major QTL on
chromosome 12 for P uptake efficiency, provided introgressed lines with a three- to
fourfold increase in P uptake [241].

The pattern of inheritance of tolerance to excess Al, phenotypically identified as
better plant growth and biomass accumulation, has been explored in barley by
different genetic approaches, including phQTL mapping, leading to the identifica-
tion of a genomic region of highest importance on chromosome 4H. In this region,
four major genes were identified and named Alp, Pht, Alt, and Alp3, outlining that
this trait, different from other resistances to abiotic stresses, is not properly a
quantitative trait in barley. The locus Alp conferring Al tolerance to cultivar �Dayton�
was located on the long arm of chromosome 4H by crossing �Dayton� with the
trisomic line �Shin Ebisu 16� [242]. The same chromosomal location (4H) of other
proposed Al tolerance loci was confirmed including Alt from �WB229� by means of
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amplified fragment length polymorphism (AFLP), SSR, and analysis of wheat–barley
chromosome addition lines [243]. At present, the best candidate gene to explain the
tolerant phenotype remains Alp gene that codes for a protein that belongs to the
MATE family [244]. Furukawa et al. [163] reported an aluminum-activated citrate
transporter gene in barley,HvAACT1, responsible for Al tolerance that also belongs
to the MATE protein family. Recently, minor QTL effects for Al tolerance have been
reported [245, 246], indicating the existence of a multigenic, quantitatively inherited
component of excess aluminum tolerance in this cereal, besides themajor gene effect
(s). Particularly, Raman et al. [245] identified several phenotypic QTL for root
elongation under excess Al stress on 3H, 4H, 5H, and 6H chromosomes in an
F2 population from �Ohichi�� �F6ant28B48-16,� whereas Navakode et al. [246]
tested the Oregon Wolfe Barley (OWB) population and detected minor QTL effects
located on 2H, 3H, and 4H chromosomes.

Boron (B) is an essential micronutrient for higher plants, but high levels of boron
in the soil can seriously diminish grain yield in cereal crops. The stress damage
consists in affecting root growth, thus restricting water extraction from the subsoil.
Amelioration of the high B levels in soils is not always feasible; therefore, assisted
breeding for B tolerance in barley has moved forward since the work of Jefferies
et al. [9], who identified both a range of phenotypic assays for assessing different
physiological aspects of boron tolerance and molecular markers for tagging loci for
the trait. The source of alleles conferring B tolerance is �Sahara,� an unadapted six-
rowed barley landrace of Algerian origin. Jefferies et al. [9] identified four significant
phQTL involved in different phenotypic aspects of B tolerance. A region on
chromosome 2Hwas associatedwith leaf symptomexpression, a 3HQTL influenced
root growth suppression by boron toxicity, a region on 4H influenced boron uptake,
root growth response, dry matter production, and leaf symptom expression, and a
region on 6H was associated with B uptake. After validation through a backcross
approach, the authors concluded that the chromosome 2H locus is the most
important in controlling leaf symptom expression, while the chromosome 4H locus
appears to be the most important in controlling B uptake, root length response, and
dry matter production. A few years later, physiological studies assessed that a high
level of tolerance to B toxicity is mediated by extrusion of B from the root [247],
resulting in lower concentrations in roots and shoots. Based on the result obtained by
Jefferies et al. [9], two of the four boron toxicity tolerance loci have been cloned so far.
Sutton et al. [165] followed a map-based approach to isolate a CG for the 4H boron
tolerance QTL. Using a population representing 6720 meioses and gene colinearity
with the syntenic region on rice chromosome 3, they identified the Bot1 gene, a
putative integral transmembrane B transporter with similarity to bicarbonate trans-
porters in animals [165]. Recently, Schnurbusch et al. [248] reported the cloning of a
gene underlying the chromosome 6H B toxicity tolerance QTL. The gene, named
HvNIP2;1, encodes an acquaporin from the nodulin-26-like intrinsic protein (NIP)
subfamily, which corresponds to the previously described geneHvLsi1 (low silicon 1),
a silicon influx transporter in barley and rice [249]. Interestingly, the observed
differences in mRNA levels of HvNIP2;1 in �Clipper� and �Sahara� might be
explained by a repeat insertion of �2 kb upstream of the translation codon in
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�Sahara.� The authors also hypothesized that such repeat insertion might be
responsible for altered tissue- or cell-specific expression of HvNIP2;1 in the root.
Together, the findings of Sutton et al. [165] and Schnurbusch et al. [248] suggest a
mechanism for barley tolerance to high soil B in which the reduced expression of
HvNIP2;1 limits Buptake and the increased expression ofBot1 removes B from roots
and sensitive tissues.

34.2.5.2.5 phQTL for Waterlogging Stress Tolerance Waterlogging conditions sub-
stantially cause to barley plant a hypoxic stress [5]. Barley germplasm showed
significant differences in waterlogging tolerance [250], and locally adapted landraces
could be major sources of tolerance to be used for breeding. However, studies of
tolerance to flooding, namely, waterlogging, have been performed under notably
different conditions, from paddy field trials to laboratory tubes, and at different
growing stages. In turn, Stanca et al. [5] underlined how the genotypes resistant to
water sensitivity of germinating seeds were different from those tolerant to flooding
after germination. Waterlogging tolerance is, therefore, a complex trait, with differ-
ent tolerant phenotypes to different stress conditions, from seed to adult plant
developmental stages. Moreover, such a trait is affected by several additional (con-
founding) environmental factors, such as temperature, nutrient availability, soil type
and subtopography, and possible presence of concurrent biotic stresses. Besides,
breeding forflooding tolerance is difficult because of low heritability of the trait [251].
Little progress has been made since the last decade in mapping phQTL controlling
waterlogging tolerance in barley. In these studies, many traits including the ability to
produce high seed yield in flooded fields, leaf chlorosis, plant height, root biomass,
and shoot biomass have been used as determinants of flooding tolerance. Among all
the different criteria, leaf chlorosis after waterlogging has been one of the major
indices used by researchers in different crops such as wheat [252], soybean [253], and
barley. Li et al. [254] carried out a QTL analysis in two doubled haploid populations
measuring the leaf chlorosis trait and found at least seven QTL for waterlogging
tolerance in the barley genome. Three QTL on chromosomes 1H, 3H, and 7H were
very stable and were validated under different stress durations, in different environ-
ments, and in different populations. Some of the detected QTL affected differently
scored traits; for example, the QTL on chromosome 4H not only reduced leaf
chlorosis but also increased plant biomass under waterlogging stress, whereas other
QTL alleles such as those on chromosomes 2H and 5H both alleviated leaf chlorosis
and improved plant survival.

Zhou [255] accurately phenotyped leaf chlorosis at early stages of waterlogging and
plant healthiness including survival at late stages of the treatment for QTLmapping.
Curiously, he found that both the significance and the extent of phenotypic effects of
the QTL controlling waterlogging tolerance varied at different stages of treatment. At
the very early stage (2 weeks) of waterlogging, only three minor QTLwere identified,
explaining a less than 30% of the phenotypic variation. As the duration of water-
logging increased, higher significant QTL were identified and these explained more
than 50% of the variation. Some of the QTL found at different stages of waterlogging
were different, but the two major QTL on chromosomes 2H and 4H identified at the
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final stage of the stress treatment were coincident with two regions found at the early
stages of the treatment.

34.3
The Contribution of other Omics Approaches

During the past few years, we have been part of the exciting progress the �omic
sciences� have made in the dissection of complex traits in plants. Like genomics,
proteomics and integrative omics havewell demonstrated their potential to shed light
on the molecular basis of plant phenotypes in model plant research (above all
Arabidopsis). Conversely, formany crop species the situation is far less advanced since
nucleic acids research has been largely favored to other �omics� research.However, a
good deal of omic evidence had accumulated for crops and in particular for barley.
The information obtained in such studies, when well established, will be
of fundamental importance for (1) studying and modeling barley crop from
an integrative systems biology perspective or (2) the identification of useful molec-
ular/phenotypic variants conferring better adaptation to the environment. This
section summarizes the contribution of the �other omics� to a comprehensive
biological knowledge of barley abiotic stress tolerance.

34.3.1
Proteomics

The proteome can be defined as the entire complement of proteins, including the
modifications made to a particular set of proteins, produced by an organism or a
system. In other words, the structure and the functions of the proteome are studied
through large-scale experiments by proteomics. Proteomic platforms have been
applied to various aspects of cellular processes, not only to the identification of
proteins but also to the determination of the protein expression profiles during
development and under stress conditions, to the analysis of posttranslational
modifications (PTMs), and to the study of protein–protein interactions. Temporal
and spatial profiling of protein spots can be used to associate proteins with
developmental processes and to group proteins with similar profiles.

Recent improvements in protein analysis methods have made possible the
evaluation and identification of many more proteins and to exploit proteomic data
in the context of stress response (for a review, see Ref. [256]). The use of a gel-free
proteomics system in addition to a traditional two-dimensional gel-based system
provides a vast amount of information on proteins expressed, and a detailed analysis
of PTMs via mass spectrometry enables the uncovering of key signaling molecules.
Moreover, significant results have recently been obtained through focused analyses,
till the level of subcellular proteomes. Once technically possible, the tissue micro-
dissection, or the subcellular components with dedicated extraction procedures,
additional important information could be obtained by examining at proteomic level
the tissues separately or by analyzing specific cellular components or organelles.
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Some of the drawbacks encountered in plant proteomic studies relate to the
following aspects. Plant tissues are difficult to disrupt due to the rigidity of cell walls,
which are made of a complex assembly of polysaccharides. Protein extraction is also
complicated by the presence of secondary metabolites, mainly polyphenolic com-
pounds, which can cause protein precipitation, artificial spots, or streaking on two-
dimensional gel electrophoresis (2D-GE), and charge heterogeneity [257]. Extremely
abundant proteins such as rubisco (that constitutes approximately 30% of proteins in
photosyntetically active leaves) can mask the detection of lower abundance proteins
by MS, but reliable and robust methods to remove highly abundant proteins from
plant tissue samples are still under development. Amajor challenge faced in the past
by shotgun proteomics has been the protein inference problem (i.e., the assignment
of identified peptides to the exact proteins from which they were derived). This is
either due to the presence of multiple peptide in the same spot after 2D-GE or due to
the identification of a set of redundant and homologous peptide sequences that in
many cases could represent multiple proteins. Possible solutions to the inference
problem have also been published in plant proteomics. For example, Grobei
et al. [258] applied gene model–protein sequence–protein accession relationships
to classify and eliminate ambiguities inherently associated with any shotgun pro-
teomics data set and reported a conservative list of protein identification to seamlessly
integrate data from previous transcriptomics studies.Moreover, proteotypic peptides
(i.e., peptides that can be observed byMS and uniquely identify a specific protein or a
specific isoform of a protein for the chosen targets) can be selected either using
software tools to predict their sequences or accessing existing public data
depositories [259].

Initially applied toArabidopsis, functional proteomics has been devoted to the high-
throughput identification of all of the proteins present in plant cells and/or tissues, in
order to generate large-scale proteome data sets. Today, these include, for the plant
model species, quantitative proteomics, subcellular proteomics, and various mod-
ifications and protein–protein interactions (for a review, see Ref. [260]). The different
Web-accessible plant proteome-related databases are summarized on the web site of
the proteomics subcommittee of theMultinational Arabidopsis Steering Committee
(MASCP, http://www.masc-proteomics.org), under the heading of �Proteomic Data-
bases and Resources.� The proteome database is the basic platform from which
proteome research addresses specific biological questions. In fact, integrated infor-
mation about precise high-resolution proteome maps becomes a prerequisite for
functional gel-based proteomics based on evaluating the changes in protein expres-
sion, and for exact protein identification in mutants and in stress-challenged plants.

Some excellent reviews have been published about the state of proteomic research
in the context of crops (see, for example, Refs [256, 261]) and/or some specific crops
such as the monocot rice [262] and the dicot soybean [263]. In particular for rice, the
crop that has the advantage to be contemporarily a genomicmodel plant, a systematic
proteomic analysis of leaves, roots, and seeds has been done and proteome maps
developed by Koller et al. [264]. Data have been collected in the Rice Proteome
Database, which catalogues rice proteins of different tissues and organelles ([265],
http://gene64.dna.affrc.go.jp/RPD/).
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The proteomic approaches used in barley so far focused basically on the seed
proteome [266], rather than on abiotic stress metabolism. This is because barley is
largely grown for malting, and for this purpose the seed development and germi-
nation are crucial. Proteome analysis during grain filling, maturation, and germi-
nation has been applied to describe in detail the protein changes occurring in the
barley grain. Seed tissue subproteomes have also been analyzed, thus giving a
spatial–temporal overview of the seed protein profiles. Although representing an
investigation of seed proteome on a panel of superior malting quality cultivars and
not related to physical stresses, the work of Finnie et al. [267] deserves mention
because of the approach they followed. Interestingly, the authors showed that some
spot variations measured by matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry (MALDI-TOF) peptide mass spectrometry were caused by
amino acid differences encoded by single-nucleotide polymorphisms (SNPs). Cod-
ing SNPs were validated by mass spectrometry, expressed sequence tag, and 2D gel
data. This demonstrated how coding SNPs can alter function of affected proteins and
may thus represent a link between cultivar traits, proteome, and genome. In addition,
this type of analysis can identify not only chromosome locations of transacting
regulators of the proteins observed but also structural genes encoding the proteins
themselves [268]. Expression of the peroxidase gene on chromosome 7H was
reported to be affected by low-temperature and drought stresses [44, 267], and
therefore, the presence or absence of the protein in different cultivars might be an
indicator of stress tolerance.

34.3.1.1 Proteome Response to Temperature Stress
A wide range of proteomic studies of temperature tress in plants are in progress,
using numerous methodologies, species, and stress conditions (for a review, see
Ref. [269]). Despite results obtained so far, information on the systemic response to
temperature stress is still limited because plant perception and response is often
based on factors common to the response to other stresses. It is at least clear that high-
and low-temperature stresses cause distinct proteome responses in plant tis-
sues [269]. One of the key factors for heat tolerance is the heavy induction of heat
shock proteins by their upstream transcription factors. Low temperature stress
response is characterized by significant effects on chloroplast protein components
and energy production, ROS detoxification, and accumulation of small osmo-
protectant molecules synthesized by enzymes that are under the control of
key transcription factor proteins (see Sections 34.2.4 and 34.2.5). Comparison of
wheat cultivars with different heat tolerance levels identified low molecular weight
(16–17 kDa) HSPs and other metabolic proteins in the wheat grain [270]. A quite
comprehensive catalog of heat stress-responsive proteins has been provided for rice,
although still not for barley, revealing that themajority of heat-affected proteins were
small HSPs [271].

In barley, proteomic analysis of heat stress response has been performed on
shoots [272]. Two spring-type cultivars, �Mandolina� (heat stress tolerant) and
�Jubilant� (stress susceptible), were subjected to 40 �C for a short-term heat shock
(2 h). Analysis of extracted proteins by 2D gel electrophoresis followed by MS/MS
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identified several proteins being differentially expressed in both cultivars. Among
them, distinct isoforms of several HSPs were found and in particular the expression
of S-adenosylmethionine synthetase (SAM-S) was found to be upregulated in
�Mandolina� compared to �Jubilant.� Expression of SAM-S is known to increase
under some stress conditions and the authors proposed it as a heat tolerance
marker [272]. Two HSPs were unique to the susceptible cultivar, and one protein
that dramatically decreased under heat stresswas a 23 kDa oxygen-evolving protein of
photosystem II, which is important for photosynthesis [272].

Stress duration is a key factor to the process of cold acclimation. In fact, plant
response varies according to the length of low-temperature exposure: long-term (days
to weeks) responses follow the process of cold acclimation and grant plants with the
ability to survive freezing stress, while short-term (seconds to hours) responses are
triggered by cold shocks.Moreover, stress intensity also characterizes the response to
low temperatures; plants unable to acclimate and withstand freezing, such as rice or
tomato, respond only to the above-zero temperature chilling stress. Several attempts
have been made to understand the variation in cold response in the rice proteome,
and a collection of recent literature can be found in Ref. [269]: mostly changes in the
proteome of anther, leaf, and root tissues were investigated, producing a long list of
proteins up- and downregulated in response to chilling stress in rice. These ranged
from chaperonins and HSP proteins to elongation factors, ribosomal and ribonu-
cleoproteins, fromATPases and ATP synthases, to dehydrogenase and decarboxylase
enzymes [269]. On the contrary, for barley a limited or no information is available on
proteome variation following exposure to low temperature. This could be in part due
to the fact that themetabolic response of barley to cold stress has already been studied
in much detail using genomics approaches. And this might suggest a potential limit
of proteomic research that when large functional genomics data sets are already
available, it does not add a lot to the qualitative knowledge of the metabolic pathways
and gene products activated or repressed. However, the level of transcript abundance
does not always correlate well with the level of the corresponding proteins, the key
players in the cells. Transcription intensity of a gene gives only approximately its level
of translation into a protein since abundantly transcribed mRNAs may be degraded
rapidly or translated inefficiently, resulting in still lower abundance of protein [273].
Finally, proteomics could show in the future its higher value in identifying what such
data sets cannot contain, such as protein–protein interactions, or PTM; as in the
case of the barley response to low-temperature stress, where key transcription factors
are acting.

34.3.1.2 Proteome Response to Drought and Salt Stresses
As we mentioned before, several proteomics studies have been performed on crops
exposed to abiotic stresses, in particular rice. Apart from temperature stress, about
one-fifth and one-third of the works reviewed by Salekdeh and Komatsu [261] dealt
with drought and salt stresses, respectively. Unfortunately, most of the proteomics
research on drought and salt tolerance has not been done in barley, where genomics
has been the far most preferred approach. To keep proteomic studies relevant to the
field situations, where cropsmay experience several constraints either simultaneously

824j 34 Barley: Omics Approaches for Abiotic Stress Tolerance



or at different developmental stages, the speed with which drought stress is applied
must be taken into account. For example, it is slower in soils compared topots that tend
to dry out faster. Equally important are the responses associated with severe water
deprivation and subsequent rewatering because the metabolic machinery must be
prepared to rapidly reinitiate growth upon water entering tissues and cells. In this
regard, the proteome analysis of field-grown sugar beet plants performed by Hajhei-
dari et al. [274] demonstrated the predominance of proteins related to ROS handling,
protein folding, and stability. Another example was obtained in wheat (T. aestivum L.)
comparing three different spring genotypes cultivated in the field under well-watered
and drought conditions [275]. Phenotypically, the overall effect of drought was highly
significant in terms of dry matter and grain yield. The authors detected and analyzed
about 650 spots on 2D gels andmore than 120 proteins with significant change under
water deprivation in at least one genotype. It is worth noting that about two-thirds of
the 57 proteins identified via MALDI TOF/TOF MS were Thioredoxin (Trx) targets.
This is also in accordance with the link between drought and salt stress observed in
transcriptional changes of thebarley cultivar �Tokak� [141], where Trx played a key role.
However, a higher drought tolerance of barley compared to wheat attributed either to
specific mechanisms of adaptation to water deprivation or simply to a broader
adaptation to the environment has still to be found.

The role of the proteins involved in reactive oxygen species detoxification during
salinity stress has been studied byWitzel et al. [276]. They analyzed via 2D-GE the root
proteome of two well-known genetic mapping parents, cvs. �Steptoe� and �Morex,�
which possess contrasting levels of salinity tolerance. Proteome maps of plants
grown under nonsaline versus saline conditions revealed cultivar-specific and salt
stress-responsive protein expression. In total 26 out of 39 2D-GE spotswere identified
via MS, and 2 proteins involved in the glutathione-based detoxification of ROS
showed higher abundance in the tolerant genotype (�Morex�), while proteins
involved in iron uptake were expressed at a higher level in the sensitive one
(�Steptoe�). Of the proposed targets for barley salinity tolerance improvement an
induced protein, which was more abundant in cv. �Morex,� was identified as a
putative target for Txr-mediated reduction [276]. In a follow-up experiment, Witzel
et al. [236] combinedproteomemaps� comparisonwith aCGapproach.As reported in
Section 34.2.5.2, the authors mapped two major QT loci of salinity tolerance at
germination stage in the Oregon Wolfe Barley �DOM�� �REC� population, one on
chromosome 5H and one on chromosome 7H [236] (see also Figure 34.1). A search
for candidates was then based on 2D-GE proteomic profiling of themature grain of a
subset of OWB lines, and six protein spots showing differential abundance between
tolerant and sensitive genotypes were identified.

34.3.1.3 Proteome Response to Metal and Nutrient Stress
Proteomic methods based on classical 2D-GE provide a generally good visual output
for protein profiling and comparative mapping of expressed proteins among bio-
logical samples. They have been extensively applied in various tissues and crop
species, for example, soybean, in response to salt stress [277], rice root proteome in
response to cold [278], and the seed proteome ofwheat [279] and barley [266]. Second-
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generation proteomics technologies have also been developed and, among them, the
isobaric tags for relative and absolute quantitation (iTRAQ) technique represents an
interesting system for quantitative proteomics after chemical labeling using stable
isotopes. iTRAQ has found particular application in the study of crop proteomes
against heavymetal stress at both plant [280] and subcellular [281] levels. For example,
Patterson et al. [280] used the iTRAQ peptide tagging system to investigate the
proteomic response to boron (B) excess in hydroponic growth solution of B-tolerant
and B-intolerant barley cultivars. In particular, the authors found increased activities
of three enzymes involved in siderophore production (related to iron deficiency) and
suggested a potential link between iron, B, and the siderophore hydroxymugineic
acid under B stress [280]. More recently, the vacuolar proteome of mesophyll cells of
barley leaves was investigated in response to cadmium (Cd) stress [281]. This study
pointed out that a c-tonoplast intrinsic protein (c-TIP)may have a specific function in
Cd transport into the vacuole and play an important role in Cd2þ detoxification of
barley leafmesophyll cells. The proteomic study provided valuable insight into heavy
metal stress biology of barley. However, it is quite a general opinion that still a deal of
work remains to be done in the enormous and nebulous field of heavy metal toxicity
in plants [282]. This includes identification of protein networks responsible for
several processes inside the same response: translocation, biotransformation, and
sequestration-related activities. Analyses of subcellular proteome, posttranslationally
modified proteins, and/or redox proteome is expected to help in this big
challenge [283].

Mineral nutrient deficiency is a factor severely influencing plant biomass pro-
duction in many cultivation areas. Some interesting examples aimed to assess
differences in nitrogen utilization by small-grain cereals have been obtained in
wheat and rice crops both at the root [284, 285] and the leaf levels [286, 287]. In all
cases, 2D-GE and mass spectrometry identification were applied to investigate the
nitrogen stress-responsive proteome of widely contrasting cultivars and hundreds of
protein spots were reproducibly detected. Among the proteins identified in the leaves
were enzymes involved in carbon fixation and energy production, whereas nitrate
reductase and glutamate dehydrogenase were the most influenced root-specific
proteins. However, because a large number of spots with differential expression
during the varying experiments/treatments and/or varieties still remained to be
identified, a full picture of responses to difference innitrogenutilization couldnot yet
be made.

Although no examples concerning nitrogen stress as far as we know have been
published on barley, we expect that advances in proteomic technologies will be of
great help in the near future to clarify the role played by the barley proteome in
response to N deficiency.

34.3.1.4 Roles of �Interactome� and Comparative Proteomics
It is increasingly clear that protein–protein interactions play a key role in allmetabolic
processes, and in particular in response to abiotic stress [261]. The (re)creation of
interaction networks from proteomic data (the so-called �interactome�) will thus
provide novel insights into how cells perceive and transduce stress signals to activate
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the appropriate cellular response, which could then be compared with and linked to
genomics-inferred genenetworks. In this regard, an important application, unique to
proteomics research, is the ability to study posttranscriptional modifications, which
can affect the activity and binding of a protein and alter its role within the cell. About
300 posttranscriptional modifications have been classified, including methylation,
phosphorylation, glycosylation, acetylation, ubiquitylation, and so on. In particular,
together with the interactome, the phosphoproteome and �glycomics� (if we would
like to call in this way the comprehensive study of the entire complement of sugars)
will soon become major areas in proteomics-related research.

Among other considerations with regard to future proteomics research, one
deserving attention derives from the fact that as data on proteomic experiments
accumulate, comparative analysis could be done. For example, Salekdeh and
Komatsu [261] compared 56 abiotic stress proteome studies conducted by different
research groups in crops. The authors found that the number of stress-responsive
proteins identified diverged considerably from each other and only less than 20
proteins were commonly identified under different stress conditions. This diver-
gence probably derived by the fact thatmany stress-responsive proteins still remain to
be identified or that the sampling of tissues was not comparable between tissues and
experiments. Even for similar type of stress, different levels of treatments and
sampling times and sample preparation were applied [261]. Thus, at the moment,
it is difficult to draw consistent conclusions from comparative crop proteomics
studies. Only a higher conformity of proteome analysis between different groups of
investigators, as well as the application of standard operation procedures, would
facilitate comparability of results in barley as in other plants.

34.3.1.5 Proteomic and Proteomic-Related Databases
A number of resources for plant genomics accessible on the Web have appeared
during the past two decades. The majority of them provide gateways for accessing
comprehensive omics data and/or bioresources for the model plant Arabidopsis (e.g.,
TAIR, AraCyc, etc.). In addition, in recent years, several integrative databases on crop
plants have been properly developed worldwide (for a recent review, see Ref. [85]).
None of them is entirely dedicated to barley, and many include information on
the major species rice and maize, together with sorghum. Within this context, we
are going to describe here three interesting examples of integrative databases
that, besides those about other crops, include relevant proteomics or proteomics-
related information about barley. These are GabiPD [288], MetaCrop [289], and
PlantTFDB [290].

GabiPD (http://www.gabipd.org, [288]) is a Web-accessible database developed in
the frame of the German initiative for Genome Analysis of the Plant Biological
System (Genomanalyse im biologischen System Pflanze, GABI) that allows integra-
tion of varied �omics� data types obtained from plant systems. The database includes
information from 14 different angiosperm species with Arabidopsis as the most
widely represented model species, followed by the crop plants, potato and barley.
Genomic data comprise mapping information, sequences, and SNP/InDel infor-
mation. Transcriptomics is represented by a large number of ESTs and corresponding
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sequence trace files [288]. The flexible design of GabiPD allows for a high level of
data integration, and eases cross-referencing the different data types among each
other (e.g., mapping information, sequences, 2D gel images, and protein infor-
mation). For barley, ESTclustering results and corresponding information on a new
27 000 unigene set are accessible and downloadable. Annotated 2D gel electro-
phoresis images fromArabidopsis andBrassica napus L. have also been integrated as
a type of proteomics data. Finally, the value of GabiPD is also further increased by
integration with other general databases such as TAIR and GenBank, as well as
by providing cross-links to secondary databases, such as ARAMEMNON (http://
aramemnon.botanik.uni-koeln.de/) and PlnTFDB (http://plntfdb.bio.uni-pots-
dam.de/v3.0/).

MetaCrop (http://metacrop.ipk-gatersleben.de [289]) contains hand-curated infor-
mation of about 40 major metabolic pathways in various crop plants with special
emphasis on the metabolism of agronomically important organs such as seed and
tuber. Species of both monocotyledons and dicotyledons are represented. The
database offers an overview of fundamental biological processes because it integrates
plant genomic (EST contigs) and pathway (pathway maps derived from KEGG)
information. In particular for barley, MetaCrop contains information about 36
pathways, 291 enzymatic reactions, 7 transport processes, and 4 compartments
derived from 382 references. Reactions incorporate information about involved
enzymes (e.g., EC and CAS number), metabolites (e.g., CAS number, molecular
weight, and chemical formula), stoichiometry, and detailed location (species, organ,
tissue, compartment, and developmental stage). Furthermore, for central metabo-
lism (sucrose breakdown, glycolysis, and TCA cycle), kinetic data are available for the
reactions [289].

Several databases providing data sets of genes putatively encoding specific DNA
binding transcription factors (TFs) have been developed in many plant species (for a
summary, see Ref. [85]). Such focused databases are usually predictions based on
computational methods, such as sequence similarity search and/or hidden Markov
model search of conserved DNA binding domains. PlantTFDB (http://planttfdb.cbi.
pku.edu.cn [290]) represents one such example. It contains information about 22
plant species of both monocots and dicots. In particular for barley, PlantTFDB
classifies 778 TFs, which are clustered in 54 families (http://planttfdb.cbi.pku.edu.
cn, October 2010).

34.3.2
Epigenomics

As already summarized in this chapter, results obtained since the pregenomics era
have provided a basic picture of gene regulatory networks in barley response to abiotic
stresses. However, both the genome size and the number of protein coding genes are
not always directly related to the complexity of organisms. In many cases, different
phenotypes are due to themodification of chromatin structure, which is governed by
processes associated with epigenetic regulation. Genome imprinting [291], tran-
scriptional gene silencing (TGS) induced by transgenes [292], and paramutation [293]
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are just some of the well-known examples of epigenetic regulation of biological
processes in plants. A comprehensive genome-wide catalogue of epigenetic control
elements and how these vary across cell states could offer critical insight into the
relationships with other �omics� sciences and between genotype, phenotype, and
environment [294]. The term �epigenome� has been referred, for a given cell type, to
the complete description of chemical changes to DNA and histones as theymap onto
the genome. The advent of molecular techniques such as chromatin immunopre-
cipitation (ChIP), and their combination with (1) genomic tiling array hybridization
(ChIP-on-chip) and recently (2) massively parallel sequencing (ChIP-seq), has
enabled global and whole-genome epigenetic profiling studies. These two main
approaches can be viewed as standard technologies used for mapping chromatin
state. On the one hand, ChIP-on-chip is ideal for targeted studies of promoters or
specific loci, but for working on a genome scale it requires multiple arrays and large
quantities of DNA. On the other hand, ChIP-seq is inherently genome-wide, can
detect repetitive elements and allele-specific changes, requires few nanograms of
DNA, and capitalizes on remarkable recent advances in sequencing throughput [295].
As expected, these approaches found important applications to investigate the
mammalian epigenome [296], but during the past few years the study of the
Arabidopsis epigenome has begun as well [297, 298]. We thus could expect that
ChIP-on-chip and ChIP-seq will be applied soon also to the interrogation of the
epigenome of many crop species, among them barley.

The process of a reversible control over gene expression and inheritance has also
led to the belief that plants may have a flexible short-term strategy of the response to
stress. For example, epigenetic regulation is also involved in stress-related memory
formation. This retention has been evidenced not only for short duration, as in the
case of acclimation to stress conditions, but also for longer times through stable,
heritable chromatin modifications. During the past two decades, research on the
epigenetic mechanisms involved in abiotic stress resistance has unraveled that
regulation of stress-responsive genes often depends on three epigenetic controllers
of chromatin remodeling (for a review, see Ref. [299]): (i) histone N-tails modifica-
tions; (ii) changes in DNA methylation state; and (iii) action of nonprotein coding
RNAs. These will be briefly described in the following sections.

34.3.2.1 Role of �Histone Code�
In plants as in animals chromatin remodeling is the dynamic alteration of chemical
reversible modifications at specific residues in the histone N-tails. It is operated by
several histone modification enzymes, namely, histone acetyltransferases (HATs),
deacetylases (HDACs), methyltransferases (HMTs), and demethylases (HDMs).
Moreover, each histone has variants encoded by different genes. The combination
of histone variants and their posttranslational modifications is referred to as �histone
code,� which determines the chromatin structure and thus regulates transcription.
Most research on chromatin remodeling in plants has been carried out inArabidopsis
(for a review, seeRef. [300]), where at least 28 different histonemodification sites have
been identified so far.MS andChIP analyses showed that enrichments of acetylation,
certain phosphorylation, and ubiquitination usually correlate with gene activation,
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while biotinylation and sumoylation generally repress gene expression [301, 302].
The consequences of histone methylation lead to highly complex outcomes depend-
ing on the N-tail residues that are modified, whether modifications occur in eu- or
heterochromatin, and on the organism considered. In Arabidopsis, trimethylation of
histone H3 Lys4 (H3K4me3) and acetylation of histone H3 Lys9 (H3K9ac) are
generally positive markers of gene activation, whereas dimethylation of histone
H3 Lys9 (H3K9me2) and trimethylation of histone H3 Lys27 (H3K27me3) are
negative markers of transcription [301]. An initial event in the modification process
is the recognition ofH3K4me3 by effector proteins that contain a protein fold termed
plant homeodomain (PHD). This interaction eventually leads to the introduction of
other changes in the acetylation and methylation status of H3K4me3-containing
promoters [303].

A variety of modifications of histone N-tails occur during stress responses [304,
305], with some combinations that seem to be common to several genes, and others
that appearmore gene-specific.Once again, themajority of theworkhas been done in
themodel plantArabidopsis, highlighting histone stress-specific responses. Exposure
to low temperatures progressively decreasesH3K27me3 negativemodification at the
cold-regulated genesCOR15A andAtGOLS3, and this alteration ismaintained for up
to 3 days after plants are returned to normal conditions [305]. Exposure to drought
increases H3K4me3 and H3K9ac positive modifications at the coding region of the
response to dehydration RD29A, RD29B, and RD20 genes and At2g20880, an AP2
transcription factor [304]. At all four genes, these epigenetic marks correlate with
enhanced transcription. In addition to these common modifications, enrichment in
H3K23ac and H3K27ac has been reported in response to drought in the coding
regions of RD29B, RD20, and At2g20880, but not in the coding region of RD29A,
indicating a gene-specific way of action [304]. Recruitment of HATs to target
promoters is mediated by direct or indirect interaction with transcription factors
and/or by interactionwith acetylated histone Lys residues on the target. This has been
shown for the transcriptional adapter (ADA) and the Spt-Ada-Gcn5-acetyltransferase
(SAGA) complexes in which AtGCN5 contributes toHATactivity. The recruitment of
the ADA/SAGA-like complexes to regulate cold tolerance through chromatin remo-
deling in target genes has been shown to be mediated by the interaction with
AtCBF1 [306].

Reports describing the involvement of the �histone code� and nucleosome
occupancy in the regulation of stress-responsive gene expression are still rare in
crops, and particularly in barley. One example is the induction of expression of the
linker histone variant H1-S after exposure of tomato plants to drought [307]. H1-S
appears to be involved in the negative regulation of stomatal conductance. In rice,
expression of different members of the HDAC families is differentially regulated by
abiotic factors such as cold, osmotic, and salt stress and by plant stress-related
hormones such as abscisic acid, jasmonic acid, and salicylic acid (SA) [308]. As
another example, both the acetylation and the methylation levels of histone H3K4
were altered on the rice submergence-inducible genes ADH1 and PDC1 (namely,
alcohol dehydrogenase 1 and pyruvate decarboxylase 1) during a submergence
treatment [309]. A simultaneous decrease in H3K4me2 levels and increase in
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H3K4me3 togetherwith histoneH3 acetylation levels were observed on the 50- and 30-
coding regions ofADH1 andPDC1 in stress conditions. These histonemodifications
recovered to the initial state after reaeration treatment.

Characterization of HATs inArabidopsis revealed three families of HATsequences
in plants: the GNAT/MYSTgroup (where GNAT is Gcn5-relatedN-acetyltransferases
andMYSTwasnamed for its foundingmembers:MOZ, Ybf2/Sas3, Sas2, andTip60),
the p300/CREB binding protein (CBP) coactivator family, and the TATA-associated
factors – TAFII250 family [310]. TwelveHATgenes were identified in Arabidopsis, of
which five belong to the GNAT/MYST group, five to the CBP family, and two to the
TAFII250 family [310]. Full-length cDNAs encoding the putative protein sequences
for the HvELP3 (elongation protein 3 of the GNATgroup), HvMYST, and HvGCN5
homologous HATs of barley were recently obtained by Papaefthimiou et al. [311].
Expression analysis highlighted significant differences in abundance during differ-
ent seed developmental stages and between two barley cultivars with different seed
size. Application of exogenous ABA resulted in induced expression ofHATgenes in
barley seedlings, with HvELP3 as the most affected one [311].

Eukaryotic HDACc are grouped into three major families based on their primary
homology to the yeastHDACs: (1) the histone deacetylaseHDA1 family; (2) the silent
information regulator 2 (SIR2) family; and (3) the plant-specific family of histone
deacetylaseHD2 [310]. cDNA sequences encodingmembers of theHDA1 family and
representing all four classes (I–IV) of the family were isolated and characterized in
barley by Demetriou et al. [312]. Expression analysis demonstrated that they were
expressed in all tissues and seed developmental stages. Differences in transcript
abundance both in vegetative and in reproductive tissues were observed among the
different genes suggesting functional diversification of the HDA1 members. Dif-
ferential expression was also evidenced for some of theHDA1 genes in two cultivars
(�Caresse� and �Kos�) differing for various traits, such as seed size and resistance to
stress [312]. Sequence mapping and expression analysis of two full-length HD2
cDNAs from barley has also been obtained [313]. Both HD2 genes were found to
respond to treatments with ABA, JA, and SA, implying an association of these genes
with plant resistance to biotic and abiotic stress.

PcG (Polycomb group) protein complexes methylate nucleosomal histone tails at
specific sites, ultimately leading to chromatin compaction and gene silencing.
Different PcG complex variants operating during different developmental stages
have been described in plants [314]. Four barley PcG gene homologues, namely,
fertilization-independent endospermHvFIE, enhancer of zesteHvE(Z), suppressor
of zeste HvSu(z)12a, and HvSu(z)12b were recently identified and structurally and
phylogenetically characterized [315]. Expression analysis of the barley PcG genes
revealed significant differences in gene expression among tissues and seed devel-
opmental stages and between barley cultivars with varying seed size. Furthermore,
HvFIE and HvE(Z) gene expression was responsive to the abiotic stress-related
hormone ABA [315]. Interestingly, transgenic Arabidopsis lines cosuppressed for the
musashi-1MSI1 gene, encoding a subunit of PcG protein complexes and chromatin
assembly factor 1, showed increased drought stress tolerance phenotype that was
most likely due to the increased expression of many ABA-responsive genes [316].
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Finally, theChIPassay demonstrated that thedrought-inducibleRD20 gene is a direct
target of MSI1.

34.3.2.2 Role of DNA Methylation
DNA methylation is a ubiquitous mechanism of heritable epigenetic modification
that occurs, in both plants and animals, on the 50 position of cytosine. As in the case of
histone modifications, cytosine methylation is involved in dynamic regulation of
gene transcription in response to developmental and environmental cues. Cytosine
methylation may lead to epigenetic memory in the short and medium term through
the formation of stable epialleles that are heritable across generations. Heterochro-
matin, repetitive sequences, and transposons are rich in methylated cytosine. In
plants, 5-methylcytosine accounts for as high as 30%of the total cytosine content, and
such epigenetic mark can be found at both symmetric (CpG and CpNpG) and
asymmetric (CpHpH) sites (whereN is any of the fourDNAbases andHisA,C, or T).
Three main DNA methyltransferase enzymes transfer and covalently attach methyl
groups to cytosine: domain rearranged methyltransferase DRM2/DRM3, responsi-
ble for de novoDNAmethylation in all contexts,maintenanceDNAmethyltransferase
MET1, responsible for maintenance of CpG methylation, and chromodomain-
containing methytransferase CMT3 responsible for maintenance of methylation of
both asymmetric and CpNpG sites. Both the DRM2 and MET1 proteins share
significant homology to the mammalian DNA methyltransferases DNMT3
and DNMT1, respectively, whereas the CMT3 protein is unique to the plant
kingdom [317, 318].

While the biological roles of maintenance and de novo methyltransferases have
been extensively studied in Arabidopsis, several studies in other crop species is
beginning to unfold that stresses can induce changes in gene expression through
cytosine hypo- or hypermethylation. Barley orthologues of the genes of three classes
of DNA methyltransferase enzymes can be found in public sequence repository
databases such as the TIGR Gene Index (http://compbio.dfci.harvard.edu/cgi-bin/
tgi/). However, at present, no experimental results about the effect of abiotic stresses
on them are available. The only study concerning the methylation cycle and its
function in barley has been reported for the endosperm development [319]. Using a
custom-made high-density macro array of 12 000 cDNA sequences expressed in
developing grains and includingmajor enzymes of themethylation cycle, the authors
showed that the expression of genes encoding for the storage proteins prolamins was
repressed by CpG hypermethylation.

In tobacco, DNA methylation is reduced in the coding region compared to the
promoter region of a glycerophosphodiesterase-like gene NtGPDL after aluminum,
salt, and cold stress treatments, and its reduction was correlated with the more
abundant expression of NtGPDL protein [320]. Likewise, maize seedlings exposed to
low temperature showed a genome-wide demethylation in root tissues [321]. In
particular, a 1.8 kb fragment (ZmMI1) containing a part of the coding region of a
putative protein and a part of a retrotransposon-like sequence was demethylated and
transcribed only under cold stress. Even after 7 days of recovery, the methylation of
the cold-stressed plants was not restored to the initial levels [321]. On the other hand,
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osmotic stresses induced transient DNA hypermethylation in two heterochromatic
loci in tobacco cell suspension culture [322] and drought stress induced DNA
hypermethylation in pea [323].

As we mentioned briefly, histone modifications and DNA methylation might
confer within-generational and transgenerational stress memory to the plant [305].
Specific histone modification-dependent pathways appear to mediate methylation of
about two-thirds of the methylated loci in the Arabidopsis genome [299]. Thus,
dynamic histone modification marks could be converted into DNA methylation
marks, which are oftenmore stable. However, large-scale analyses using ChIP-seq or
ChIP-chipmethods are necessary to increase our understanding of the phenomenon
of stressmemory and to understand whether such epigenetic changesmight have an
adaptive advantage for stress tolerance.

34.3.2.3 Role of Nonprotein-Coding RNAs
With the availability of complete genome sequences in many model plant species
(likeArabidopsis and Brachypodium), themicroarray technology has been particularly
helpful in the design of platforms able to access and assess dynamic changes in
transcriptomes, including short nonprotein coding RNA species. This is worth
noting if we consider that differential regulation of expression, splice variations,
and noncoding RNA have been proposed as the molecular mechanisms that can
explain the huge phenotypic diversity generated in complex organisms using �only�
<25 000 predicted genes per genome [324]. In particular, nonprotein-coding RNAs
might be more abundant in the transcriptome than previously thought, and exerting
a more important regulatory function through mechanisms such as antisense RNA
or siRNA. For example, the whole-genome transcriptomes of Arabidopsis were
analyzed with Affymetrix tiling arrays after exposure of plants to abiotic stresses
such as dehydration, cold, heat, high-salinity, and osmotic stresses, as well as ABA
treatment [325, 326]. Results revealed that thousands of transcripts from unanno-
tated nonprotein-coding regions were up- or downregulated by these stresses. It was
also estimated that about 80%of previously unannotated and upregulated transcripts
in functional genomics experiments could arise from antisense strands of sense
transcripts [325], and thus can influence whole-genome expression. Such high
frequency could thus be expected for those crops whose genome sequence has
already been unlocked, and in the near future also for barley.

It is now clear that a complex system of multistep regulation controls the various
modifications that the mRNA goes through in the cell. For example, RNA helicases
and alternative splicing factors, which are implicated in mRNA processing and
metabolism, have a close-link with response to abiotic stresses [327]. A related key
topic in gene regulatory systems in stress responses is the regulation of gene
expression by small RNAs, for which plants have presumably developed unique
features compared to animals (for a review, see Ref. [327]). Small noncoding RNAs
21–24 nt in length, double-stranded, namely, microRNAs (miRNAs) and small
interfering RNAs (siRNAs), are ubiquitous repressors of gene expression. Micro-
RNAs are derived from single-stranded primary miRNA (pri-miRNA) transcripts
synthesized fromMIR genes. The pri-miRNA transcript forms a secondary structure
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of an imperfectly paired hairpin, which is cleaved by a ribonuclease-like enzyme
called dicer-like-1.

siRNAs are derived from long double-stranded RNAs of endogenous origin (i.e.,
miRNA-directed cleavage products of noncoding single-stranded RNAs, mRNA
transcribed from cis-antisense gene pairs,mRNAs of heterochromatin, DNA repeats,
and transposons) or exogenous origin (as a consequence of transgenes and viral
pathogen infection). The process of gene downregulation by small RNAs can be
further modulated if we assume that different mRNAs with weak target sites for
miRNAs could effectively sequester amiRNA from its bona fide targets. Such an idea,
put forward recently by Seitz [328], could explain how an increased number of
transcripts susceptible to recognition by a given miRNA (present under a certain
condition) can, in principle, counteract the accumulation of a particularmiRNA, thus
allowing the expression of a silenced mRNA.

Small RNA molecules are active players in the molecular response of plants to
abiotic stresses, as they participate in the regulation of different pathways copingwith
environmental stress conditions (for a review, seeRef. [329]). Abiotic stresses not only
induce the accumulation of novel antisense overlapping transcripts [325] but also lead
to transcript production from transposons or pseudo-genes, which are another
source of siRNAs [326]. A clear example of an endogenous siRNA involved in abiotic
stress response is given by the nat-siRNA P5CDH–SRO5 [330]. Produced from two
overlapping mRNAs, for D1-pyrroline-5-carboxylate dehydrogenase (P5CDH) and
Similar to Rcd One 5 (SRO5), the P5CDH–SRO5 was shown to downregulate the
expression of P5CDH through mRNA cleavage, leading to decreased proline
degradation, enhanced proline accumulation, and salt stress tolerance. However,
such regulatory system was shown to function only in Arabidopsis and not in other
plants [330].

In recent years, large-scale �omics� screens have been applied to clarify the
involvement of miRNAs in stress response. For example, Zhao et al. [331] carried
out a global survey of miRNAs under drought stress in O. sativa by a microarray
approach. The authors found that several miRNAprofiles changed under stress, and
focusing on the potential upstream regulatory sequences of the miR-169g (which
showed significant upregulation), two adjacent dehydration-responsive elements
were found. This suggested forMIR-169 a direct involvement in the regulation of the
CBF transcription factors [331]. Again, in rice, massive parallel sequencing of small
RNA libraries from control and stress-treated plants has allowed the identification of
novel miRNAs. Comparing control, salt-, or drought-treated small RNA libraries,
Sunkar et al. [332] identified 23 nonconserved miRNAs and proposed an additional
40 candidates; only 6 of the identified miRNAs were in common to other
monocots [332].

Extensive studies for the identification and characterization ofmiRNAs are not yet
available on barley with the exception of the work of Colaiacovo et al. [333]. Through a
bioinformatic approach, the authors used the features of previously known plant
miRNAs, accessed the publicmiRBase online catalog (http://www.mirbase.org), and
systematically searched for barley miRNA homologues and targets in the publicly
available ESTs database. In total, 156 miRNA mature sequences from 50 different
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families significantly matched at least one EST sequence in barley, with miRNAs
putatively orthologous to those of Triticum clearly overrepresented. Many previously
known and several putatively new miRNA/target pairs were identified. When
grouped into functional categories, the predicted miRNA targets allowed their
classification in regulators of biological processes such as development and response
to biotic and abiotic stress, with most of the target molecular functions related to
regulation of transcription. The sequence of candidate MIR genes was also inves-
tigated and putative polymorphisms (SNPs/indels) were found, both in functional
regions of miRNAs (mature sequence) and at miRNA target sites [333]. Such MIR
genes could thus represent an interesting source for the future identification of
functional genetic variability in the species.

Finally, it is worth mentioning here that small RNAs not only cause posttran-
scriptional gene silencing by cleavage, or translational repression of complementary
target mRNAs, but they are also involved in transcriptional gene silencing. In fact,
small RNA profiles revealed a direct correlation between the ability of genomic
sequences to produce siRNAs and DNA methylation, with siRNAs supposedly
involved in themethylation of at least one-third ofmethylated loci inArabidopsis [297].
This would happen through a process called RNA-directed DNA methylation
(RdDM). Specific histone deacetylases (HDACs) could represent a crucial point for
the connection of small RNAs with DNA methylation and histone N-tail modifica-
tion. It is the case, for example, ofHDA6,which has been found involved inTGS [334]
and RNA-directed DNA methylation (RdDM) [335].

34.3.3
Metabolomics

The metabolome could be defined as the �quantitative complement of all the low
molecular weight molecules present in cells in a particular physiological or devel-
opmental state� (for a review, see Ref. [336]). Owing to the complex nature of
compounds produced in each plant species, the plant metabolome represents an
enormous chemical diversity [337]. Therefore, plantmetabolomics is not only a great
analytical challenge but also of great importance for plant biology since it is the final
product of genes through proteins and through all their reciprocal interactions.
Theoretically, metabolomic knowledge enables to explain in detail plant cellular
systems and thus permits the researchers to projectmolecular breeding approaches in
order to improve crop productivity of food, pharmaceuticals, biomaterials, and
biomass for energy. Last but not the least, complete metabolic profiles can contribute
to theunderstandingof the cellular system in response to changes in the environment.
Moreover, genetic variations and changes in metabolite accumulation profiles can be
treated as chemical phenotypes to identify loci and genes relevant for a specific
metabolic pathway. A summary ofmetabolic profiling studies performed in plants and
their related databases can be found in Ref. [85]. Two interesting examples deserve
mention here: the Golm Metabolome Database – GMD (http://gmd.mpimp-golm.
mpg.de [338]) and the MS/MS spectral tag – MS2T libraries (http://prime.psc.riken.
jp/lcms/ms2tview/ms2tview.html [339]). ThroughGMD, users have public access to
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more than 25 000 mass spectra libraries, metabolite profiling experiments, and
related tools, while browsing MS2T researchers have open access to collections of
phytochemical LC-MS2 spectra represented by 1 633 639 records from Arabidopsis,
rice, wheat, and soybean. Containing wide-ranging data acquired from several
�omics� research works, the mentioned databases represent crucial information
resources and repositories not only for present plant metabolomics but also for
further integration of metabolic profiles [85].

Given the large number of studies on the metabolic response of plants to abiotic
stress that are accessible through the above-mentioned databases (for a review, see
Ref. [340]), here we will mention briefly some of the more relevant. For example,
metabolite profiling was used to understand the dynamics of the Arabidopsis
metabolome in response to low-temperature stress. Themetabolomewas extensively
reconfigured not only in plants overexpressing CBF3, as expected from the prom-
inent role for the CBF cold response pathway in the hardening process [341], but also
in plants with natural variation of freezing tolerance [342]. Basically, these data
identified that enhanced freezing tolerance is associated with the downregulation of
photosynthesis and hormonal responses and the induction of flavonoidmetabolism,
and provided evidence for naturally increased nonacclimated freezing tolerance due
to the constitutive activation of the CBFs pathway. In the chilling-sensitive species
rice,Morsy et al. [343] obtained a picture of themodification of oxidative products and
antioxidative enzymes in combination with the carbohydrate metabolism and
indicated a more direct involvement of the ROS-scavenging system in the tolerance
process. Sanchez et al. [344] reviewed a selection of publications in the high-salinity
stress field and by using GC time-of-flight MS profiles of polar fractions from the
plant models, Arabidopsis, Lotus japonicus L., and rice demonstrated the power of
metabolite profiling of conserved and divergent metabolic responses among these
three species. The authors concluded that a change in the balance between amino
acids and organic acids might be a conserved metabolic response of plants to salt
stress [344]. Finally, one of the very few examples of application of metabolome
profiling in barley in response to abiotic stress is represented by Roessner et al. [345].
The authors investigated via GC-MS themetabolite profiles in root and leaf tissues of
an intolerant, commercial cv. �Clipper� and a B-tolerant Algerian landrace �Sahara.�
After exposure to elevated B (200 and 1000mM in hydroponic solution), the number
and amplitude of metabolite changes in roots were greater in the former than in the
latter. In contrast, leaf metabolites of both cultivars responded only following high B
treatment [345].

We have already pointed out that hundreds of genes related to various metabolic
processes change their expression profile in response to P deficiency (see Sec-
tion 34.2.4.2). However, limited information is available for global metabolite
changes of P-deficient plants, especially for cereals. In barley, a nice example of
nutrient stress metabolomics has been published by Huang et al. [346] who profiled
polar metabolites from both shoots and roots of plants grown under various
low phosphate conditions. Gas chromatography–mass spectrometry showed that
P-deficient plants reconfigure their carbohydrate metabolism initially to reduce
P consumption and salvage P from small P-containing metabolites when stress is
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severe. Since data suggested that barley behaves as a P-inefficient plant in
metabolic adaptation to low P environments, the authors proposed that the manip-
ulation of metabolism through a shift in carbohydrate partitioning could provide a
logical strategy for improving P efficiency in barley and perhaps in other cereal
crops [346].

Combinatorial approaches that integratemetabolome and transcriptomedata have
elucidated regulatory networks acting in response to environmental stresses. Clear
examples are fromArabidopsis, in which themetabolomewas analyzed using various
types of MS after cold and dehydration exposure, and metabolic profiles have been
then combined into regulatory networks together with transcriptome data. Mar-
uyama et al. [347] coupled microarray analysis of transgenic plants overexpressing
genes encoding DREB1A/CBF3 and DREB2A transcription factors with the meta-
bolic pathways that act in response to cold and dehydration. A similar approach was
used by Urano et al. [348] to reveal ABA-dependent regulatory networks under
dehydration stress conditions by integrating chemical phenotypic changes between
wild-type Arabidopsis and a knockout mutant of the NCED3 (9-cis-epoxycarotenoid
dioxygenase) gene.

As already underlined, metabolite profiling data of segregating populations can
also be treated as a quantitative trait for QTLmapping (Section 34.2.5.2). The derived
mQTL are expected to enable the discovery of key genes involved in metabolic
changes andwould aid in the identification of genetic associations betweenmetabolic
and/or visible phenotypes [349]. This approach has been successfully applied to
model plants and crop species such as Arabidopsis [199], poplar [350], and toma-
to [351]. In addition, correlative patterns between metabolic and genomic diversities
can be reconstructed coupling data sets of genome-wide variation along with
metabolome variation in germplasm collections representing natural variation [352].
Such strategywill have an even easier application in the near future thanks to the ever-
increasing availability of high-throughput genotyping methods, including next-
generation resequencing.

To our knowledge, none of the strategies of integration of metabolome data with
other �omics� described in this section has been applied in barley, so far.However, we
could reasonably hope we will soon learn about results from this new-edge research
in crops such as barley, by possessing a wealth of genomic tools and data.

34.3.4
Ionomics

The ionome could be defined as the inorganic complement of cellular and organ-
ismal systems, and can be thought of as the inorganic subset of themetabolome. The
study of changes in the ionome of an organism, through quantitative and simul-
taneous measurement of elements in response to �physiological stimuli, develop-
mental state, and geneticmodifications,� constitutes the central ratio of ionomics (for
a recent review, see Ref. [353]). Owing to its high-throughput character as a
phenotyping platform, ionomic research enables a rapid generation of large data
sets depicting the ionome status of many thousands of individuals. This can thus be
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applied to the discovery of gene function (functional genomics) and to the assess-
ment of the global physiological status of plants [354]. Among the several laboratory
techniques that are available for application in ionomic research, the most exploited
ones are those based on mass spectrometry (MS). In particular, inductively coupled
plasma spectroscopy, bothmass (ICP-MS) and optical emission (ICP-OES), allows for
the parallel measurement of dozens of elements. Obstacles in detecting small
differences in the ionome have been overcome over the years by improvements in
these techniques [355].

Since the shoot ionome in a plant represents itsmineral nutrient and trace element
content, it is controlled by multiple physiological processes that start in the rhizo-
sphere and end with phloem recycling and evapotranspiration [354]. Changes in any
of these processes involved in inorganic ion transport from the soil solution to the
shoot can have a potential effect on the different ionomic signatures. Such shoot
ionomic signatures could be useful markers of a particular physiological condition
they are associated with because the shoot is a much more accessible tissue for
profiling than roots. Using a high-throughput elemental profiling and data handling
pipeline to rapidly analyze the shoot elemental composition of thousands of
Arabidopsis plants, Baxter et al. [355] identified and used multivariable ionomic
signatures to study plant response to reduced Fe or P nutrition.

The implementation of an information management system able to control all
aspects of the process is extremely important for any large-scale ionomics project,
where hundreds or thousands of samples are analyzed over an extended period of
time. Moreover, due to the complex interdisciplinary nature of large-scale ionomics
research, large collaborative projects are required involving various principal
investigators� laboratories, institutions, and field sites.

The huge amount of information generated by ionomics could be particularly
useful in view of the availability of genome-wide knockout collections of many crop
plants, of barley in our case, and in view of the development of high-throughput
genotyping methodologies. Once identified, candidate genes could be rapidly tested
for validation by screening for the ionomic phenotype of interest in various types of
sequence-indexed insertion lines carrying amutant allele of the gene of interest. This
will be a way to control elemental composition, a critical issue both for plant growth
and development and for nutrition of humans who use plants for food. In addition,
one of the possible future applications of ionomics will be linked to the study of crop
response to salinity and heavy metal stresses. We also think that this will be of
particular interest to the barley community as it is, as mentioned, among the most
tolerant among the species of the tribe Triticeae.

Disclosing the genetic architecture behindmineral ionhomeostasis in plants is the
critical first step toward understanding the biochemical networks that regulate the
ionome. In this view,QTL for several ionomic traits could also be identified in various
species. In Arabidopsis, rice, and maize, they have been mapped by the use of
immortalized mapping populations such as DH lines. Traits as phosphate accumu-
lation in seed and shoot [356], shoot cesium accumulation [357], shoot selenate
accumulation [358], seed K, Na, Ca, Mg, Fe, Mn, Zn, and P accumulation [359], and
sulfate accumulation [360] have been identified in Arabidopsis. In rice and maize,
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these traits include P, Si, Na, and K accumulation (for a review, see Ref. [354]). In a
recent paper, Buescher et al. [361] exploited the natural phenotypic variation present
among 12 Arabidopsis accessions and 3 recombinant inbred line (RIL) populations
grown in the presence of Li, Na, Co, Ni, As, Se, Rb, Sr, and Cd at subtoxic
concentrations in several environments. Using high-throughput ICP-MS the con-
centrations of 17 different elements were analyzed and significant variation was
detected between the accessions. Over a 100 QTL for elemental accumulation were
identified, and interestingly environment alteration showed a strong effect on the
correlations between different elements and the QTL controlling elemental accu-
mulation. Once QTL have been identified with ionomics, genomics tools nowadays
available for crop andmodel plants could be applied to locate the genes that underlie
these loci responsible for the ionomic phenotypes and thus describe such traits in a
novel way, that is, at the molecular level. The majority of the ionomic studies
conducted to date have been limited to a small number of species with the exception
of the report byWatanabe et al. [362] inwhich the authors conducted a broad survey of
42 elements in 670 plant species collected from 29 locations. In order to be able to
fully understand the ionome, research needs to expand to more species including
barley. In the near future, when the third-generation sequencing becomes an
affordable reality, high-throughput ionomics phenotyping platforms, combinedwith
other omics tools such as transcript profiling, proteomics, andmetabolomics, will be
critical for the possibility to fill the still existing gap between our knowledge of
genotype and that of phenotype.

34.3.5
Phenomics

According to the International Plant Phenomics Network (IPPN, http://www.plant-
phenomics.com) phenomics – that is, the physical and biochemical traits of organ-
isms that change in response to genetic and environmental variation – aims to (1)
develop, integrate, and provide novel technologies to analyze plant phenotypes; (2)
provide quality assurancemeasures in the technologies used for plant phenomics; (3)
identify gene functions and their relationship with environmental cues; (4) analyze
the way environments affect plant structure and function; (5) quantify plant perfor-
mance in specific environments in the laboratory and in the field; (6) develop new
concepts on the interaction between plants and their environment (physical, chem-
ical, and biotic); and (7) transfer novel technologies to applications in plant produc-
tion and for the analysis of natural plant and ecosystem performance. Of particular
interest for the future will be the effort of interaction between phenomics and the
other �omics� technologies to approach plant performance in the environment in a
holistic way both for basic and for applied research.

For different abiotic stress conditions, both the onset and the intensity of the stress
applied can be defined and controlled in a clean manner during a phenotyping
experiment. However, as far as studies on drought tolerance in plants are concerned,
the level and onset of water deficit is more difficult to control and monitor than, for
example, low temperature due to the fact that drought is a dynamic process and that a
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combination of the available water in the soil and the plant�s water status has to be
considered. Jones [222] reviewed the various measures of water status used in plant
and soil science with special emphasis: (i) for themechanistic effects of water deficits
on plants; (ii) for breeding of drought-tolerant plants; and (iii) for management of
irrigation systems. The author came to the important conclusion that the role ofwater
potential has received too much emphasis rather than cell turgor that can be
measured in plants. In addition to this is the common observation that too often
the molecular studies do not make an appropriate use of the necessary water status
measurements for phenotyping [222].

During the last years, besides classical phenotyping methodologies used to
estimate stress damage, some nondestructive image and data analysis became a
possible alternative screening approach to be applied in both the lab and the field. In
fact, traditional methods of measuring growth are time consuming and costly,
especially if they should be recorded on many thousand genotypes as it is often
necessary in large-scale omics research. Often, they also involve the destructive
harvest of plants. The training of specialized personnel is also a prerequisite for
precise and accurate phenotyping.Moreover,measurements of dynamic parameters,
for example, stomatal conductance or photosynthetic rate carried out at a single
developmental stage, and/or on a single leaf,may not be appropriate indicators of the
average of the whole plant. Eventually, a variety of nondestructive spectroscopic and
imaging techniques are now available to evaluate photosynthetic performance, plant
function, and plant chemical composition, which are potentially scalable from the
leaf to the canopy level [363]. Image acquisition constitutes only the first step in a
complex high-throughput phenotyping process. High-throughput analyses of
images and data are also essential for a functional workflow. Image analysis in plant
phenotyping can take advantage of existing software, such as MatLab (MathWorks
Inc.) or the free ware package ImageJ (http://rsbweb.nih.gov/ij/), and rely on
expertise already developed in other areas. However, the employment of experts in
image analysis and computer vision, together with efforts to convince the plant
science community of the validity of using image-derived measurements as a
valuable alternative to more traditional phenotyping methods, is necessary to
promote the deployment of these new technologies [364]. The mentioned technol-
ogies can be particularly useful in controlled environments for temporal resolution
andmonitoring plant growth throughout the entire experiment. They can also enable
the screening of large numbers of genotypes and the identification of small
differences in growth rate or expression of certain traits [365]. However, phenotype
validation of the results under real soil conditions and environments is necessary
before selecting parents for breeding. As more and more plant genomes are being
sequenced, there is no doubt that automated high-throughput or high-precision
phenotyping will increasingly remain one of the major bottlenecks in crop research.
Recently, in order to facilitate ways of automated phenotyping in the analysis of
natural genetic diversity in cereal crops and in crop response to abiotic stresses, plant
phenotyping platforms have spread worldwide. The Scanalyzer system developed by
the LemnaTech company (http://www.lemnatec.com) since 1998 represents the
most striking example in this field. It has found broad application in many research
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areas of crop phenomics, ranging from plant growth and development to the
investigation of the root system in either plant–plant or plant–microbe interaction.
Concerning barley phenomics, two very recently established facilities deserve
mention: the IPK Plant Phenomics Facility at Leibniz Institute of Plant Genetics
and Crop Plant Research in Gatersleben (Germany) and the Australian Plant
Phenomics Facility (APPF). Particularly relevant is the APPF, an AUSD 50 million
project based on two nodes. One is located at CSIRO Plant Industry and ANU in
Canberra and one is constructed on theWaite Campus of the University of Adelaide.
At the former, new nondestructive phenomics technologies such as high-resolution
infra-red imaging have been adapted for in-depth application to individual plants and
for use in the field, and at the latter facility a �Plant Accelerator� provides automated,
high-throughput, nondestructive imaging of plant populations in controlled envir-
onments. The key tools of the Plant Accelerator node are four �smart houses,� which
contain conveyor systems to deliver potted plants automatically to four imaging
stations for high-resolution, multiaspect imaging (both in the visible and the infra-
red wavelengths). Finally, from a collaboration between LemnaTech and KeyGene, a
greenhouse service operation that combines high-throughput, noninvasive technol-
ogy with trait interpretation to exploit phenotypic variation is accessible for service
(PhenoFab Europe, http://www.phenofab.com).

In conclusion, high-throughput imaging coupledwith plantmanagement systems
such as those cited above provides a valuable new tool system that allows a large
number ofmeasurements and amore precise dissection of plant responses to abiotic
stresses into a series of component traits. Unraveling the genetic basis of these
dissected traits will be significantly easier to deal with. In fact, trait dissection by
means of high-throughput phenotyping could provide a significant new opportunity
to understand the genetic bases of plant response to stress and, what is very
important, to exploit this knowledge for the improvement of yield under a variety
of stress conditions.

34.4
From Omics to Improved Abiotic Stress Tolerance: Present and Future Strategies

Barley environmental plasticity, largely acquired through its history of domestication
and selection, allows the present germplasm to be cultivated from the Northern
boreal countries up to the margins of the deserts and, of course, in the fertile
temperate areas. Such a diffusion of the crop most likely represents, in terms of
geographic parallels, the widest environmental adaptation for a cereal crop. Other
species are more limited by the environment, both in colder and in dryer lands.
Genetic improvement of barley capitalized on its ability to escape abiotic stresses
more than to tolerate them, apart from the adaptation to higher soil salinities that
could represent a true tolerance. In addition, a limit of this C3 species is the amount
of biomass production (both total and relative to the water used) as its wide diffusion
is often coupled with low or very low yields. Therefore, for barley, as for other
commodity crops, the challenge to feed a growing world population is open. In view

34.4 From Omics to Improved Abiotic Stress Tolerance: Present and Future Strategies j841



of this scenario, Fedoroff et al. [366], urged to radically rethink agriculture for the
twenty-first century, focusing the research efforts to obtain both process (techno-
logical) and product (breeding) solutions to cope with shortage of chemical inputs
and increasingly fluctuating environmental constraints. The heart of such agricul-
tural paradigms is to close the loops of nutrient flows, from microorganisms to
plants, animals, and back, in agricultural systems powered and irrigated as much as
possible by sunlight and seawater [366].

This chapter has reviewed the �omics� research of tolerance to abiotic stresses in
barley. Genomics results have constituted the larger amount of information and
knowledge achieved until now; and as underlined several times, the first approaches
were directed toward single stresses and single spatiotemporal levels of the response.
This is anyway expected when a researcher is facing an unknown and complex
phenomenon: simplification allows reduction of unknown andunexpected variables.
This notwithstanding, the omics awareness of themolecular response of barley to the
most important abiotic stresses has been consistently growing. Two aspects of the
success in dissecting the biological problem should deserve mention. The first is the
constant advancement of technological platforms. For instance, in littlemore than 20
years, third-generation sequencing chemistries took the place of polyacrilamide gel
sequencing.Without such a development, there would have been no chances to scale
up the experiments and the obtained outputs to the global level. The second is the
leading role played by the Arabidopsis research, �THE model plant� – as named by
Street et al. [367] – that deliveredmany advanced results and hypotheses on response
pathways, later verified in H. vulgare.

If we look at the many studies carried on the model species, we realize that the
achieved omics results, in particular genomics, are impressive. We might consider
the following series of milestones. After the identification of the first list of stress-
induced genes, the regulons of key transcription factors for the active response to
temperature and osmotic stress such asDREB1/CBF, DREB2, AREB/ABF, andNAC
have been first identified and characterized in Arabidopsis and then found with
similar structure and responsiveness in the grasses [368]. Genome-wide transcrip-
tomic studies in Arabidopsis, available in the AtGenExpress resource, revealed the
existence of a molecular crosstalk among the different abiotic stresses [369], more
intense between salt and drought, and between abiotic and biotic stresses [370]. The
first putative stress sensors as the histidine kinaseAtHK1, and the existence ofMAPK
cascades for signal transduction, have been identified in Arabidopsis [18]. Since
practically a decade of Arabidopsis abiotic stress research has been clearly in the
postgenomics era [327], the availability of the complete genome sequence has
facilitated access to essential information for all genes, like the gene products and
their function, the transcript levels, putative cis-regulatory elements, and the pres-
ence of alternative splicing patterns. These data have been obtained from compre-
hensive transcriptome analyses, studies of full-length cDNA collections and T-DNA-
or transposon-tagged mutant lines, under the enhancing frame of the genome
sequence information [327]. Research in Arabidopsis also allowed to characterize a
common, �universal,� stress transcriptome, modulated by a broad range of stress
conditions: cold, osmotic, salinity, wounding, and biotic. The common response
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metabolism comprises the ROS signaling, JA-, and other hormone-regulated
genes [371, 372]. It has also been possible, at cellular level, to draw a schema of
common stress response pathway genes [372]. The discovery of the stress induction
of new regulatory systems that depend on small noncoding RNAs [373], as well as of
the contribution to stress responses of posttranscriptional regulations, has been
achieved in the model plant [327]. Metabolomics studies allowed to uncover the
reorganization of Arabidopsismetabolic network and to identify specific metabolites
induced by a specific regulon; for example, the accumulation of sucrose, raffinose,
galactinol, and myo-inositol linked to theDREB1A induction [374]. Protein analyses
in the model species allowed to uncover the role played by key regulators through
ubiquitination and sumoylation [327]. Studies on the role of Ca2þ , plant hormones,
regulatorymechanisms involving small RNAmolecules, chromatinmodulation, and
genomic DNA modifications have enabled us to recognize that plants have evolved
highly sophisticated systems in response to complex abiotic stresses [327]. The
increased emission, and a possible role for particular volatile organic compounds
(VOCs) inmitigating the effects of the oxidative stress, has been demonstrated in the
model plant [375, 376]. Quite recently, Matsui et al. [325] applied Arabidopsis
Affymetrix tiling arrays to study the whole-genome transcriptome under drought,
cold, high-salinity, and ABA treatments demonstrating that thousands of transcripts
derive from the unannotated �intergenic� genome regions; these transcripts can be
differentially induced by abiotic stresses. Moreover, results achieved in Arabidopsis
revealed that the transcriptional response of root cells to environmental conditions is
mediated by a smaller core set of genes that determines the root cell identity [377],
demonstrating that differentiated cells in roots respond differently to various abiotic
stresses.

On the trail blazed by Arabidopsis research, also in barley the large majority of
research gave genomics precedence over other omics. Perhaps, the most significant
and original contribution to the global knowledge of the response to abiotic stress of
barleywas due to the achieved genetic results. Inmany cases, theQTL responsible for
tolerance to abiotic stresses were genetically mapped in barley, besides other crop
species such as maize or rice. Figure 34.1 shows an updated summary of the �hot�
genomic regions in barley for the presence of abiotic stress toleranceQTL. Thefigure
illustrates how such important genomic regions are not randomly distributed
through barley genome, rather they are concentrated on specific Bins, for instance,
Bins 9 and 10of chromosome2H, orBins 6–12 of chromosome5H.On the onehand,
this amount of information has allowed linking genomicswith breeding, on the other
hand, such studies sometimes showed, thanks to positional cloning of the QTL, that
the types of mutations, genes, andmetabolic pathways that cause the QTL effects are
not distinct from those underlyingMendelian traits [378]. This should be sufficient to
confirm the fascinating Robertson�s hypothesis [379] of quantitative traits caused by
smaller effect alleles of genes underlying the qualitative traits. Only a set of abiotic
stress tolerance QTL, or their most likely candidate genes, have been cloned or
identified in barley until now (reviewed in Ref. [378]), as barley still has not fully
entered the postgenomics research phase like Arabidopsis. When this border will be
crossed, it is expected that such an amount of genetic knowledge would allow either
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the cloning of a higher number of barley QTL or the identification of candidate genes
for important agronomic characteristics of cereals. This in turn could produce results
economically far more relevant than those achieved by cloning Arabidopsis QTL.

In the next decade, �integration� is supposed to represent a scientific jump in
unraveling abiotic stress tolerance. Such a concept could be contained in the integral
view versus the differential view of genetics. Amodern approach to genetic problems
could, in fact, be integral rather than differential, in a sense analogous to the use of
integration in mathematics. The integral view could be best defined as the comple-
ment to the differential, gene-centric approach. In the integral approach, a phenotype
is more properly not due to a simple modification in DNA but due to such a
modification buffered by networks of molecular interactions. These include, for
example, the role of the detailed cellular structures of the egg cells, inherited together
with the genomic information [380]. The successful so-called systems biology should
then combine reduction and integration. Systems biology, which could be defined in
different ways, emphasizing in turn the role of dynamic modeling or the integration
of multidimensional data [381], is one of the future research fields for barley abiotic
stress tolerance. The integration of information could mean both the integration
of molecular levels, from nucleic acids to proteins and metabolites, and the
spatial integration, from single cells to organs [377, 382], individuals, and ecosys-
tems [383, 384]. Temporal integration couldmean the study of the long-term stresses
in addition to the shock ones [327], which should turn into plant adaptation. Finally,
integration could mean combination of environmental stressors rather than single
stresses [12, 374], also of abiotic versus biotic ones [371, 372]. This could lead to
nonobvious molecular responses [13] and networks.

Among the first examples of integration of levels is the concept of genetical
genomics, where global expression profiles are treated genetically in a segregating
population [190]; advances in genetical genomics have recently reviewed by Joosen
et al. [385]. Such an approach showed that local cis-acting eQTL, which in themajority
of cases result from cis-regulatory variation in the genes under differential expres-
sion, range from one-third to half of the total number of eQTL, while trans-
eQTL, which could be explained in variations in major regulators, for example,
transcription factors, have been in some cases demonstrated to correspond to key
regulators having pleiotropic effects on phenotypes, as in the case of the ERECTA
locus of Arabidopsis [385]. Such kind of results can contribute to answer questions
about the nature of pleiotropy [386].

A strong effect of epistasis was detected in a study aimed to unravel the genetic
regulation of the variation in theArabidopsismetabolome. The 11QTL clusters found
in their study by Rowe et al. [199] influenced the accumulation of more metabolites
than expected, and 8 of these clusters were associated with an epistatic networkmost
likely regulating the plant central metabolism. The authors were also able to identify
two de novo biochemical networks [199].

Li et al. [387] showed how it is already possible to generalize the genetical genomics
approach. Without increasing too much the complexity of the experiments (maxi-
mum 2 factors� 2 levels, according to the authors), environmental perturbations
could be introduced into a genetical genomics experiment, to understand how QTL
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effects differ across multiple environments of interest (e.g., different drought
locations or application of drought stress at different growth stages) and how the
genotype influences the response to environmental changes.

In the same integrative view, current technical advances in high-throughput
shotgun proteomics, mass spectrometry-based, should eventually allow to integrate
proteomics data into phenomics ones [259]. Weckwert [388] reviewed how multi-
variate statistics of high-throughput shotgun proteomics and metabolomics data in
Arabidopsis, coupled with data dimensionality reduction, can identify biomarkers
(metabolites and proteins) when they result in the most important variables.
Accessions could be differentiated on the basis of common and different behaviors
of metabolite–protein covariances. Moreover, integrative metabolomics and prote-
omics studies conducted on the same sample can show that biochemical regulation is
reflected by the covariance of metabolite–protein networks.

The first results obtained from long-term stress in Arabidopsis would suggest the
importance of epigenetic regulatory mechanisms [327]. Urano et al. [374] reviewed
the induction and repression of pathways by metabolome analysis of Arabidopsis cell
cultures, after long-term salt stress. Relevant results obtained from the integration of
omics research include the discovery of metabolic regulatory networks [374], gene
regulatory networks, their coexpression modules, and key �hubs� [367], or gene
coexpression networks, modules, and key �nodes� [389]. Weston et al. [389] empha-
size the importance of substituting the two paradigms of gene-to-phenotype and
phenotype-to-gene with a new one that integrates both approaches. The authors
illustrate the approach of gene coexpression networks, together with concept of
genomic signature. They built weighted gene coexpression networks by appropriate
algorithms on the basis of abiotic stress global expression data from AtGenExpress
database. They were able to obtain a list of 4000 most connected genes, with most
highly connected nodes (genes) that defined 6 groups of highly correlated coexpres-
sion patterns named �modules.� Owing to the general �network theory� [390], genes
within coexpression modules most often share conserved biological functions.
Weston et al. [389] identified modules responsive to heat, cold, salt, two UV-B
modules, together with a coexpression group of transcripts showing significant
relationships with nearly all stress treatments, overrepresented with genes partic-
ipating in signal transduction, including calcium-related ones and transmembrane
receptors. Interestingly, the most connected �hub� gene of such a module was a
previously uncharacterized ankyrin repeat family protein, possibly regulating SA
signaling. The authors conclude that relating genomic information to genetic
information would be crucial for exploring the full potential of the mechanisms
shaping phenotypic development [389].

Therefore, genetical genomics could contribute significantly to the dissection of
the gene regulatory networks of the cell in response to abiotic stresses. The identified
trans-acting eQTL, with caution for false positives [173], could in fact be considered as
major hubs of gene regulation [173, 385]. As in the case of a unique definition for
systems biology, which still does not exist, the concept of �network� also seems to
acquire different appellations, representations, and meanings in the available
literature. This is probably both due to the different statistical approaches pur-
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sued [367] and due to the different data that originate a network – for example, Yuan
et al. [381] describe gene-to-metabolite, �interactomics�, transcriptional regulatory
and gene regulatory networks. Moreover, no common rule of representation of
networks was established until recently; the only common graphical rule being the
presence of �nodes� and lines of connection to other nodes. That is why Le Novere
et al. [391] recently proposed a unified SystemsBiologyGraphical Notation (SBGN) to
provide all systems biology an acknowledged way of graphical representation.

Urano et al. [374] presented anewand complex regulatory network for the response
of Arabidopsis to abiotic stresses, which might substitute the more simplistic one,
going from sensor to effector genes, through signal transducers and TFs. Such a
model, which includes the control by small RNAs and by the mRNA turnover, also
hypothesized a role in controlling gene expression for two kinds of cytoplasmic
structures, the mRNA processing body and the so-called stress granule, which
contains translation initiation factors. Very recently, Street et al. [367] identified
38 transcriptional modules in Populus leaves, finding overrepresented Gene Ontol-
ogy (GO) categories in 71% of them, and individuating 18 modules conserved
between Arabidopsis and Populus. Interestingly, the integrative omics approach
predicted new leaf transcriptional regulators; a particularly strong hub was a
transcription factor putatively belonging to the Trihelix family of plant-specific
transcriptional activators, predicted to be involved in the regulation of all 55
photosynthesis genes overrepresented in transcriptional modules.

One of the more ambitious goals of the systems biology is the �virtual plant
project,� which is aiming to generate dynamic models of a plant to describe its
biological processes at different levels, from molecular to ecological [381]. Very
recently, a Web-based collection of informatics tools, named �ePlant,� has been
released, which allows, among other features, to display three-dimensionally bio-
logical data of themodel plantArabidopsis, such as the three-dimensional structure of
more than 70%of theArabidopsis proteome [392]. Such initial accumulation of results
from integrative biology thus delivers a cautious optimism about the possibilities to
deepen the knowledge about the barley tolerance to abiotic stresses.

34.4.1
From Omics to Systems Biology of Abiotic Stress Tolerance in Barley

Future barley omics efforts for understanding the biology of abiotic stress responses,
beyond doubt, should follow as much as possible integrative approaches, to deliver
results of general meaning for the grasses and temperate cereal crops in particular.
The development of the so-called �systems biology� was needed to integrate mul-
tidimensional biological information into networks and models. Therefore, after
Yuan et al. [381] we might simply define systems biology as the study of interactions
between different biological components, using models or networks. However, the
future development of systems biology in crop species such as barley depends on the
level of genomics knowledge and data accumulated; for this reason, there are
significant expectations from the efforts of the International Barley Sequencing
Consortium [16]. The simple development of a unified online analytical environ-
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ment, GeneNetwork (http://www.genenetwork.org), containing barley genotypic,
phenotypic, and expression profiling data represents the first attempt of barley
�systems genetics� [393]. Focusing on transcriptional regulatory networks could be of
particular interest for (1) the validation of predicted hubs and modules, like that of
DREB1/CBF; (2) for the discovery of �hidden� regulatory hubs (see, for instance,
Weston et al. [389]); and (3) for studying network modulation in case of multiple
imposed stresses, better if in field conditions.

Another interesting perspective in our opinion is a further exciting development of
quantitative genetics,within a new, integrative omics frame, in three directions. In the
first one, barley genetical genomics of abiotic stress tolerance could produce signif-
icant results, mainly by deploying transcriptional profiling and metabolomics data.
This because both segregating populations are designed ad hoc, and large character-
ized samples of cultivated diversity are available. The discovery of cis- and trans-acting
eQTL and mQTL should help clarify the existing networks at such molecular levels.
Importantly, epistatic effects, most likely existing in such complex biological
responses, could be uncovered in barley/abiotic stress systems as demonstrated by
Rowe et al. [199] in Arabidopsis. The proposed generalized genetical genomics
approach [387] could also be pursued to dissect conditional genetic variation, that
is,G�E,occurring in thebarley responses toabiotic stresses.AfterKliebenstein [386],
some studies reported initial evidence for intriguing bias of such conditional QTL
toward paralogous gene pairs. As the second direction, the hypothesis of Orr [394]
could be explored. For the author it is likely that, as an alternative to the Fisher�s
infinitesimal theory for quantitative trait loci (not demonstrated by the accumulated
QTL mapping results in various organisms), the early evolutionary steps in the
random adaptive walk to the optimumwould tend to be longer than those that follow.
Owing to Orr�s theory then, the evolutionarymodel leads to the robust prediction that
distribution of effect sizes is exponential; quantitative variation is determined by a few
QTL of (relatively) large effect and a number of genes of progressively smaller
effects [395]. If the summarized theory was confirmed, on the one hand the oldest
adaptive variants in barley would tend to be associated with the largest effects and, on
the other hand, a large part of minor QTL effects should still remain undetected. The
first significant step in this direction has been made in maize [378, 386]. Since 2008,
when a Nested Association Mapping (NAM) system had been developed, by crossing
25 different founders with a common tester line, Buckler et al. [396] identified 333
significant loci for flowering time in a NAM population of nearly 5000 lines, and the
vast majority of QTL had small to moderate effects. The third short-term perspective
could be the coupling of genome-wide association studies (GWA), when more
complete genomic sequencewill be available, coupledwithNAMor other segregating
populations, like the interesting �epigenetic RILs� (epiRILs) of Arabidopsis [397],
taking the advantages of combining association with traditional linkage mapping
studies. Fromanother point of view, it could be surveyedhowmuch structural variants
such as copy number variants (CNVs) and Indels are diffused among barley genomes,
to study their impact on phenotypic quantitative variation.

Thefirst relevant constraint in such perspective studies is the further development
of barley phenomics or of precise phenotyping for abiotic stress tolerance of large
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numbers of genotypes. The second constraint could derive from the apparently
contrasting results that show diffused phenotyping buffering in Arabidopsis. Joosen
et al. [385] report aQTL study comparing transcript, protein, andmetabolite data with
phenotypic traits, where only a limited number of QTL hot spots withmajor, system-
wide effects were detected, indicating that most of the genotypic variation was
phenotypically buffered. Then phenotyping, together with a further development of
phenomics, should be targeted to the dissection of complex phenotypes. These could,
in fact, contain �hidden,� nonobvious phenotypes. Tardieu and Tuberosa [398]
reviewed such issue, describing how recent studies in maize first related response
curves of leaf elongation rate to temperature, evaporative demand, and soil water
status, which were stable characteristics of the genotypes under different experi-
mental conditions. The parameters of these responses were calculated for lines of
mapping populations and were then genetically analyzed. On the basis of these
results, they also propose this procedure as a general two-step strategy, in which
phenotyping platforms could dissect complex phenotypes into simpler ones, suc-
cessively being coupled to quantitative genetics and modeling studies.

To support the theory of integrative versus differential genetics, Noble [380]
submits to the reader some interesting arguments, such as the concept of the DNA
genomic sequence as a database of templates rather than a program, and the concept
of the self-maintenance of cell structure, because it is first subjected to physics laws
rather than exclusively governed by theDNA.He also reports pioneer experiments of
McLaren and Michie [399], which in 1958 demonstrated how skeletal morphology
(number of tail vertebrae) of different strains ofmice depended on that of themother
into which the fertilized egg cell was implanted, and it could not therefore be entirely
determined by the genome. Integrative views of biology and genetics then have to
include genetic determinism as a component of a wider picture, which takes into
account shaping of the cell and the individual in relation to the environment. Such
alternative ways of regulation of stress response could be pursued in barley in the
coming years. For example, the demonstrated role of (maternal) chloroplasts in cold
acclimation [139] could be further studied by a systems biology approach. Taking the
indication in its broadest sense, deeper studies of the noncoding RNAs, of the cis-
regulation, of the CNVs, and of the rest of the �dispensable� genome are emphasized
here as a possible perspective.

Accumulation of results on stress-induced noncoding (nc-) RNAs strongly suggest
to increase also in barley the study of such level of regulation, as a fundamental
element to the systems biology of environmental responses. Microarray analysis and
new sequencing technologies have, in fact, revealed that themajority of the genome is
transcribed in many eukaryotes. Much of the RNA appears to be noncoding and an
ongoing debate is how much of a functional role it has. Matsui et al. [325], by
Arabidopsis Affymetrix tiling arrays, showed that more than 7000 transcriptional
units (TUs) of the �intergenic� genome were induced, of which 1275 and 181 were
up- and downregulated, respectively, by the drought, cold, and high-salinity stress or
ABA treatments. Most of them were shown to be hypothetical nonprotein-coding
RNAs, and about 80% of the TUs were antisense transcripts fully overlapping
with sense transcripts. Lu and Huang [400] reviewed how microRNAs (miRNAs),
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approximately 22 nucleotide long, could be involved in abiotic stress response, and
some of them strongly upregulated by cold, dehydration, and salt; interestingly,
Arabidopsis plants constitutively expressing miR399 accumulated more inorganic
phosphate than the wild-type, suggesting a role in nutrient stresses. Yao et al. [401]
showed that some small nc-RNAswere responsive to heat, cold, salt, and dehydration
in the closely related species wheat (T. aestivum L.). The classification and systems
organization of the various noncoding RNAs is still going on. Rymarquis et al. [402],
for example, review the class of mRNA-like noncoding RNAs (mlnc-RNAs), >40
nucleotides long, which could also be involved in response to phosphorus depriva-
tion. De Lucia and Dean [403] recently suggested to include in this already wide
scenario of noncoding small RNAs (Section 34.3.2.3) a diffused presence of long
(>100 nt) noncoding RNAs, intergenic, aberrantly processed, and antisense tran-
scripts, which can affect chromatin regulation like the small noncoding RNAs. Long
nc-RNAs could influence chromatin regulation and consequent gene expression by
direct effects on transcription, by recruitment of chromatin modifiers, and by
formation of silent nuclear compartments. Recent data suggest that they might
have interesting roles in the phenotypic plasticity of plants: the silencing by cold
(vernalization) of FLC (FLOWERING LOCUS C) floral repressor gene of Arabidopsis
seems, in fact, due to in the early phase of vernalization the COOLAIR (cold-induced
long antisense intragenic RNA) antisense transcripts [403].

Plant genomes also contain conserved noncoding sequences (CNS). They are
enriched in known transcription factor or other cis-acting binding sites. Interestingly,
they are usually clustered around genes. Gene regions that respond to external
stimuli are particularly rich in CNS, although only rarely does this function involve
small RNA binding. It has been estimated that about 4% of Arabidopsis gene content
is CNS-rich; such a portion of the genome, physically not irrelevant, was named as the
region of �Bigfoot genes.� Most Bigfoot genes in plants are transcription factors or
generally �regulatory� genes. Some cases are known, such as that of the sphingosine
kinase gene conserved in grasses (rice, sorghum, andBrachypodium), with CNS 12 kb
upstream and 2 kb downstream chromosome [404].

As sequence information of several grass genomes started to accumulate, com-
parative analyses revealed that the so-called �junk DNA,� largely made of transpos-
able elements, could be responsible of a huge amount of genome variation. In fact,
both intergenic and local genic content varies not only between closely related species
but also among individuals within the same species [405]. One striking evidence of
the cis-regulative role played by intergenic noncoding regions is represented by the
major flowering time quantitative trait locus Vegetative to generative transition 1 (Vgt1)
in maize. Through positional cloning and association mapping, Salvi et al. [406]
resolved this QTL to a mutation in a �2 kb noncoding region positioned 70 kb
upstream of ZmRap2.7, an Ap2-like transcription factor involved in flowering time
control. It is today not known if such cis-acting regions present in noncoding
intergenic regions are diffused and have a role in barley environmental responses.
However, there are recent evidences of a wide diffusion of cis-regulation in plants, not
only epigenetic, coming from genetical genomics [385], allele-specific expres-
sion [407], and Arabidopsis tiling array experiments [408]. As we underlined at the
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beginning of this paragraph, local eQTL could be the result of closely linked trans-
acting factors, but more often by cis-regulatory variation that affect transcription
initiation, rate and/or transcript stability [385]. To discriminate true cis-regulatory
eQTL from local trans-regulation, allele-specific expression (ASE) assays can be
performed in F1 hybrid. A pioneering allele-specific expression study has been
performed in the inbreeder barley by Sanger single-base extension on five F1 hybrids
between putatively drought tolerant and drought susceptible parentals, including a
wild H. vulgare ssp. spontaneum line. The authors used a small set of 30 genes
putatively involved in stress response and verified that 63% of these showed allelic
differences in expression under drought stress in at least one cross, up to a 19-fold
scale, inferred to be controlled by cis-acting regulatory variation. The high frequency
of unequal allelic expression was also influenced by genetic background, develop-
mental stage, and drought stress [407]. These evidences would suggest the barley
research community to deepen the study of the existence of and the role of diffused
cis-regulation in tolerance to abiotic stresses. For a further unequal allelic expression
study, an RNA-seq strategy should be followed once a complete array of reference
sequences for each barley gene would be available for each barley chromosome.

Copy number variation is one of the reasons for differentially expressed genes in
diverse individuals of a species, and this could be of phenotypic relevance. In fact, as
already observed in humans, copy number variants or presence/absence variants
(PAVs), possibly encompassing coding sequences, may underlie major genetic
variation in traits such as susceptibility to diseases and also environmental
response [409]. By short-read mapping depth, Sudmant et al. [410] was able to
accurately estimate the absolute copy number for CNVs in 159 human genomes,
reveal population diversity forCNVs, and identify human-specific expansion of genes
associated with brain development. In human and Arabidopsis, genome-wide asso-
ciation scans (GWAS) used SNPs; however, known CNVs, which account for over
15% of the assembled human genome, are not easily tagged by SNPs [411]. The
authors suggest the use of tailored approaches, as new-generation arrays, to explore
the full genome variability beyond the SNPs. Also in plants, CNVs and PAVs might
contribute to the high levels of phenotypic diversity and plasticity observed; extended
surveys of structural variations are available at present for Arabidopsis [412] and
maize [413, 414]. Through comparative genomic hybridization (CGH) array, Swan-
son-Wagner et al. [414] identified 479 genes with higher copy numbers and 3410
genes with fewer or missing copy numbers compared to the inbred line B73. In
comparison with teosinte, these variants were suggested to be ancient (in agreement
with Bel�o et al. [413]) and to predate domestication; many of CNVgenes belonged to
gene families. Bel�o et al. [413] found them distributed along all maize chromosome
arms, and both groups concluded that they might have a considerable impact on
maize phenotypes. By the same CGH approach, DeBolt [412] identified regions of
gene CNV across the Arabidopsis genome. The author sought to test whether
Arabidopsis, grown under different temperature (relatively low and high) and stress
regimes (salicylic acid spray) for five generations, displayed differences in CNV
relative to a plant lineage growing under normal conditions. He documented
exceptional rates of CNVover immediate family generational scales, and a propensity
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for duplication and nonrepetitive CNVs occurrence, which was correlated with the
greatest stress conditions. This led to the hypothesized potential CNV–environment
interaction, contributing to adaptive capacity of plants. Knox et al. [210] documented
in barley CNVs in the genomic region harboring the CBF transcription factors in
frost-tolerant genotypes, possibly increasing both CBF and downstream target-gene
expression, thus resulting in a selective advantage during winter. The question if
changes in CBF copy number are due to human selection after domestication still
remains unsolved, although evidence in maize might lead to hypothesize a more
general ancient origin in plants.

A single plant genome sequencemight not reflect the entire genomic complement
of a species as in bacteria. The concept of plant �pan-genome� was thus intro-
duced [415], including a core and a disposable fraction. The former is composed of
both single-copy sequences (represented by most if not all genes) and transposable
elements that are found among all individuals in a certain genomic location, the latter
is made up of partially shared and/or nonshared DNA sequence elements. In
particular, the dispensable genome mostly contains transposable elements of dif-
ferent types that, although present inmultiple copies in each individual, can be found
in a specific location only in some of them. Uncovering the intriguing nature and the
functional role of the dispensable genome will ultimately represent a big step toward
the unraveling of the processes that are at the basis of genetic and phenotypic
variation.

The list of possible perspectives could not be limited, of course, to the ones that we
presented here. Importantly, the described perspective aims should also take into
consideration the expected/unexpected risks and limitations present in the necessary
technologies. The first risk resides in the real capacity of barley science to reach a
completely postgenomics era, as already emphasized. The second big challenge is the
achievement of a sufficient bioinformatic capacity, both in terms of structures and
relative computational capacities and in terms of tools and researchers, which for
even large barley research groups could be a significant limit. In order to cope with
this challenge, more andmore barley omics research groups should try to join hands
with or collaborate with bioinformatics groups. Notwithstanding the limitations,
trying to scale up the knowledge of the tolerance mechanisms from loci/genes/
metabolites to systems is one of the most interesting promises of systems biology of
stresses. As summarized by Hirayama and Shinozaki [327], among the next chal-
lenges that systems biology will face there could be the identification of abiotic stress
sensors, understanding the molecular basis of interplay among stresses (including
biotic ones), identification of key factors connecting abiotic stress responses and
developmental processes, studying long-term plant responses undermultiple abiotic
stress conditions in nature.

However, even if such promises from the integrative approaches will be met,
at least in the model plants, still new tools and strategies are needed to improve
barley for closing the yield gap, from actual to potential yields, in the presence of
abiotic stresses. We present in Figure 34.2 an updated schema of the integration
of �omics� in barley, to approach the improvement of abiotic stress tolerance through
an integrative biology perspective. In particular, connections between omics
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components, crop physiology, and barley genomics-assisted improvement have been
introduced into the schema.

34.4.2
Integration of Omics with Crop Science

As for other crops, the ultimate objective for barley research is yield or, more
precisely, potential grain/biomass yield. This is the first unquestionable difference
from plant models like Arabidopsis or Brachypodium. The second difference lies in
barley�s relationship with the environment, through all its growth cycle till its final
potential yield, and the interaction with the agricultural soil; hydroponics or other
artificial growth conditions are not an option. It is worth noting that for the

Figure 34.2 Proposed schemeof integrationof �omics� scienceswithin a frameof systemsbiology,
for the improvement of barley abiotic stress tolerance.
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identification of the genetic basis of adaptive variation, Arabidopsis research is still
aiming as a perspective to reach ecologically realistic conditions, by simulating
outdoor field experiments [327, 397]. For example, through a genome-wide associ-
ation study, Bergelson and Roux [397] found that only 2 out of 25 candidate genes
associated with flowering in Arabidopsis and measured under field conditions had
also been proposed as candidate genes for flowering time scored under greenhouse
conditions. The third difference is that barley, as a cultivated plant, went through a
long history of domestication and breeding practically in all regions across the world,
which led to a large number of genomic rearrangements named cultivars (see also
Section 34.2) that are not available for the noncropmodel plants. The last andmaybe
most striking difference, from a plant biology point of view, is that all barley relations
with the environment should be considered as the interactions of a community of
barley plants with the environment and between each other with respect to the
environment. Although this is true in a certain aspect also for Arabidopsis and
Brachypodium in nature, where they live inmixed interspecific communities, it is not
the case of their experimental systems and studies, where the individual level has
been practically always the highest level of investigation. Of course, all these
differences cannot be taken in account for rice, the third genomicmodel of reference
for cereals that in the four mentioned aspects can be considered identical to barley.

As a consequence of such differences, the phenotypic complexity compared to a
noncrop model is significantly higher. Phenotypes at the crop (community) level are
expected to be regulated by gene networks whose effects and expression could be
highly dependent on environmental conditions and developmental stages. These
phenotypes are achieved through multiple intermediate component processes and
orchestrated feedbackmechanisms, by both intra- and interplant competition and by
interactions between stress factors. Because of the competition, a change of one
component may result in an often unexpected, but negative, consequence on other
components, and the final yield of a crop cannot be simply predicted from the yield of
single plants grown in isolation [416]. For these reasons, the study of the dynamics of
response to abiotic stresses in long-term experiments, in different developmental
phases, and in field conditions of competition with other individuals, although
representing a highly complex experimental scenario, could be crucial to obtain
affordable data on regulation networks. This, in turn, would be useful to depict the
reality of the crop. The importance of scaling up the systems biology frommolecules
to ecosystems has been emphasized recently. Raes and Bork [383], even if presenting
amicrobial ecosystems biology (easier to be dealt with), correctly underscore how any
systems biology approach would need a �parts list,� the connectivity between the
parts, and the placement of such connectivity in a context of time and space.
Keurentjes et al. [384], while presenting fascinating dynamic response scenarios in
plants, where volatile organic compounds and insects are involved, invoke the
challenge to generate accurate experimental data that can be used together with
modeling concepts in amodeling–validation cycle. Very recently, Li et al. [417] studied
the developmental dynamics of the maize leaf transcriptome using Illumina
sequencing platform. They quantified transcript abundance along a leaf develop-
mental gradient, detecting differential mRNA processing events for most maize
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genes. The authors found that 64 and 21% of genes were differentially expressed
along the developmental gradient and between bundle sheath and mesophyll cells,
respectively. The data set they created could serve as the foundation for a dynamic
systems biology approach for understanding photosynthetic development.

While ecosystems biology is still at its first steps, the discipline of crop physiology
can be considered fully developed and available at present. Crop physiology, also
defined as the physiology of the crop plant communities, was in fact directly
supported by the described peculiarities of the crop systems. Crop physiologists
have substantially developed models predicting the behavior of a crop at varying
doses of external inputs, such as fertilizers, solar radiation, or water. At its beginning,
de Wit introduced in the late 1960s–early 1970s into crop physiology the �general
systems theory� of von Bertalanffy, first developed in the 1930s, and simulation
methodologies of Forrester, acquired in the 1960s and initiated research formodeling
the whole crop. The development of the whole-crop physiology modeling in the late
1960s was then analogous to the initiative for developing systems biology today, as
regard the need for instruments that could summarize increasing quantities of
experimental data.

A notable example of success of crop modeling to influence breeding is the
development of the so-called �super rice� in China. Setter et al. [418] showed, thanks
to a crop model, that thick erect final leaves displayed well above a low panicle were
essential for high yields in rice. This ideotype concept, combined with the use of
heterosis and of wider genetic resources, led in China to the release to farmers of
several super rice varieties, both inbred and F1 hybrid, some of themwidely grown in
China [416]. Crop physiology design could help bring further success in rice yields. A
few years ago, it was suggested that supercharging photosynthesis could be the only
way to improve substantially yield potential in rice while not increasing the demand
for water and nitrogen [419]. These authors strongly proposed introducing into rice
the C4 biochemical pathway andmodifying leaf anatomy so that the C4 systemworks
at its best in this crop. To examine the hypothesis, a detailed cropmodel analysis was
performed to assess the impact of the full C4 system introduced into C3 rice. The
simulations, conducted under the conditions of the International Rice Research
Institute (IRRI) experimental farm, envisaged a yield advantage of C4 versus C3 rice
from 10.5 ton ha�1, the maximum rice yield observed at the IRRI farm, to 13.1 ton
ha�1. This would represent an increase of 23%, a significant although lower than the
50% increase hoped for byMitchell and Sheehy [419]. In addition, in contrast to these
authors� proposition, owing to modeling conclusions, a higher nitrogen uptake
would be needed to reach a higher yield because C4 photosynthesis respondsmore to
leaf nitrogen than to the C3 routine under high light conditions.

Systems biology of plants should then try to add the last layer (crop community) of
the hierarchical organization of living beings; this is necessary in view of the needed
future contribution to food production and energy supply improvement. In the
present situation, crop physiology showed its possibilities, although it did not make
use at least until now, of information from lower hierarchical levels. There could be
therefore, also for barley science, a need to follow the new route of �crop systems
biology� [416]. The concept was proposed aiming at modeling complex crop-level
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traits relevant to yield potential, by building links between �omics�-level information,
underlying biochemical understanding, and physiological component processes.
Developing crop systems biology could be demanding and with many challenges.
Mapping the organization levels (parts) and the communication systems between
these levels for the different key processes could become too complicated.However, a
robust model may not be necessarily a complex one andmuch of the fine details may
not be needed [420].

In the view of reducing complexity, the integration of genetic and genomics data
into crop physiologymodels could represent a possibility.We are convinced that time
is ripe for such an approach in barley, where a wealth of data are available on both
sides, that offield adaptation tomultiple stresses and that of genomics information. It
could be simply needed, for instance, to refine crop physiology models introducing
the genomic constitution as a further module of variation. On the basis of the
qualitative genetic characterization of major flowering time genes in Arabidopsis,
Welch et al. [421] proposed preliminary quantitative neural network model of
flowering time control in this species. Similar modeling might be explored for
phenology in barley both in temperate and in severely physically stressed environ-
ments. It is worth noting that scaling down to a lower level is not a one-directional
process that �omicists� alone could do, without the modeling experiences of crop
physiologists. For more complex candidate traits/processes than phenology, such as
carbon assimilation, nitrogen assimilation, and stress tolerance response itself, afine
understanding of systems biology first could be more urgent.

34.4.3
Integration of Omics with Future Barley Breeding for Abiotic Stress Tolerance

In the opening pages of this chapter, we hoped that the knowledge of the barley
tolerance to abiotic stresses obtained thanks to the omics research could have been
used to implement MAS programs of new varieties. Engineering barley to abiotic
stress tolerance could be a viable option, as well as for other plants, quite recently
reviewedwith its achievements and limitations by Vinocur andAltman [90]; however,
this would be expectedmainly for those countries with a fair law regulatory system. If
we define MAS as the genotypic selection of individuals performed in addition and
eventually substitution of phenotypic selection, it is obvious that we need detectable
DNA variations in linkage to genes and QTL responsible for agronomically relevant
traits. In this way, it would be possible to select DNA sequence variants (i.e., alleles of
genetic markers) without the need to phenotype the agronomical effect of the gene/
QTL (for a review, see Ref. [422]). Some concepts and observations can be derived
from such a definition. First, this approach for barley improvement is based on the
differential genetics theory [380]. On the basis of the gene-centric differential theory,
in fact, different molecular, and eventually agronomical, field-scored phenotypes
should correspond to different DNA variants at each gene. Such deterministic and
simplistic vision of genetics is not anymore sufficient to describe the reality of
complex phenotypes, as it was previously said. Consequently, MAS technology as it
has been considered so far could not be anymore considered as totally valid. The
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second observation is about which loci of barley should be selected. Figure 34.1 partly
answers the question. Cloned genes, candidate genes to explain components of
tolerance, described in the previous sections, are the first sequences whose positive
variants could be selected. In addition to such key determinants with generally
qualitative or major effects on tolerance, the genomic regions harboring positive
alleles of QTL for abiotic stress tolerance could be introgressed, one by one, or
�pyramided� in higher numbers into selected genotypes. In this case, classically two
flanking markers for each QTL should be used since every QTL is mapped at one
most significant locus, but with a confidence interval around themost likely position.
Efficient MAS, verified and validated in the past years by a large number of plant
breeders through the field performances of the marker-selected genotypes, is a
demonstration that in this case the deterministic differential concept still holds,
without the apparent need of an integrative approach to the matter. Examples of
barley MAS based on a few key loci are very numerous, from tolerance to several
biotic stresses (see, for example, Ref. [423]), tomalting quality traits (see, for example,
Ref. [424]), grain yield (see, for example, Ref. [425]), and tolerance to abiotic stresses
(see, for example, Ref. [426–428]). Briefly, not every DNA polymorphism in a
candidate gene is able to discriminate tolerant genotypes; every sequence variation,
or, better, every SNP haplotype recognized in a gene sequence must be first validated
as associated with superior phenotypes in a panel of donor and recipient breeding
lines and cultivars, before considering it as an MAS tool. For example, while it was
demonstrated that the CBFgene cluster at FR-H2 was conferring frost tolerance in a
�winter�� �spring� type barley cross (see Section 34.2.5.2), when the CBF poly-
morphisms were used for MAS in a panel of facultative, winter, and spring
barleys [427], or in a panel of winter barleys [428], only few of them were found
slightly associated with frost-tolerant genotypes. On the contrary, the mapping
polymorphism of the current candidate gene for Fr-H1 frost tolerance QTL, the
vernalization gene HvBM5A(VRN-H1) [214] was indeed highly associated with
tolerant phenotypes on the same panel of barleys, and could be used for MAS [427].

The effect of the selected allele in these cases is simplymechanistic; once inherited
in a plant, it simply determines an improvement for the trait of such an individual. As
underlined byWeston et al. [389], one of themajor opportunities afforded bymodern
genomics technologies, which ecology was not able to afford, is in fact the potential to
provide a mechanistic understanding of the processes by which genetic change
translates into phenotypic variation and the resultant appearance of distinct phys-
iological traits. For example, in medicine genomic information can be used to
determine the physiological state (e.g., diagnosis) and predict phenotypic outcome
(e.g., patient survival). It is then worth to be concluded that once composed in their
positive allelic variants into a plant, a relatively small number of candidate genes
playing major effects on stress tolerance, could be sufficient to significantly improve
existing crop varieties. Notably in rice, the simple introgression by marker-assisted
backcrossing of the cloned Sub1 QTL of submergence tolerance successfully
improved such a trait in a rice cultivar widely diffused in flood-prone Asiatic
regions [429]. Recently, Francia et al. [225] demonstrated how a simple allelic
combination of three candidate genes for the induction of flowering (that reside
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at VRN-H1, EAM6, and PPD-H2) could be selected while keeping randomly
unselected the rest of the genome. Through the regulation of the duration of
the growth cycle phases, such an allelic combination was per se sufficient to
gain �0.2 ton ha�1 compared to the average grain yield recorded for the �Nure�
� �Tremois� population in 18 Mediterranean locations, from fertile to heavy
drought environments. When such a few-gene combination would be inserted
into low-cost MAS programs, it might constitute a precision stress �escape�
breeding strategy, until now not pursued. The Generation Challenge Program
nicely followed a similar aim, by producing a barley marker-toolbox accessible by
laboratories of developing countries, which contains simple PCR-based markers
for the introgression of key genes improving fundamental agronomic traits (The
Generation Challenge Programme�s Molecular Marker Toolkit is curated by V. van
Damme, [430]). However, it might be investigated up to which number of such key
loci should be cumulated into a genotype until either a plateau or a full potential
yield is reached. The two issueswere not investigated in detail in barley, at least with
the specific aim of their theoretical validation.

Since some years, scaling up MAS has been suggested in crops till the genome
level, namely, to perform genomics-assisted selection [431]. In principle, at least one
polymorphism, or, to be more informative, one haplotype per barley gene could be
used, reaching tens to hundreds of thousands scorable SNPs. Intermediate levels
could also exist, in which, for example, all the abiotic stress-induced or related genes
could be selected, rather than all the markers in the genome.

The efficiency of improving barley by genomics-assisted selectionhas still not been
demonstrated. We could not consider in this chapter the big challenge to obtain
through recombination in this homozygously cultivated selfer species a precise
combination, in coupling, of positive alleles, at all loci. Then, at least theoretically, such
a �designed� genome [432] could be obtained. Another heavy task before starting
genomics-assisted selection is not absolutely trivial; the necessary step is to associate
with a trait each locus that should be selected, and to identify the sequence variant
(allele) with a putative positive effect on the trait. Once onewould be able to obtain the
desired allelic combination at thousands of loci, it could be verified which is the
overall performance of the selected genotype; conversely, if there are or not inter-
action effects between the selected genes and the genetic background. In fact, it is
possible that once constituted in its final shape, such a genomic ideotype not only
would keep the promise to increase performances but also it could lose someandgain
new interaction effects, which together would not allow it to reach the desired
performance.

QTLMASdeserves a separate discussion. If theOrr�s exponential theory is correct,
the majority of the QTL that were mapped until now in barley could be major-to-
moderate effect QTL, and still a significant part of the quantitative variation would be
missing, contributed by a large number of minor-effect QTL. On the one hand, this
would not exclude, at least for the moment, the Robertson�s hypothesis about the
Mendelian nature of genes underlying QTL, as a sort of �defeated� alleles of
qualitative effect genes. As underlined by Collins et al. [378], the majority of the
QTL cloned in barley and in other crops until today are in agreement with such a
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theory. In this view, the major andmoderate effect QTL could be the regulatory hubs
identified by functional genomics in the stress response pathways, and by genetical
genomics. On the other hand, the identification of a large number of minor QTL
could be challenging, since crossing schemes such as NAM, coupled with a huge
phenotypingwork on thousands of genotypes, could be required. Another hypothesis
should also bemade on the nature of theminorQTL. If it could be verified thatmajor-
to-moderate effect loci are in general agreement with Robertson�s theory and they are
variants of Mendelian single genes, we might conclude that they reside in the so-
called �core� genome [415], and this could be conceivable for all QTL that were
acquired through the barley domestication history. It might be argued if CNV could
be important for explaining the biological bases of QTL, as hypothesized in Arabi-
dopsis [397, 412], and in one case in barley [210], and which of them and in which part
of the genome could be relevant for adaptation to stresses. Then, it might be argued if
minor QTL, once accurately mapped, would reside in the �dispensable� genome
rather than in the core one. In other words, it could be verified if their nature is genic,
structural-based, or based on noncoding regulatory regions.

The results of barley genome sequencing [16] could help verify the existence and
characteristics of the dispensable genome also in this autogamous species and to
compare its features with what has been observed in an allogamous species such as
maize [415]; consequently, the hypothesis about the �real� nature ofminorQTL could
also be verified. To accomplish this task, genomics sequencing would need to be
coupled with GWA and NAM studies on large populations, and with phenomics of
tolerance to abiotic stresses [378, 397, 398].

We have already shown in these last sections how a redirection of the traditional
�reductionist science� approach to a �systems biology� approach is required to face
agricultural challenges in the future. Indeed, the bulk of the potential for future
improvements in barley tolerance to abiotic stress lies in the elucidation and
understanding of interactions of the various components of the biology of the plant
in concert with all the parameters of the production environment. First of all, systems
biology could tell usmore about interactions about loci, andmovemolecular-assisted
breeding from the differential view of genetics to a comprehensive integrative
approach. Second, it might help take barley from actual to potential yields, a fact
that could become more urgent in coming years. In fact, while it was demonstrated
that a combination of few loci would be sufficient to reach elite material yields by
MAS, as already said, genomics-assisted selection of an a priori fixed genomic allele
combination (ideotype) might be not effective to reach potential yields. Interactions
between coding loci, between these and noncoding loci, and between these and other
factors, for instance, cellular structures, could play a significant role to reach the final
phenotype. For instance, Joosen et al. [385] report a metabolome study where more
than one-third of the compounds present in the RILs were not detected in either
parent but were the most likely result of recombination of loci contributing to
biosynthesis pathways. Systems biology, by integrating the information at the various
molecular and structural levels, could also contribute to a better understanding and
add components of stress avoidance [90] strategies to the genomics-assisted
selection.
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The last issue should be discussed: the potential need for new MAS tools at
reasonable costs. As in other major crops, barley MAS is used both in the public and
in the private sector, in Europe and in other countries, mainly for introgressing
disease resistances and quality traits [422]. At present, different MAS platforms are
available, based on different technologies, although in many cases they are not really
cost-effective. In the case of SNP array platforms, they not always have sufficient
flexibility for user-defined SNPs that might vary between different projects. If we
focus on the barley and wheat seedmarket, wemight realize that it is amarket of self-
pollinating crops in which conditions of agricultural economical crisis could lower
the percentage of certified seed to less than 50% [433] and in which not all the seed
companies would invest huge amounts of money due to the possible low returns of
the investments. This notwithstanding, we believe that it is mandatory both to
increase the precision of breeding by genomics MAS and to include abiotic stress
tolerance into breeding targets. Moreover, there could be a place for the public
research to produce high-throughput although flexible genotyping platforms, which
at the same time could contain as much as possible the costs of genotyping.
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35
Sugarcane: Physiological and Molecular Approaches
for Improving Abiotic Stress Tolerance and Sustaining
Crop Productivity
Ashok K. Shrivastava and Sangeeta Srivastava

Sugarcane, an important cash crop, due to its long duration, faces vagaries of all the
seasons, and it is rather impracticable to provide favorable conditions for all the
critical stages, spaced far apart temporally. Furthermore, overexploitation of natural
resources and human activities have made our ecosphere prone to abiotic stresses
that affect growth and development, chemical composition, and sugar synthesis and
its accumulation in sugarcane, and ultimately affect sugarcane/sugar productivity.
They also aggravate certain other abiotic and biotic stresses and affect the availability
of seed cane. To defend the technological gains attained so far in sugarcane and sugar
productivity, and to augment them further to face challenges of abiotic stresses
physiological, breeding, and molecular approaches are important.

Among physiological approaches, criteria for selection of varieties (or parents for
use in breeding programs) for tolerance to abiotic stresses are important. For
management of abiotic stresses, physiological principles such as inducing hardiness,
increasing the age of crop at the advent of stress, training roots to go vertically deeper
in the soil, reducing the heat load and preventing further water loss from the soil, the
use of moisture absorbers in the soil (which make it available during drought), and
nutrient management are important in managing drought-affected and rain-fed
canes. Increasing the age of the crop at the advent of waterlogging/flood (so that it
suffers relatively lesser damage), planting rayungans or pre-germinated setts, pre-
ventingwater from entering root zone, improvingwaterlogged soils by incorporating
organic bulk manures, and using certain nutrients impart tolerance to waterlogged
conditions. Control of rhizospheric salinity, management of waterlogging, adjust-
ment of the ridge direction, the use of pregerminated setts and the use of trash veins
system of planting, the use of certain nutrients can effectively manage salt-induced
stress. For low-temperature tolerance, for reducing post-frost losses, altering plant-
ing time, frequent postmonsoon irrigation, and use of nutrients such as Si are
important. For improving sprouting of stubble buds and productivity of winter-
initiated ratoons, avoidance of low temperature for the exposed stubble (by covering
with trash, polyethylene, and soil), and certain biochemical interventions using plant
growth-regulating substances and nutrients appear promising. Nutrient deficiencies
developed under rain-fed and saline–alkaline conditions can be effectively managed
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by application of appropriate nutrient and organic matter in the soil. Silicates are
useful in overcoming the effects of low temperature and toxicity of Al and Mn in the
acidic soils.

Some Saccharum species and related genera possessing tolerance to abiotic
stresses have been identified. Their use in breeding programs may lead to devel-
opment of high yield, high sugar varieties tolerant to abiotic stresses. As in nature,
more than one type of stresses often occur together or the prevalence of one stress
may accentuate or aggravate the other, which further increases the losses, varieties
possessing tolerance to multiple stresses will be desirable.

Some progress has also been made in molecular interventions for inducing
tolerance to abiotic stresses in sugarcane. Genes and gene products induced during
hypoxia/anoxia have been identified. Real-time RT-PCR profiling of ESTclusters has
helped in identification of several stress clusters showing higher expression levels
under water deficit stress. Accumulation of osmolytes trehalose and proline also
contributes to drought tolerance. Expression of heat shock proteins and dehydrins
has a definitive role under high-temperature stress. Cold-inducible ESTs in sugar-
cane have shown induction of novel cold-responsive genes. There is a need to
understand the mechanism of action of these stress-responsive genes as to how they
help sugarcane to protect itself from various stresses.

35.1
Introduction

Being a long-duration crop, sugarcane faces vagaries of all the seasons. It is rather
impracticable to provide favorable conditions for all the critical stages, spaced far
apart temporally, so as to realize its optimal production potential. Furthermore,
overexploitation of natural resources and human activities have made our eco-
sphere prone to abiotic stresses such as drought (and shortage of irrigation water),
flooding/waterlogging, salinity, high and low temperatures, soil-related problems,
emerging nutrient deficiencies, and pollution. Cyclone and winds, especially in
coastal areas, also affect sugarcane productivity. The use of high-yield varieties,
high intensity of irrigation, and fertilizer consumption, especially the lopsided use
of nitrogen and pesticides in high production-intensive agriculture, has aggravated
some of these problems [1]. Abiotic stresses affect growth and development,
chemical composition, sugar synthesis, and its accumulation in sugarcane, and
ultimately affect sugarcane/sugar productivity. They also aggravate certain other
abiotic and biotic stresses and also affect the availability of seed cane (Figure 35.1).
The impact of abiotic stresses may aggravate further due to global climate change.
The IPCC has projected that global mean annual surface air temperatures by the
end of this century is likely to increase in the range of 1.8–4.0 C; and it is very likely
that hot extremes, heat waves, and heavy precipitation event may become more
frequent in times to come [2].

Sugarcane requires large amount of water, but it cannot withstand �wet feet� and
has certain temperature optima for various growth processes and stages of devel-
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opment. Poor natural ripening conditions such as high temperature and excessive
rainfall/soil moisture exist in most of the sugarcane growing areas of the world. In
India, rain-fed agriculture mainly exists on marginal and submarginal lands, which
suffer acute soil moisture stress, and is often accompanied by multinutrient (K and
Zn) deficiencies. Low temperatures prevailing at harvest, especially in subtropical
India, affect sprouting of stubble buds vis-�a-vis productivity of the succeeding ratoon
crop. Certain abiotic stresses are known to trigger off other abiotic/biotic stresses,
and their cumulative impact further aggravates cane and sugar losses. Abiotic stress
(es) leading to other abiotic stress(es) are as follows: waterlogging to salinity,
alkalinity, and in some cases acidity, and Fe toxicity; drought to salinity; low
temperatures to drought; salinity to B toxicity; high temperatures aggravate drought
effects; and soil compaction leads to depressed uptake of nutrients. Abiotic stress also
leads to some biotic stresses as follows: waterlogging to red rot, wilt, pineapple
disease, stubble rot, accentuates white fly (especially, in N-deficient soils), scale
insect, Gurdaspur borer, cut worm, and so on; drought accentuates damage due to
pineapple disease and leaf scald; prolonged drought in acid soils (supplied with
higher N) favor wilt development; heavy buildup of termites, shoot borer, pyrilla,
mealy bugs, whiteflies, scale insects, mites, wooly aphids, and so on; salinity to salt
blight, shoot borer; low temperatures to stem borer; nitrogen deficiency aggravates

Figure 35.1 Abiotic stresses affecting sugarcane and sugarcane productivity (reproduced from
Ref. [1]).

35.1 Introduction j887



white fly infestation and soil compaction leads to development of the early shoot
borer [1].

Many instances in the past have been recorded when advent of abiotic stresses
affected sugarcane and sugar production [1]. Recently, Central-south Brazil expe-
rienced severe drought in May–June 2010, which has resulted in decrease in
sugarcane productivity by 9.1% and loss in sugarcane production to the tune of
18.7 million tons. Australia has also experienced �wetter-than-average� conditions
that have both reduced sugar content and recovery [3]. In India, approximately 2.97
lakh ha of cane area is prone to drought, affecting the crop at one or the other stage
of growth. Floods and waterlogging are serious problems in about 2.13 lakh ha in
Eastern Uttar Pradesh, Bihar, Orissa, coastal Andhra Pradesh, and Kolhapur area of
Maharashtra. Sugarcane is cultivated in about 7–8 lakh ha under saline (both in
irrigated soils and in semiarid areas) conditions. Though the crop is moderately
tolerant to salinity, the losses are significant [4]. Approximately, 16.9 lakh ha cane
acreage (in Punjab, Haryana, and Western Uttar Pradesh) is prone to low tem-
peratures; in nearly half this area (8.5 lakh ha), sprouting of the winter-initiated
ratoons is affected and some areas also get occasional frost, affecting sugarcane
productivity.

35.2
Physiological Approaches to Improve Tolerance of Sugarcane to Abiotic Stresses

The several tillers attached to a sugarcane plant (and leaves and roots) make a
physiologic compensatory continuum that imparts the sugarcane plant an ability to tide
over many abiotic stress conditions, gaps in the field, varying nutrient levels,
infestation of pests, and so on [5]. Sugarcane has enormous compensatory ability
to restitute the losses incurred due to waterlogging after such conditions are over as
indicated by development of normal roots [6], increased rate of tiller elongation [7],
and buildup of stalk dry weight [8]. Among physiological interventions, two types of
approaches have been used: developing criteria for selection/identification of vari-
eties possessing tolerance to abiotic stress conditions and imparting tolerance to a
commercial variety to a particular abiotic stress.

35.2.1
Criteria for Selection of Varieties Possessing Tolerance to Abiotic Stress

Some of the physiological characteristics, which are related to the tolerance to a
particular abiotic stress, could be effectively utilized for evaluation of clones/varieties
so as to improve cane and sugar productivity under such conditions. These could
also be beneficial in evaluation of progeny of a cross or even a biotechnological
transformation through which transfer of a trait of economic importance is being
attempted.
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35.2.1.1 Drought Tolerance

. Thin-stalked varieties with more number of millable canes [9].

. Lower shoot:root ratio [10].

. Maintaining higher leaf sheath moisture (<76%) [11].

. Accumulation of free proline under water stress [12, 13].

. Release of more drought-induced electrolytes [14].

35.2.1.2 Waterlogging Tolerance

. Higher extension growth [1].

. Screening under simulated waterlogged conditions [15, 16].

. Sugarcane varieties (namely, Co 951, Co 975, and Co 62175) that retain higher
stalk population and maintain top foliage green during flooding and after
recession of floodwaters perform well under waterlogged conditions [17].

. Higher phenol oxidase activity [18].

. Less increase in alcohol dehydrogenase (ADH) activity during anoxia [19].

35.2.1.3 Tolerance to Salt-Induced Stress

. Pink pigmentation and waxiness in varieties [20].

. Selection in tissue culture: 0–5% differentiated callus of sugarcane is transferred
to Murashige and Skoog medium containing 20% coconut water and 18–20 g l�1

NaCl. Survivors were isolated after 5months. These were grown for additional 5–
13 months in a medium containing 10–20 g NaCl l�1 and the resultant tolerant
plants were field tested and evaluated for salt resistance [21].

. Single-bud setts of nearly uniform size are placed in jars containing 200ml of
NaCl solution (0, 2, 4, and 6 atmospheres of osmotic pressure). The sett is so
placed that the bud remains just above the solution level. These solutions were
changed every third day.On the 30th day, the setts were removed and shootweight
was recorded. The variety inwhich there was relativelyminimumdecline in shoot
weight (as in the case of Co 449) was rated as salinity tolerant [22].

. At Central Soil Salinity Research Institute, Karnal (India), sugarcane germplasm
is evaluated for tolerance to salinity–alkalinity at an ESP of 45 (pH 9.5) [23].
Evaluation of sugarcane varieties under sodic and saline conditions has also been
done by observing performance in response to natural variation in ESP and EC in
Australia [24] and in EC in Colombia [25].

. Ability to restrain Cl� uptake and its accumulation in leaf laminae [26].

35.2.1.4 Tolerance to Low-Temperature Stress

. Proportion of leaf tissue that remained green after exposure to low
temperatures [27].

. Budmortality index, plantmortality index, and field performance [28]. It is amore
comprehensive system.
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. Subjecting setts/settlings to low temperatures: 3–5 �C for 9 h (setts) and 3–5 �C for
5 days (6–8 week-old settlings and change in osmotic concentration of sap
intenseness was used to distinguish tolerant and susceptible varieties [29].
Freezing treatment (�2.5� 0.2 �C) for 6 h for 2 days in a deep freeze at 4–6 leaf
stage of the settlings appeared to be desirable.

. Mannitol and isomaltotriose content in cane juice [30].

. Presence of certain peroxidase enzyme bands [31].

. Increase in lactic acid [32].

. Electrolyte leakage [33].

35.2.1.5 Tolerance to High Temperatures

. Subjecting samples of þ 1 leaf to high temperature (55 �C) in a water bath for
15min and leaf tissue damage was assessed. Varieties least sensitive (<30%
damage) were identified as tolerant to such conditions [34].

. First the leaf tissues is acclimated to heat and then exposed either to various
temperatures for a set period of time (heat killing temperature) or to a given high
temperature for various periods of time (heat killing time) and death of tissues is
noted by electrolyte leakage by observing alterations in electrical conductivity.
Tolerance is usually estimated as time or temperature required to kill 50% of the
tissues [35].

Varieties/clones selected so could be used as tolerant variety in areas prone to a
particular stress or may be used in breeding to impart the tolerance trait to particular
abiotic stress.

35.2.2
Imparting Tolerance to a Commercial Variety to a Particular Abiotic Stress

35.2.2.1 For Drought Conditions
Drought is the most important water-related problem of sugarcane agriculture
worldwide. It is caused by annual precipitation being less than the normal, late
onset of monsoon, early withdrawal of monsoon, long intervening dry spell in the
monsoon period, and declining groundwater levels at faster rate. Low and high
temperatures and salinity and alkalinity also accentuate it. Types of drought expe-
rienced by a sugarcane crop [1] are as follows:

i) Occasional drought.
ii) Frequent drought: shortage of water and prolonged drought conditions as in

Maharashtra and Telangana in Andhra Pradesh in India, Sindh Province in
Pakistan, southern cane growing belt in China, and so on.

iii) Rain-fed conditions: characterized by frequent drought spells (leading to
severe moisture stress in soil–plant system) and multinutrient (K and Zn)
deficiencies.

iv) Experienced by the crop during dry spells in its growth cycle (availablemoisture
is not sufficient enough to maintain growth); for example, April–June in
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subtropical India, October–April in Lao PDR, Guatemala, June–August in
Japan, June–September in Papua New Guinea, and so on.

Any initial setback received by the crop during summer for want of irrigation
hampers tillering and the plant cannot compensate it later if the subsequent growth
span is short. If it is experienced during ripening, overstands, as in subtropical India,
cane yields decline and juice quality deteriorates.Magnitudes of losses increase if it is
a flowered crop. It also affects the performance of succeeding ratoon crop. For areas
prone to drought, following approaches have been adopted:

. Inducing drought hardiness: Soaking sugarcane setts in saturated lime solution
(80 kg lime/1000 l) for 2 h a day before planting induced drought hardiness and
improved cane yield. This is also helpful in areas with limited irrigation [36]. A
sugarcane crop can also be hardened by withholding water for 30 days at 90 days
after planting. As a result, the crop suffers less damage when it is required to face
the actual moisture stress during hot summer months [37].

. Increase the age of the crop at the advent of drought (so that it suffers less damage)
–Early planting: A sugarcane crop of relatively higher age, at the advent of drought
(when the summer sets in) withstands drought better than a younger crop. In
Andhra Pradesh, it is desirable to plant a 12 month crop in January to mitigate
adverse effect of drought (in summer). The best time for planting an adsali crop is
August/September for withstanding drought in the next summer [38].

. Training the roots to go vertically deep (rather than superficially and laterally) in
the soil: Before the onset of drought, the roots must be trained to go vertically
deep, rather than spread superficially and laterally so that they may obtain water
from deeper layers in the soil. For such purposes, planting in deep trenches is
desirable. In such trenches, soil moisture retention is improved by adding high
dose of bulky manure like farm yard manure (FYM), compost, and so on before
planting. In addition, trash must be spread to prevent surface evaporation of
moisture. Deep trench method of planting resulted in higher cane yields at
Vedapathimangalam, Tamil Nadu, where the crop experiences severe drought
during formative phase [39]. Experience in subtropical India indicates that after
planting in spring, it takes 40–45 days to complete germination and the crop is
normally irrigated immediately after this. Delaying this first irrigation, within
reasonable limits, also trains roots to go relatively deeper and impart some degree
of tolerance to drought in the ensuing summer season (R.S. Verma, personal
communication).

. Nutrients imparting tolerance to drought: A fertilized crop of sugarcane was
relatively less prone to losses due to drought. In Argentina, during the drought of
1995, cane yield losses ranged from 10 to 45% (in plot fertilized with N at the rate
of 100 kg ha�1) compared to 12–60% in the plots raised without N fertilizer [40]. It
has been observed that plants grown in a soil with K are less sensitive to
wide variations in water supply [41] and the K requirement of plants centers
around its four physiobiochemical roles: enzyme activation, anion neutralization,
membrane transport, and maintenance of osmotic potential [42]. Its application
also increased accumulation of free proline in sugarcane [43], which is an
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indication of drought resistance. Sato et al. [44] noticed that P supply alleviates the
negative effects ofwater deficit on sugarcanephotosynthesis, possibly through the
enhancement of proline content.

Under drought conditions, planting setts soaked in saturated limewater for 2 h
induced drought hardiness and improved cane yield. In tropical India, under
drought conditions, spraying urea þ KCl (2.5% each) at 60, 90, and 120 days after
planting (d.a.p.) improved cane yield [39]. Spraying of 2.5% K2SO4 during summer
mitigated drought and improved cane yield by 10.7% [45]. Potassium application
(60 kg K2O ha�1) þ 2 irrigation in February and March before the onset of drought
improved cane yield and juice quality [46]. At Coimbatore, where drought occurs
during early stage of crop growth, application of potassium either in the soil
(168 kg K2O ha�1) or its soil application (112 kg K2O ha�1) þ foliar application
(2.5% KCl spray at 45, 75, and 105 d.a.p.) improved both juice quality and sugar
yield [47].

Si deficiency increased the rate of transpiration by 30% [48] and improved Si
nutrition reduced the rate of transpiration [49], and application of Si could be helpful
in imparting drought tolerance.

In rain-fed areas, which experience frequent drought spells, severe moisture
stress results in soil–plant system. Besides the amount and distribution of
rainfall, soil type and its depth affect the moisture availability for crop growth.
Multinutrient deficiency (Zn and K) is also common in such areas. An optimal
nutrient supply (N, P, K and Zn) ensured relatively deeper root system and
helped in better adoption of crop vis-�a-vis sustained productivity under such
conditions [50]. Studies on other crops have shown that in rain-fed areas, under
limited moisture conditions, application of phosphorus also improved crop
productivity [51].

. Reduce the heat load and prevent further water loss from the soil: Application of
trash mulch soon after emergence was very effective in reducing water
evaporation from the soil and improved cane yields. Trash mulching during
initiation of a ratoon crop leads to conservation of soil moisture and improved
cane yield. The use of trash mulching in cane improved yield under drought-
affected conditions in tropical India [45, 52–56]. In Australia, the use of green
cane trash blanket improved yields under dry conditions. This was also
associated with better moisture retention, no soil erosion, and better weed
control [57].

. Use of moisture absorbers in the soil that make it available during drought:
Application of organic amendments in the soil of FYM, press mud, coir
waste, etc., ensures availability of some moisture during drought and
improves cane yield under such conditions [54, 58]. Needless to mention
that such amendments also improve soil physical conditions that enable
desirable root spread and nutrient uptake. Besides organic amendments, the
use of certain moisture absorbents (Jalshakti, Stocksorb, and Alcosorb), which
absorb water many times of their weight, make it available subsequently to
overcome drought [52, 58, 59].
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. Use of certain growth regulating substances: Foliar spray of low concentration of
ethrel (100 ppm) before likely onset of drought or soaking seed canes in it
improved drought tolerance and reduced the loss of cane and sugar yield [60].

35.2.2.2 For Waterlogged Conditions
Under Indian conditions, following types of waterlogging are normally met with:

i) Soils waterlogged in rainy season (July–September inmany sugarcane growing
areas) at grand growth phase.

ii) Waterlogging due to high water table because of lateral seepage of water of river
Ghagra (in Eastern Uttar Pradesh) affects all stages of growth.

iii) Water standing fromMay–July and soils saturated up to September (in Assam)
affect late tillering stage and grand growth phase.

iv) Sugarcane growing in valleys and banks (diara lands) where crop is subjected to
standing water 0.5–1.0m deep during July–September in north Bihar, Eastern
Uttar Pradesh, and West Bengal.

v) Heavy rainfall accompanied by cyclonic winds during December/January in
southeast coastal areas of Andhra Pradesh and Tamil Nadu (uprooting and
lodging during ripening adversely affect cane quality).

If the crop is flooded with water standing more than 0.5m deep or so for a longer
time, nothing can be done except to plant waterlogging/flood-tolerant varieties, in
areas frequently affected. For other types of waterlogging and stagnation of water (of
less than 1m), following approaches could be helpful:

. Increase the age of the crop at the advent of waterlogging/flood (so that it suffers
relatively lesser damage) – Early planting: A sugarcane crop of relatively higher
age, at the advent of waterlogging/flood will be damaged relatively lesser. In
Kerala, a typical eksali zone and in Andhra Pradesh, in the areas liable to
waterlogging, sugarcane is planted early on in the year so that the crop is
sufficiently grownupby the timefloods come in July–August [38, 61]. InNayagarh
(Orissa) where water remains standing for 30–40 cm from mid-July to end of
September, in a study sugarcane was planted at monthly intervals on 15th day of
each month from November to April. Cane and sugar yields were highest with
cane planted on 15th November and it decreased with subsequent plantings [62].

. Planting rayungans or pre-germinated setts: In Kolhapur of Maharashtra, flood-
ing during the establishment (or germination) is potentially devastating. By
planting rayungans or pre-germinated setts, sugarcane productivity may be
sustained to some extent [63].

. Prevent water from entering root zone – Planting on ridges: Waterlogged areas
that tend to get inundated with 60–100 cm deep water, planting on ridges
(in February/March) is beneficial. These are 45–60 cm high from soil surface
and 90–120 cm from the bottom of the furrow in between. These furrows contain
water and sugarcane remainsmuch above it. This practice allows improvement in
drainage and at the same time ensures some aeration for the roots as the root zone
lies above water level. Such a planting method has sustained sugarcane produc-
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tivity in waterlogged soils in Louisiana (USA) [64]. This method has also shown
promise in studies conducted at Captainganj (Deoria in Eastern Uttar Pradesh),
Marhowrah (Chapra), Barachakia (Motihari), and Chanpatia (Champaran) in
Bihar, using sugarcane varieties CoS 8436 (early ripening), CoS 767 (mid-late
ripening), and BO 91 (late ripening) [65]. In North Bihar, planting on raised
seedbeds has given best results in waterlogged areas. Double-row planting along
with raised beds has also improved cane yield [65].

. Nutrients imparting tolerance to waterlogged conditions: Under flooding or
submergence, O2 deficit in the rhizosphere results in decreased active ion uptake
and nutrient deficiency develops. It has been seen that an increase in P content in
the stalk was related to tolerance to flooding [66]. Application of 2% of N, under
trench planting system, improved yields under such conditions. To sustain
productivity of a ratoon crop, under such conditions 130 kg P2O5 along with
250 kgNha�1 was beneficial [46].

. Improvement of waterlogged soils by incorporating bulk organic manures:
Waterlogged soils could also be effectively managed by incorporating organic
matter through FYM, compost, and green manuring in Saurashtra region of
Gujarat. Application of press mud, coir waste, and groundnut shells are also
beneficial under such conditions [67]. In another study, application of 3 ton
ha�1 of press mud alone increased cane yield by 48% over waterlogged
control [68].

. Improving drainage: In Gujarat, installing a subsurface drainage system, in a
sugarcane area where water table normally fluctuated between 0 and125 cm
during the year and remained near the ground surface during monsoon months
improved productivity. The drainage system comprised of slotted PVC pipes laid
with gravel envelopes installed at 20, 30, and 40m drain spacing at a depth of 1m.
The improvement in sugarcane productivity was relatively more in closely spaced
drains. The closer drain spacing reduced the period of water stagnation [69]. In
Bichpuri Minor Command area of Uttar Pradesh, waterlogging and prolonged
wetness are major crop production constraints. Here also to improve drainage, a
network of surface drains and inverted siphons were constructed. This interven-
tion led to 22% improvement in sugarcane productivity, besides an improvement
in trafficking and workability in the standing crop [70]. In Haryana, proper and
low frequency of irrigation protects land from high water table and secondary
salinization [71]. In many coastal areas and valley soils in Puerto Rico, where
internal drainage is a problem, deep tillage and installing subsurface drainage
improved sugar yield [64].

35.2.2.3 For Salt-Induced Stress Conditions
In India, salt accumulation in the soils is one of themain threats to the sustenance of
irrigated agriculture. Soil salinity associated with waterlogging is a commonmenace
in all the major irrigation projects in the country. Although sugarcane has been
claimed to be a highly salt-tolerant plant [72, 73], salinity, alkalinity, and acidity are
important constraints to its productivity in many parts of the world.
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Following approaches have been adopted to minimize yield reductions in sugar-
cane due to saline–alkaline conditions:

. Control of rhizospheric salinity: Reclamation of salt-affected soils is a two-step
process involving displacing the Na held on soil exchange complex by application
of a chemical amendment, such as gypsum (1.7 ton ha�1 to remove 1meq Naþ /
100 g soil), and removing this displaced sodium from the root zone by leaching
with irrigation water. This may reclaim saline/alkaline soils and sustain their
productivity. Gypsum requirement varies with soil type and pH [74]. In Andhra
Pradesh, application of 3 ton ha�1 gypsum improved soil characteristics; however,
50% gypsum (1.5 ton ha�1) in combination with rice husk followed by flushing
with good-quality water gave the best results [75].

In Australia, on sodic soils, application of gypsum at 2 ton ha�1 with irrigation
water improved cane yield by 20% in some of the sodic soils. Subsequent studies
indicated that surface-applied gypsum (10 ton ha�1) and dissolved gypsum (2 ton
ha�1) applied through irrigation water produced an additional 3.5 and 2.6 ton cane
ha�1, respectively [76]. Cane yields, in fully irrigated sodic soils (ESP< 25), were
improved by up to 25% with application of gypsum at 10 ton ha�1 or 2 ton ha�1

annually dissolved in irrigation water. Reclamation of irrigated soil was also achieved
by reducing the natural slope from 0.49 to 0.07% while maintaining the integrity of
the topsoil [77].

In South Africa (Nkwaleni Valley), for reclaiming saline-sodic soils, 31 ton of
gypsum per hectare and 6 ton of sulfur per hectare was used. In this trial, average
yields of plant plus ratoon crops were 82 ton ha�1 (control), 99 ton ha�1 (addition of
sulfur), and 100 ton ha�1 (addition of gypsum) [78]. In the saline soils of Clarendon
Sugar Company, Morelands, Jamaica, application of S (330 kg ha�1) reduced
salinity [79].

Studies conducted in Taiwan indicated that approximately 65% of the salts (from a
poorly drained and saline-sodic soil at Aoku) are removed from the soil to a depth of
100 cm by using 1000mm of leaching water [80]. Reclaiming salt-affected soils by
open ditch drainage was relatively more effective than the subsurface drainage [81].
Some models have also been developed to predict the amount of water needed
to ameliorate and remove salt from a fine textured saline-sodic soil on which
sugarcane was grown at Sanku farm of Chiali Sugar Mill in Taiwan [82].

Addition ofmolasses up to 48 qtl ha�1 can also be used to partially reclaim alkaline
soils after which sugarcane may be planted [83].

Incorporation of bulk manures such as farm yard manure (25–40 ton ha�1), press
mud cake (5–7.5 ton ha�1), compost (15–20 ton ha�1), and green manure (using
Sesbania aculeata) has enhanced the productivity of saline soils in Gujarat [84],
Karnataka [85], Maharashtra [86], and Haryana [71]. In areas irrigated with saline
water, trench planting and application of 25 ton ha�1 of FYM or pressmud combined
with trashmulching increased cane and sugar yields [87]. InAustralia, at Favero Cane
farm in Colevale, in salt-affected land (where cane yield was 40 ton ha�1), application
of 60–65 ton ha�1 of filter press mud increased the cane yield to 155–160 ton ha�1 in
plant cane and 110 ton ha�1 in the succeeding ratoon crop. At another location,
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Pioneer Mill area, the improvement was only by 20 ton ha�1. Here although salinity
remained twice as high as in the original soil causing severe inhibition of growth,
after this treatment, soil retained more moisture and was friable rather than hard
setting [88].

. Managing waterlogging: As mentioned earlier, waterlogging has led to salinity
problem inmany parts of Karnataka, Orissa, Haryana, and Punjab in India and in
some other countries such as Egypt. Proper and low frequency of irrigation may
protect the lands from buildup of high water table and secondary salinization.
Besides, management practices for waterlogged areas should be adopted to
prevent the spread of secondary salinization.

. Adjustment of the ridge direction: Maintaining ridge direction from east-to-west,
in subtropical India where such problem exists, permits accumulation of salt on
the top of the ridges and sugarcane setts may be planted on their slope [63].

. Crop rotations: Crop rotations provide a cultural means to keep the effects of
salinity/alkalinity minimum and at the same time sustain productivity. In
Maharashtra, crop rotations involving dhaincha–cane–cotton–onion and adsali
cane–onion–cotton were promising [89]. Patil and Ghonsikar [86] have suggested
sugarcane–cotton–rice–Sesbania aculeata as a desirable cropping rotation on
partially reclaimed saline soils.

. Use of pregerminated setts and use of trash-veins system of planting: Using
pregerminated setts has been recommended for saline–alkaline soils [63]. In
alkaline soils, yields of sugarcane could be doubled by planting cane in deep (20–
25 cm) furrows andpacking trash in the furrows as soon as the germination is over
and tillering starts [90].

. Nutrient management: Salt toleranceof cropsvarieswith soil fertility.Experimental
data support the view that standard fertilizer recommendations for nonsaline–
alkaline conditions are also suitable for saline conditions [91]. Studies conducted in
India indicated that N, P, and K fertilization to sugarcane on saline soils is usually
observed to suppress the availability of toxic elements; K depressed Na, P, Mg, and
Mo; and nitrogen increased K availability [92]. Application of additional P may
increase plant growth under saline conditions [93]; however, high concentrations,
which may be beneficial under nonsaline conditions, could cause injury to the
plants [94]. It has been shown that high phosphorus supply, with salts, does not
contribute to osmotic adjustment and instead accumulates in the cell walls [95].

InHawaii, on some calcareous saline soils (Mamola andMolokai soils), application
of DTPA Fe increased cane yields by 37.5% [96].

In sugarcane growing on saline–alkaline soils, deficiency of P, Fe, and Zn was a
common occurrence. To overcome this Zende and Hapase [89] suggested the
following measures:

. Enriched compost with super phosphate (2 kg P2O5 10 ton
�1 compost) should be

mixed in the soil before planting.
. 10–20 kg ha�1 of FeSO4 should be added to soil before planting to counteract

chlorosis. It may be sprayed three–four times if chlorosis is detected on growing
crops (4 kg FeSO4 1000 1

�1 water ha�1). Iron chelates may be used.
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. 10 kg ha�1 of ZnSO4 should bemixed in the soil before planting. On the standing
crop, it may be sprayed along with 4 kg ha�1 of FeSO4 (two–three sprays at 8–10
days interval).

. Use ammoniumsulfate as a source ofNor add 2–5 kg sulfurwith each bag of urea.

. Never allow the field to remain fallow particularly the reclaimed one. Even
growing of certain grasses is beneficial.

K and Si enhanced salt tolerance in salt-sensitive sugarcane genotypes (CPF 243
and SPF 213) resulting in decreased Naþ concentration and increased Kþ with an
improvement in Kþ/Naþ ratio [97].

. Acidic soils: Acidity is a problem in sugarcane soils in Kenya, South Africa,
Taiwan, and so on. In Kenya, a pH of 4.3–5.0 in low-lying areas and 6.0 in high
lands is observed. In South Africa, most of the sugarcane soils tend to be acidic
(pH 4.6–6.0) and suffer from internal drainage [64]. In India, acidic soils (with
pH< 6.0) are found in Kerala, coastal Karnataka, Goa, parts of Orissa, Assam,
submountainous Himalayan region, the terai of Uttar Pradesh and Bihar, and
some parts of Madhya Pradesh and Andhra Pradesh. Crops growing on acidic
soils suffer due to toxic effects of excessive Al, Fe, and Mn, high phosphate
fixation, low rate of nitrification, lowwater holding capacity, and deficiency ofMo,
Si, S, K, Ca, B, and Mg [63].

For acidic soils below pH 5.5, liming (1.2–2.0 ton ha�1 of lime such as CaO) is
essential to correct nutrient imbalance. Instead of adding full dose at one time, 10–
25% of lime requirement is added each year. Lime should be incorporated during
fallow period or prior to monsoon and after this, 3–4 months time is allowed for
reaction with the soil. In acidic soils of Kerala, variety Co 997 did not respond to lime
applications with regard to yield, whereas yield of Co 785 increased with lime
application in the first and second ratoons. In plant crop, however, yield declined
sharply when 150 kg ha�1 of CaO was applied [98]. Studies conducted in the United
States also indicated that liming acidic soils with dolomite (4.4 ton ha�1) improved
sugarcane productivity, and the relative improvement was rather more in a ratoon
crop [99]. In Assam, in acidic soils with pH 5.5, variety Co 997 was more success-
ful [63]. In Kenya, addition of gypsum ameliorated acidic soil and improved yields in
plant and ratoon crops. At some of the locations such as Masaka, relative increase in
yield was more in ratoons. In South Africa, application of 5 ton of lime þ 5 ton of
gypsumper hectare in acidic soil in theKwazulu-Natalmidlands improved sugarcane
productivity [100].

In acidic soils (Ultisols) in Sumatra, application of phosphorus improved cane
yield [101]. Application of silicon also alleviated Al and Mn toxicities [1].

35.2.2.4 Low Temperature
Effects of low temperature are bifold: (a) effects on physical, chemical, and biological
properties of soil that indirectly influence growth and development (especially of the
roots) and (b) direct effect on growth and development. In subtropical India, the
problemof low temperature is twofold: effect of low temperature during ripening and
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poor sprouting of stubble buds in a winter harvested crop leading to poor regrowth of
succeeding ratoon crop and thus poor ratoon productivity [1]. Following approaches
have been adopted tominimize yield reductions in sugarcane due to low-temperature
conditions.

35.2.2.4.1 For Reducing Post-frost Losses

. Preservation of seed cane and improving germination: At the first sight of frost,
canes were cut and buried in the field. The practice, however, was not beneficial as
the lot of bud sprouts got damaged during handling for planting and due to
termite attack. Clamping was also done to preserve seed cane, but the buds
sprouted in severe frost. Activation of buds by placing cut setts for 24 h in fresh
cow dung improved germination [1].

. Altering planting time: In Hualien area (Taiwan) for nearly 5 months (November
to March), the mean temperature remained <20 �C, which affected growth and
yield if cane was planted in August. Preponing planting (to June or July) ensured
abundant sunshine and higher temperature that improved cane and sugar
yield [102].

. Frequent post-monsoon irrigation: Frequent post-monsoon irrigation reduced
the damage due to frost [11]. This is, however, helpful in light to moderate frost.

. Reducing post-frost losses: All the heavily frosted canes, as they do not recover,
should bemilled as soon as possible. In afield study conducted at Jalandhar, India,
frost-susceptible sugarcane variety CoJ 70 was sprayed with 50 or 100 ppm of
gibberellic acid before the onset of low-temperature stress. The results showed a
significant increase in total chlorophyll, soluble sugars, proteins, and nitrate
reductase activity in the leaf tissues and sucrose, purity, and commercial cane
sugar percentage in the cane juice in the post-frost period [103]. In Florida, Ulloa
and Anderson [104] have observed that application of calcium silicate improved
tolerance of sugarcane to freeze damage.

35.2.2.4.2 Overcoming Poor Sprouting in Winter-Initiated Ratoons

. Avoidance of low temperature for the exposed stubble: Inwinter-initiated ratoons,
poor sprouting could be overcome by spreading a trash cover [105–107], or by
spreading a polyethylene cover [108] over the soil before the advent of low
temperature phase. These may be removed after the low temperature phase is
over [107, 108].

. Biochemical manipulations using growth regulators/nutrients: Plant growth
regulators and certain nutrients have been used for improving stubble sprouting
and productivity of winter-initiated ratoon crops of sugarcane (Table 35.1).

. Maintaining optimal clump population: Attempts should bemade tomaintain an
optimal clump population (29 000 clumps ha�1) in subtropical India [119]. Gaps
should be filled by using stubble dugout from other fields, pre-germinated
settlings, or the sprouts from the clumps of the same variety in the same field.
Gaps should be filled in the early tillering phase as late transplants do not keep
pace with the development of normal tillers [120].
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35.2.2.5 High Temperatures
High temperature as a stress affecting sugarcane productivity could be visualized
as (a) cultivation of sugarcane in hot and dry areas (as in Sudan and Malawi),
(b) experiencing relatively higher temperatures at certain growth stages (early
growth stage in a late summer planted crop, overstands), (c) pre-harvest burning
of sugarcane, dumping bagasse, trash, and so on, and (d) gradually increasing
temperatures due to global climatic change. In hot and dry areas, cultivation of
tolerant varieties will be desirable [1]. Experience at the Indian Institute of Sugarcane
Research, Lucknow, India, has indicated that the use of trash mulch in hot summer
months reduced the soil temperature by 2–3 �Cand thusmay sustain the functioning
of roots. As a result of late planting of sugarcane in summermonths (April andMay),
owing to high temperatures, low RH, and scanty rainfall, the crop experiences heat
stress and germination and early growth of the crop are affected. Irrigation imme-
diately after planting improves germination and cane yield [121].

35.2.2.6 Nutrient Stress
The lopsided use of fertilizer NPK has led to both an imbalance in nutrient use and a
decreased availability of secondary and micronutrients. Deficiency of S and some of
the micronutrients has been well recognized and deficiency of K is increasing in
Indian soils. Problems related to nutrients in sugarcane are chlorosis (a widespread
nutritional malady), imbalance of nutrients, high sheath moisture (in peninsular
India), and certain nutrient interactions (Zn deficiency is commonly encountered
following P addition when cane is grown after paddy; excessive P fertilizer induced
Zndeficiency in ripe canes;Mndeficiency is associatedwith soils high inMg,Ca, and
N; nutrient deficiencies, especially of K, may cause more uptake of Ca and lead to
processing problems; cane grown in laterite soils of Orissa have higher amount of
colloidal silica in juice [1]. Besides, certain abiotic stresses also induce nutrient
deficiencies. In rain-fed areas, which experience frequent drought spells, multi-
nutrient deficiency (Zn and K) is common. An optimal nutrient supply (N, P, K, and
Zn) ensures deeper root system, helps in better adaptation of crop to sustain
productivity under such conditions [50]. In saline–alkaline soils, deficiency of P,
Fe, and Zn is of common occurrence, and remedial measures for this have been
suggested by Zende and Hapase [89] as mentioned above.

Application of soluble silicates is beneficial in areas where sugarcane growth is
affected by absorption of excess amounts of heavy metals like Mn [122].

35.3
Breeding Varieties Tolerant to Abiotic Stresses

35.3.1
Tolerance/Resistance to Abiotic Stresses in Saccharum Spp. and Related Genera

Earle [123] hasmentioned that Saccharum sinense clones have strong root system and
great power and ability to thrive on salt-affected soils. S. barberi clones exhibited
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considerable resistance to cold; thus, they are adapted to subtropical climates. He has
also mentioned some of the then prevailing varieties that were tolerant/resistant to
some of the abiotic stresses, poor soils, high altitudes, and so on (Table 35.2). These
could be utilized as parents for breeding varieties tolerant to abiotic stresses.

In an evaluation of 28 clones of S. spontaneum for their tolerance to artificially
created waterlogging, two clones, namely, SES 334 (Assam) and SES 340 (Manipur),
had the best growth, tillering, and lush green foliage. There was a characteristic
development of a large matrix of fibrous, negatively geotropic roots. On the basis of
these observations, Srinivasan and Rao [15] suggested that these clones could be
utilized as genetic donor to evolve waterlogging-tolerant sugarcane varieties. During
waterlogged conditions (6months of flooding), all the clones of S. officinarum quickly
died. S. barberi, S. sinense, Sclerostachya, and Erianthus spp. were all susceptible but
survived flooding. Several clones of S. spontaneum, S. robustum, and Narenga spp.
were tolerant to waterlogging. It was generalized that clones with profuse develop-
ment offibrous,floating, negatively geotropic roots with aerenchymawere tolerant to
waterlogged conditions. Such a trait, present in S. spontaneum, could be transmitted
through crossing [16].

In theWorld Germplasm Collectionmaintained at SBI research station, Cannanore,
India, following clones/varieties of various Saccharum spp. have been reported to be
resistant to salinity [124]:

S. barberi: Katha, Coimbatore, Kewali-14-G, Khatuia-124, Kuswar, Ottur; Lalri,
Nargori, and Pathri.
S. sinense: Khakai, Panshahi, Reha, and Uba-Seedling.
S. robustum: IJ-76-422, IJ-76-470, 28-NG 251, 57-NG-201, 57 NG -231, NG-77-34,
NG-77-55, NG-77-136, NG-77-160, Ng-77-167, NG-77-170, NG-77-221, and NG-
77-237.

Table 35.2 Sugarcane varieties tolerant to various abiotic stresses.

Variety Characteristics

Batjan Vigorous growing, high tonnage, adapted to medium and poor soils
Cavengirie Good yield on poor, dry lands
Co210 Adapted to hard, dry land, and waterlogging
Co 281 Cold resistant
C 46 Grew well in sandy sabana lands and adapted to shallow lime soils
Daniel Dupont Early ripening and adapted to high altitudes
D 109 Withstood unfavorable conditions
D 117 Withstood salt-affected soils
EK 28 Thrived fairly well on a variety of soils
POJ 36; POJ 2725 Well adapted to poor and exhausted lands
POJ 213 Adapted to wide range of soils and withstood well wetlands and lack of

drainage
POJ 2727 Adapted to dry, rocky lands
Uba Maintained sucrose content and purity on alkaline soil than on acid soils

Source: Ref. [123].
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Studies conducted at Karnal indicated that sugarcane variety Co 453 could be
utilized as a best donor for imparting tolerance to salinity–alkalinity. Sugarcane
variety Co 312 has also been used as a parent for imparting drought tolerance in
sugarcane variety Co 87263 [125].

Generally, greater low-temperature tolerance was observed in high-fiber com-
mercial clones [126] and regional selections of S. spontaneum, S. sinense, and allied
genera, for example,Miscanthus [127]. Brandes [128] identified highly cold-tolerant
clones of S. spontaneum; this trait was, however, lost through hybridization and
backcrossing with S. officinarum. Roach and Maynard [129] found 3.9% of the
progeny of 28 crosses between S. spontaneum and S. officinarum were freeze
tolerant, but after backcrossing the frequency of tolerance in the progeny dropped
to 0.5%. Dunkelman and Breaux [130] were, however, able to maintain an
acceptable level of tolerance through two backcrossings. On the basis of this
observation, Moore [131] concluded that if tolerant clones were used as recurrent
parent, greater cold tolerance could be obtained in commercial varieties. Certain
varieties of S. spontaneum were resistant to damage by prolonged low tempera-
tures. One strainArbington VaWinter remained green throughout [128]. At Houma
in Louisiana (USA), sugarcane breeding strategies include (i) evaluation of parents
and progeny for resistance traits such as cold tolerance and (ii) backcrossing and
recombining progeny in a systematic manner that will concentrate genes associ-
ated with this trait. In 2002, 2169 progeny from 11 interspecific crosses between 10
S. spontaneum clones and 6 commercial varieties were evaluated. In February 2003,
10 crosses from SES 234� LCP 85–384 were identified as expressing cold
tolerance after a 3 h �5 �C freeze on January 2003. These selections expressed
minimum levels of dead leaf tissue, few dead terminal buds, and no stalk damage.
These were verified as interspecific hybrids using microsatellite DNA
marker [132].

In 1982, Sikkim Himalayas were surveyed and clones belonging to Miscanthus
nepalensis, Erianthus fulvus, E. arundinaceus, E. procerum, and so on were collected.
The high-altitude forms ofM. nepalensis and E. fulvus did not survive at Coimbatore.
However, these were successfully established at the IARI Regional Research
Station, Wellington [46]. Few clones of Co 7201 � Erianthus spp. continued to
grow in winter at Karnal (in subtropical India) and some of these were both cold
tolerant and resistant to red rot [133]. These could be utilized to impart low-
temperature/cold tolerance.

Among other varieties developed from the cross ofCo 281 (as a pistil parent) to POJ
2878 (as pollen parent) were PR 980 (widely used as a parent to impart drought and
frost resistance), PR 1000 (used as a parent for imparting sucrose to the progeny), PR
1013, PR 1016, and PR 1028 (adapted to poorly drained and waterlogged conditions).
In Reunion, it was used as a pistil parent to evolve variety R 397 [134]. At Coimbatore,
Co 312 has been used as a parent to impart drought tolerance in variety Co
87263 [125]. In Mexico, in sugarcane breeding programs, emphasis is given on
selection of varieties with deep root system and drought resistance, good proline
under nonirrigated conditions, and resistance or tolerance tomosaic, rust, and smut.
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They also look for varieties adapted to as high as 1300 amsl and annual rainfall from
300 to 2500mm [135].

Saccharum species and related genera that may impart tolerance/resistance to
abiotic stresses and nutrient use efficiency in sugarcane are given in Table 35.3.

Some of the desirable features of indigenous canes growing in India, posses-
sing tolerance to some abiotic stresses, which could be utilized in directed
breeding are mentioned in Table 35.4 [139]. Of these only four (Chunnee,
Katha, Saretha, and Kansar) have been utilized in breeding. Other indigenous
varieties need to be utilized for developing sugarcane varieties tolerant to abiotic
stresses.

This approach seems to be promising as the use of Mandalaya, a S. spontaneum
clone from Burma, led to the success of Australian �Early CCS Canes Programme�
and the use of another S. spontaneum, US56-15-8, led to development of LCP 85–384,
a high yielding, high sugar, early ripening, less N requiring, and cold-tolerant variety
of Louisiana [140].

Table 35.3 Saccharum species and related genera that may impart tolerance/resistance to abiotic
stresses and nutrient use efficiency in sugarcane.

Characteristic Genera/species References

Tolerance/resistance to
drought

S. spontaneum, Narenga spp.
a)Erianthus spp.

[136]

Tolerance/resistance to
waterlogging

S. robustum
S. spontaneum

[136]

Tolerance/resistance to
cold (performance at high
altitudes)

Miscanthus spp.
Miscanthus nepalensis, E. fulvus
S. spontaneum
S. barberi

[46, 123, 128, 136, 137]

Tolerance/resistance to
salinity

Erianthus spp.
S. barberi, S. sinense
S. robustum

[124, 137]

High nutrient use
efficiency

S. spontaneum (IK 76-20, SES 24, IS
760164)

[138]

S. robustum (51 NG 27)
S. sinense (Khadaya)
S. officinarum (UB-16)

Low nutrient
requirement

S. spontaneum, Erianthus spp. [136]

Robust growth under low
input conditions

Erianthus spp. [137]

a) When E. arundinaceuswas used as a pollen parent, there was no significant reduction in sucrose
content [134].
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35.3.2
Varieties Developed/Identified Tolerant to Abiotic Stresses in India

In India, the All India Coordinated Research Project on Sugarcane has released some
sugarcane varieties tolerant to abiotic stresses for commercial cultivation in various
zones in India (Table 35.5).

Tew [142] and Shrivastava and Srivastava [1] have mentioned varieties tolerant to
abiotic stresses used in various parts of sugarcane growing areas in the world.

Someof the sugarcane varieties possessmultiple abiotic stress tolerance (Figure35.2).
There is need to elucidate physiological and biochemical characteristics associated
with these varieties. Breeding programsmust be tailored to breed such varieties, as in

Table 35.4 Desirable features of indigenous canes growing in India that could be utilized in directed
breeding.

Variety Tolerance to abiotic stress Other associated desirable
features

In subtropical India
Chin, Chunnee,
Raksi, Burra Chun-
nee, Baraukha

Flooding Early ripening (harvested in
December/January), high
fiber, high sucrose

Agoul Grew with less water (and manure)

Hemja Well adapted to early drought and
late waterlogging

Heavy tillering, heavy yielder,
high sucrose and purity,
resistant to red rot and borers

Maneria, Chinia Withstood waterlogging Grew in irrigated areas, erect,
high tillering, good sucrose
content. Maneria was also
tolerant to borers

Khari Drought and waterlogging Good germinator, heavy
yielder, good ratooner

Sewari Flooding Early ripening

Katha Wide adaptability to drought, rain-
fed, flooding, hot and dry climate,
and to a lesser extent to frost

Early ripening, thin excellent
tillering

Lalri Frost Hardy, good tillering, resis-
tant to red rot

Khari, Ikhri, Khagria) Drought and waterlogging

In tropical India

Kalkya, Khadiya,
Bansi, Sunnabile

Drought Heavy tillering and ratooning
ability

Nannal Drought

Source: Abridged from Ref. [139].
a) Khagri was able to grow 6 feet under water for over 3 months.
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nature,more than one stress often occur together or the prevalence of one stressmay
accentuate or aggravate the other to further augment the losses.

35.4
Molecular Approaches

Selection and breeding using wide crosses are the best short-term approach for
developing a stress-tolerant sugarcane variety. However, new molecular and bio-
technological approaches may go a long way in developing transgenic plant for
tolerance to a particular stress or multiple stresses. Epstein and Rains [143] have
outlined the steps for a general program for developing a stress-tolerant plant using
biotechnological/molecular approaches. It includes cloning of stress tolerance genes
frommicroorganisms, recombinant DNA analysis of the structure of genes required
for stress tolerance, development of a plant gene vector for stress tolerance gene
transfer, cloning of stress tolerance genes using recombinant DNA technique,
transferring these genes (segment) into a prevailing good commercial variety,

Figure 35.2 Sugarcane varieties exhibiting multiple –abiotic stress tolerance.
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selection of stress-tolerantmutant plants using tissue culture and hardening of these
plants, and evaluating their field performance.

There are many possibilities for the manipulation of genes to impart/transfer the
stress resistance trait inhigh-yield varieties. Structural and functional characterizationof
environment stress-induced genes has contributed to a better understanding of how the
plants respond and adapt to different abiotic stresses. Studies have shown that specific
proteins, �stress proteins,� accumulate in response to imposition of stress conditions,
namely, drought, low temperature, high temperature, oxidative stresses, and so on.

Grover et al. [144] have reviewed various experiments conducted in the molecular
biology of abiotic stress responses,which are triggered at different levels of hierarchy of
the cellular organization, in different systems, namely, lower and higher plants and
microbes.Themolecularanalysisof thestressresponseshasbeencarriedoutat the level
of stress proteins, stress genes, stress promoters, transacting factors that bind to stress
promoters, and signal transduction components involved in bringing about the stress
responses. Theyhave listed a large number of genes/proteins associatedwith tolerance
to water stress, salt stress, anaerobic stress, high- and low-temperature stress, heat
shock, and so on.The functional relevance of the stress-associatedgenes is being tested
in different trans-systems in plant species. Some of these genes might be utilized in
times to come todevelop transgenicplants tolerant/resistant to various abiotic stresses.
Traditional plant breeding techniques will be suitable for transfer of traits of stress
tolerance. Such studies are also in vogue in sugarcane. These may help in sustaining
sugarcane and sugar productivity under abiotic stress conditions in times to come.

35.4.1
Drought

Development of drought-tolerant sugarcane varieties through genetic engineering is a
serious option for managing drought. Some candidate genes for drought tolerance
havebeen identified, for example, dehydration-responsive transcription factor (DREB)
genes that mediate transcription of several genes in response to water stress, genes
encodingenzymesof the biosynthetic pathways of different osmolytes such asproline,
glycine betaine, sorbitol, heat shock proteins (HSPs), late-embryogenesis proteins,
and RAB (responsive to abscisic acid) proteins. Besides, osmotin, choline oxidase,
annexin, and genes encoding superoxide radical (O�), hydroxyl radical (OH�), and
hydrogen peroxide (H2O2) also have potential in drought tolerance [4].

Trehalose synthase (Tsase) gene (fromGrifola frondosa) transferred into a sugarcane
hybrid byAgrobacterium tumefaciens (strain EHA105) imparted resistance to osmotic
stress. Some of the transgenic plants showed improved tolerance to osmotic stress.
After transplanting in MS medium containing 17.4% PEG 8000, the transgenic
plants demonstrated improvement in tolerance to osmotic stress [145]. The use of a
novel sugarcane ethylene-responsive factor, SodERF3, could be a valuable tool to
assist the manipulation of sugarcane plants to improve their stress tolerance [146].
Increased expressionof a gene encoding aperoxidase has been reported byRodrigues
et al. [147] in a drought-tolerant sugarcane cultivar. Catalase (CAT) enzyme is
responsible for the reduction of H2O2 to H2O and O2, and a decline in peroxidase
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activity is considered a limiting step to neutralization of reactive oxygen species
(ROS) in sugarcane [148].

The cDNA-AFLP technique was used to identify differentially expressed genes in
two sugarcane cultivars that had previously been classified as tolerant (TSP-054) or
susceptible (TCP02-4589) to drought [149]. A total of 23 transcript-derived differ-
entially expressed fragments (TDFs) were observed and 5 of these revealed high
identity with stress-related genes previously reported in sugarcane, sorghum, rice,
and corn. One TDF that was upregulated in the tolerant cultivar after 12 days of stress
exposure showed complete identity with a drought-inducible gene (SoDip22) pre-
viously identified in sugarcane. A TDF that was downregulated in the susceptible
cultivar also had high identity (87%) with a putative pentatricopeptide expressed in
rice. After rehydration, the normal gene expression pattern was reestablished, thus
demonstrating the ability of sugarcane to respond rapidly to changing environmental
conditions.

Real-time reverse transcription–PCR profiling of selected expressed sequence tag
(EST) clusters identified several sugarcane clusters that showed differential expres-
sion in response to biotic and abiotic stress conditions [150]. Twenty-five stress-
related clusters have shown more than twofold relative expression during water
deficit stress. All clusters that showed homology to osmotic stress or dehydration
stress-associated proteins were significantly upregulated. A very high (�13-fold)
induction during 9 h of dehydration stress was noted in the case of a salt stress-
inducible Bzip protein. These might be delayed action genes working in the related
pathways. Some clusters showed higher expression during 3 h and then a decline
during 6 h and again expressed to significantly higher levels at later stages (9 h). This
pattern of expression and delayed response of certain genes could be attributed to
their tight regulation via other candidates involved in the pathway.

Iskandar et al. [151] analyzed expression of 51 genes implicated in abiotic stress in
relation to sucrose accumulation by studying tissues of internodes of mature and
immature stalks in a high sucrose accumulating sugarcane cultivar in normal and
water stress conditions to compare effects of sucrose accumulation and water deficit.
They identified a subset of stress-related genes including genes encoding enzymes
involved in amino acid metabolism, a sugar transporter, and a transcription factor
that are potentially associatedwith sucrose accumulation in stalk. Expression of these
stress response genes in plants that were under water deficit stress revealed a
different transcriptional profile that was correlated with sucrose accumulation.
Besides, genes with homology to late-embryogenesis abundant (LEA)-related pro-
teins and dehydrin were strongly induced under water deficit, but this did not
correlate with sucrose content. The study indicated that while there was a change in
stress-related gene expression associated with sucrose accumulation, different
mechanisms are probably responding to the water-deficit-induced stress.

Upregulation of genes encoding for polyamine oxidase, cytochrome-c-oxidase, S-
adenosylmethionine (SAM) decarboxylase, and thioredoxins, which directly or
indirectly participate in the regulation of the intracellular redox status, have been
demonstrated in sugarcane under drought stress [152], andmay probably contribute
to water-deficit-induced stress tolerance. Stress cluster 1 (putative oxidative stress
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responsive) and stress cluster 15 (70 kDa heat shock protein) showed upregulation
during 3–6 h of dehydration stress, but later on their expression decreased [150].
These genes might provide tolerance to stress in its initial stages. The accumulation
of the osmolytes trehalose and proline also contribute to reduction in damage caused
by accumulation of ROS and provide enhanced tolerance to drought [13, 153, 154].
Some of the sugarcane genes expressed under water deficit stress might be involved
in the pathways that lead to the production of such osmoprotectants.

Jangpromma et al. [155] reported an unknown 18 kDa protein (p18) along with
other stress-inducible proteins to be highly expressed in sugarcane leaves under
drought conditions. The 2D-PAGE patterns of proteins were compared with those
expressed in drought tolerant K86–161 and drought-susceptible Khon Kaen 1
cultivars. Mass spectrometry and comparison with known sequences, in the data-
base, revealed that the proteins expressed only in stressed K86–161 were serine
protease inhibitor and the one similar to replication protein A1. A group of proteins
upregulated in K86–161 includes S-adenosylmethionine decarboxylase proenzyme
(SAM), ubiquitin, and p18.Higher levels of chlorophyll and SOD in drought-tolerant
than those in drought-susceptible sugarcanes are in agreement with a high level of
p18 expression in drought-tolerant sugarcane. An accumulation of p18 appears to be
in response to water deficit.

In plants, micro-RNAs are involved in the regulation of plant development and
nutrition, responses to biotic and abiotic stresses, signal transduction, and protein
degradation. The possible role of sugarcanemicroRNAs in the regulation of drought
stress is being studied by Rojas et al. [156].

35.4.2
Waterlogging

Although physiological adaptations of crop plants to waterlogging/flooding (hypoxia
or a anoxia) have been studied [157, 158], themolecular basis of such adaptations has
not been completely understood [159]. However, some progress has been made in
identifying genes and gene products induced during low oxygen conditions [159].
Low O2-induced genes are characterized by the presence of an anaerobic response
element (ARE) in the promoter [160]. It has been observed that about 20 anaerobic
polypeptides are synthesized under hypoxia [161]. These may confer tolerance to
hypoxia. A transcription factor, AtMYB2,which is induced by dehydration, salt stress,
and exogenously applied ABA [162], is also induced by hypoxia. It is induced in root
tissues and its induction coincides with the induction of ADH1Mrna. Attempt has
also been made to use this transcription factor to affect the expression of anaerobic
polypeptides (ANPs) produced during hypoxia. Dennis et al. [159] are of the opinion
that AtMYB2 gene may enable the transgenic plants developed to recognize anaer-
obic conditions earlier, produce ANPs, and impart tolerance to hypoxia.

In an effort to elucidate the genes underlying plant responses to inundation,
subtractive cDNA libraries were made from a highly adapted waterlogging-tolerant
sugarcane variety, BO 91, grown under stress and normal conditions to identify the
genes differentially expressed inwaterlogging stress [163].Major groups ofESTswere
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related tostress (15%), catalytic activity (13%), cell growth (10%), and transport-related
proteins (6%). A few stress-related genes identified were senescence-associated
proteins, dehydration-responsive family proteins, heat shock cognate 70 kDa protein,
and so on.

Plants with increased tolerance to waterlogging were obtained from callus lines
that had been selected for resistance to ethionine, the toxic analogue of methionine,
and to anaerobic conditions. Such identified plants may be used as donors to impart
resistance to waterlogged conditions [164].

35.4.3
Salinity

Response of genotypes to callogenesis from leaf explants varied considerably under
salt stress. A sugarcane genotype, BF-162, exhibited better regeneration of plantlets at
all the salt levels than other varieties. The genotype CP 43/33 and Triton were
relatively more sensitive to salt stress and regenerated only up to 0.9 g l�1 NaCl [165].
RAPD analysis of six salt-tolerant clones, regenerated from calli adapted to high
salt medium, showed a DNA profile distinct from that of the original genotype. A
uniqueDNA fragment of 995 bp, found only in salt-tolerant clones, showed sequence
similarity to the genes involved in stress tolerance [166]. Embryogenic sugarcane (S.
officinarum L.; cv. CoC 671) calli treated with different levels of NaCl accumulated
higher amounts of free proline and glycine betaine [167]. Although the leached and
retainedNaþ contents increased, the retained Kþ content decreasedwith increasing
levels of NaCl. The growth retardation and reduced cell viability were associated with
a conspicuous increase in Naþ and a corresponding decline in Kþ concentrations.
Such a mechanism implied that sugarcane could be considered as a Naþ excluder.
The accumulation of salt ions and osmolytes could play an important role in osmotic
adjustment in sugarcane cells under salt stress. Moreover, NaCl priming treatments
improved several aspects of plant growth and exhibited better tolerance of sugarcane
seedlings to salt stress [168].

Accumulation of toxic ions in plant tissues modulates the levels of primary and
secondary metabolites, which may be related to salinity tolerance [169]. Sugarcane
clones exposed to salinity levels at the formative stage displayed a general tendency
to accumulate Naþ and Cl� and little Kþ , though the salt-tolerant clone CP 4333
accumulated less Naþ and more Kþ compared to the salt-sensitive clone HSF 240,
and thus showed a higher Kþ : Naþ ratio. Soluble phenolic, anthocyanin, andflavone
levels were 2.5, 2.8, and 3.0 times greater in CP 4333 in comparison to HSF 240. The
decrease in net rate of photosynthesis and most secondary metabolites in salt-
sensitive clone indicated their relation with increased salt tolerance of sugarcane.

35.4.4
High-Temperature Stress

In recent times, higher temperatures are becoming more important as an abiotic
stress. Studies have shown that enhanced synthesis of an oxidant by plant tissues
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might increase tolerance to heat stress in soybean [170], and increase in saturated
fatty acids of membrane increased their melting temperatures and imparted heat
tolerance in Arabidopsis spp. [171, 172]. Most commonmolecular response of plants
exposed to heat stress is the expression of heat shock proteins, which have a fairly
wide range of molecular masses (10–250 kDa). They associate with various cellular
structures or organelles to provide protection and act as molecular chaperones [173].
The dehydrin proteins (DHNs) are among other proteins that are classified as a group
of late-embryogenesis abundant proteins, referred to as LEA group II, and typically
accumulate late in embryogenesis or in vegetative tissues in response to environ-
mentally imposed dehydrative forces, such as drought, salinity, and freezing [174].
Like most mesophytic species, sugarcane also shows sensitivity to supraoptimal
growth temperatures despite the fact that it has higher temperature optimum
compared to C3 species [175]. Expression of HSPs in the cultured sugarcane cells
was noticed as a heat tolerance response [176]. In sugarcane seedlings subjected to
heat stress, Wahid and Close [177] observed expression of three heat stress-induced
DHNs with an apparent molecular mass of 21, 23, and 27 kDa under heat stress
(48–72 h). The independent expression of these DHNs with reference to the changes
in water relations of leaves suggested that they have a definitive protective role like
other heat stress proteins.

There is need to characterize the genetic variability of specific HSPs across
wide range of germplasm of Saccharum and related genera. Biochemical studies
are needed to elucidate as to how these HSPs protect or allow restitution from
high-temperature stress. HSPs appear to maintain the conformation of other
protein structures [178]. The temperature range over which the apparent Michae-
lis–Menten constant for CO2 (Km) is minimal and stable is termed the thermal
kinetic window [179]. There is a need to establish thermal kinetic window for
sugarcane.

35.4.5
Low-Temperature Stress

For increasing productivity by enhancing stress tolerance, identifying relevant genes
and characterizing their functions and regulation in response to low-temperature
stress is important. Nogueira et al. [180] have identified 34 cold-inducible expressed
sequence tags (ESTs) of which 20 were novel cold-responsive genes including
cellulose synthase, ABI 3-interacting protein 2, a negative transcription regulator,
and a phosphate transporter. Besides, 25 ESTs have also been identified that were
downregulated during exposure to low temperatures. On the basis of the expression
profiles of the cold-inducible genes and the data-mining results, sugarcane has two
putative dehydrin-like proteins (WCOR410b and DHN2). These proteins could
stabilize macromolecules and/or protect membranes against chilling damage [181].
Sugarcane ESTs encoding PPDK and NADP-ME proteins were induced by cold
exposition, suggesting a possible maintenance of photosynthesis, even at low
temperatures. It is possible that sugarcane putative antifreeze proteins can confer
cellular membrane protection, reducing chilling injury.
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In response to prolonged winter chill (PWC)-induced low-temperature stress, the
tolerant sugarcane cultivars maintained relatively higher chlorophyll, carotenoid, N,
and micronutrient and proline contents than the susceptible ones. Increased
peroxidase activity was observed in the leaf and apical meristem in response to
PWC-induced low-temperature stress along with the expression of some new
isozyme bands of low molecular weight [182]. The photosynthetic rate is severely
reduced under chilling temperature conditions [183]. The activity of photosynthetic
enzymes such as sucrose phosphate synthase [184], NADP-malate dehydrogenase,
and pyruvate orthophosphate dikinase activities [185] decreased when a cold-sensi-
tive cultivar of sugarcane (Badila) was subjected to chilling temperatures (10 �C). The
biochemical changes in response to cold treatment led to increased aspartate and
alanine levels in the leaves of the cv. Badila plants. A complex antioxidant system has
been suggested to act as a protective mechanism against chilling injury in
sugarcane [186].

35.4.6
Nutrient Stress

The importance of K and P as essential elements for plant is undisputable; however,
excess K [187, 188] and excess P [189] can result in a significant depression in sucrose
concentration in sugarcane.

Sequence clusters homologous to plant high-affinity phosphate transporter genes
have been identified from SUCESTdata base. Identification and expression of genes
associated with nutrient uptake and distribution may lead to the development of
enhanced nutrient use efficiency of sugarcane, and economize the application of
fertilizers to sugarcane crops [190].

35.4.7
Heavy Metal Stress

The use of tannery and industrial effluents, municipal waste-based composts, and
biosolids� application in sugarcane fields and production of sugarcane on metal-
polluted fills might create the problem of heavy metal stress for sugarcane cultiva-
tion [191, 192]. Pollution caused by pesticides, fertilizers, sewage sludge, industrial
residues, and herbicides, which contain different concentrations of toxicmetals,may
severely affect sugarcane growth and metabolism [193]. Jain et al. [194] observed
inhibitory effects of nickel at high levels (50 and 100 ppm Ni) on shoot and root
growth, mitotic efficiency, metabolic attributes, and nutrient uptake of sugar cane
(Saccharum spp. hybrid CoLk 8102). High concentrations of zinc (65 and 130mg l�1)
were shown to increase lipid peroxidation in sugarcane, thereby affectingmembrane
integrity of leaves, root growth, and mitotic efficiency. The interference of Zn in
normal mitosis could be related to an inhibition of DNA synthesis [195]. Higher
chromium concentrations inhibited bud germination of sugarcane and induced
chlorosis of young emerging settlings that turned necrotic at later stages. Biochem-
ical studies revealed a decline in specific activity of catalase and an increase in
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reducing sugar content in settlings supplied with chromium [196]. Mitotic efficiency
of root tip cells of chromium treated setts declined and the frequency of aberrant
mitotic phases increased pari passu to the increasing chromium concentration [197].
Root meristem assay of sugarcane settlings grown on crude and digested spent wash
showed a detrimental effect on mitotic efficiency, induction of de novo chromosomal
aberrations, namely, clump formation, chromosome stickiness, laggards, andmicro-
nuclei formation, and higher number of chromosomal abnormalities compared to
those of control conditions [198].

35.5
Abiotic Stresses could also be Beneficial

Abiotic stresses are not always harmful; sometimes, these could be beneficial also.
For example, in sugarcane the advent of low temperatures (which otherwise are
unfavorable for growth) hastens ripening. When relatively higher temperatures
prevail during ripening, cane does not ripen properly. Under these conditions,
giving moisture stress by withholding water promotes ripening. Inducing drought
hardiness by treating seed cane with salt solutions provides tolerance to drought to
some extent. Flooding also controlled certain insect pests such as giant moth borer,
Castina licoides [199], Ligarus grubs, and Melanotus [200]. In the scenario of global
climate change, the increasing temperatures may not adversely affect the sprouting
of the winter-initiated ratoon crop and its productivity.

35.6
Concluding Remarks

On the basis of the above discussions, one may conclude that the physiological,
breeding, and molecular approaches will go a long way both in improving abiotic
stress tolerance of sugarcane and in sustaining its productivity for the benefit of
mankind. Compared to certain other less economically important crops, the research
on the molecular and biochemical modifications that are involved in adaptation
responses to various abiotic stresses in sugarcane are quite limited, and much more
needs to be done [201]. Needless to mention that technological gains attained so far
have not only to be defended but also to be improved upon to face challenges of
climate change,marginalization of arable land, ever-depleting water resources, other
abiotic stresses, and above all increasing human population.
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36
Sorghum: Improvement of Abiotic Stress Tolerance
Monika Dalal, Karthikeyan Mayandi, and Viswanathan Chinnusamy

Sorghum, the fifth most important cereal crop in the world, provides food, feed,
fodder,fiber, and fuel. It is the second cereal crop andfirst C4 photosynthetic plant for
which whole genome is sequenced. The importance of this crop will increase
tremendously in future due to its better adaptability to abiotic stresses, which are
expected to increase because of global climate change and diminishing fresh water
supplies, coupledwith increasing demand for food and bioenergy. The yield potential
of sorghum is evident from the fact that production of sorghumhas beenmaintained
despite a steady decline in its area of cultivation over the past three decades. In fact,
the true yield potential of sorghum has rarely been realized, as it is mainly grown in
areas of low rainfall and resource-poor agronomic conditions. Owing to its ability to
survive in water-limiting conditions, sorghum has majorly been studied for its
drought resistancemechanism.Thedrought response in sorghumdiffers depending
on the occurrence of stress during preflowering and postflowering. Postflowering
response is associated with stay-green trait. Quantitative trait loci (QTL) for pre- and
postflowering have been identified. However, the underlying genes that confer
drought tolerance in sorghum have not been mapped. Moreover, other morphophy-
siological traits such as epicuticular wax content, osmotic adjustment, membrane
stability, water use efficiency, or drought-related root traits that have been postulated
to play a significant role in drought resistance in sorghum have been largely
unexplored. Molecular genetic and physiological dissection of these traits will be
of immense significance. Aluminum toxicity is a major problem in acidic soils. QTL
and genemapping approach led to themapping of aMultidrug and Toxic Compound
Extrusion (MATE) gene in sorghum. Later MATE family genes were identified as
potential candidates that underlie aluminum tolerance QTL inmaize. Since the rice,
sorghum, andBrachypodium distachyon genome sequences are already available, and
with impending maize genome sequence, there is an immense opportunity for
comparative genetics and genomics to dissect abiotic stress tolerancemechanisms in
cereals. This will accelerate the gene discovery among the cereal crops and will help
improve other plant species as well. Thus, sorghum with its smaller genome, wide
germplasm resource, well-studied genetics, C4 photosynthesis, and adaptability to
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harsh environments represents optimal amalgamation for omics approaches to
decipher drought resistance mechanism.

36.1
Introduction

Sorghum (Sorghum bicolor (L.) Moench) is the fifth most important cereal crop in the
world after wheat, rice, maize, and barley. Known for its ability to survive harsh
environments with prolonged drought period, sorghum is grown in arid and
semiarid areas of the world. It is a staple food in parts of Africa and Asia and a
major feed crop in the United States, Mexico, Australia, and South Africa. It has
extensive variability such as grain sorghum, forage sorghum, and sweet stalk
sorghum that provides food, feed, fodder, fiber, and fuel. Sorghum is produced by
about 104 countries in theworld. In 2009, Sorghumwas grown on 43.74million ha of
land worldwide with a yield of 14 198Hg ha�1 (http://Faostat.fao.org/; December 20,
2009). Average area under sorghum cultivation in Asia has declined from 26.19
million ha in the 1960s to 10.58 million ha in 2008. However, yield increased from
6935Hgha�1 in the 1960s to 10 377Hgha�1 in the late 2000s (http://Faostat.fao.org/
; December 22, 2009). The yield potential of sorghum is evident from the fact that
production of sorghum has been maintained despite a steady decline in its area of
cultivation. In fact, the true yield potential of sorghumhas rarely been realized, as it is
grown mainly in areas of low rainfall and resource-poor agronomic conditions. Its
ability to yield under such agronomic and adverse climate conditions is a proof of
concept that sorghum is the crop of the future.

In the changing global scenario, the world population is expected to rise from
present 6.6 billion to 8.7–11.3 billion in 2050 [1]. The global demand for cereal
productionwill also increase by 60% [2]. This task is challenging as the yield potential
of cereal crops has reached its plateau, and there is reduction in cultivable land and
availability of fresh water for irrigation. These problems are further exacerbated by
global climate change-associated increase in the frequency of heat stress, droughts,
and floods that negatively affect crop yields [3]. Ability of crops to adapt and yield
under such harsh environment will be crucial in determining the sustainability of
food production in days to come. This will require a combination of adaptive
agricultural strategy that includes new management and agronomic practices and
further improvement in the genetic potential of productivity and abiotic stress
resistance of crops. This also implies that lessons need be learned from plants that
show high adaptability and tolerance to abiotic stresses.

Sorghum belonging to genus Poaceae and subfamily Panicoideae shares the
tribe Andropogoneae with other major crops such as maize, sugarcane, and millets.
The Andropogoneae species are native to tropical and subtropical climates, and
are characterized by C4 photosynthesis, high rates of carbon fixation, high water
and nutrient use efficiency, high biomass productivity, adaptation to diverse

924j 36 Sorghum: Improvement of Abiotic Stress Tolerance



environments, and have both annual and perennial life cycles. However, many of
these species are polyploids with large complex genomes. Sorghum, besides having
all the advantageous characteristics, has a diploid genome that is already
sequenced [4]. Moreover, with its well-studied genetics, wide germplasm resource,
lower level of gene duplication compared to other tropical cereals, and amicability for
genetic transformation, sorghum can be an ideal system especially for grasses and
plant genomics research as a whole.

36.2
Abiotic Stress Tolerance

Abiotic stresses limit the growth and productivity of crop plants to variable degrees
depending on the time of onset, duration, and intensity of stress. It has been
estimated that crops attain only about 25% of their potential yield because of the
detrimental effects of environmental stresses [5]. During the second half of twentieth
century, increase in crop productivity by plant breeding efforts kept in pace with the
food demand of the increasing world population. This was achieved mainly by
breeding programs aimed at increasing yield potential and disease resistance.
However, the progress in breeding for abiotic stresses has been very slow as, first,
the mechanism of abiotic stress tolerance was poorly understood and, second, the
breeding in the past 50 years was more yield oriented [6]. Since the relative rate of
yield increase formajor crops such as rice andwheat is declining [7], there is a need to
adopt and intensify the physiological trait-based molecular breeding approach for
breeding abiotic stress-tolerant crops [8]. Physiological breeding, also known as
analytical breeding, refers to selection for secondary traits that are associated with
higher yield under optimal and/or abiotic stress environments [6]. On the basis of the
physiological traits that contribute to yield in soil moisture-deficit environments, a
generalmodel for drought adaptation ofwheatwas proposed [8]. Themodel describes
four main groups of traits relating to (i) preanthesis growth, rapid ground cover to
shade the soil to prevent evaporation, andhigh assimilation capacity between jointing
and lag phase, to permit accumulation of stem carbohydrates; (ii) high rooting depth
and/or intensity to access water that would be expressed by a relatively cool canopy or
favorable expression of water relation traits; (iii) water use efficiency (WUE),
photosynthesis associatedwith refixation of respiratoryCO2; and (iv) photoprotection
including energy dissipation, antioxidant systems, and anatomic traits such as leaf
wax [8]. Though these traits have been proposed for wheat per se, it may apply to any
crop improvement programaimed at drought tolerance. Yet not all the cropswill have
the best amalgamation of these traits. Sorghumwith its stay-green trait, deep rooting
system, better WUE, C4 photosynthesis, and high epicuticular wax (EW) represents
one good system to study physiological traits related to drought tolerance. However,
genetic andmolecular analyses of these traits are in its infancy. The chapter describes
the progress in abiotic stress tolerance research and prospects for genetic improve-
ment of sorghum. It includes the physiological trait-based studies conducted in
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sorghum in relation to drought, followed by cold, salt, and aluminum tolerance
and the genetic and genomic resources for further progress in crop improvement
in sorghum.

36.2.1
Drought Tolerance

Drought stress is one of the most critical stress affecting plants. Drought can be
defined in multiple ways, be it meteorological, hydrological, or socioeconomical
context. When drought is defined in relation to crops or agriculture, it refers to
shortage of water in the root zone that reduces yield [9]. When a genotype yields
higher than another genotype under severe drought, it is ranked relatively more
drought tolerant.

Plants deal with stress in three different ways, namely, escape, dehydration
avoidance, and dehydration tolerance. Drought escape is defined as the ability of
a plant to complete its life cycle before severe soil and plant water deficit develops.
Escape mechanism involves rapid phenological development (early flowering and
early maturity) and developmental plasticity (variation in duration of growth period
depending on the extent of water deficit). Dehydration avoidance is defined as the
ability of plants to sustain high plant water status or cellular hydration under drought
conditions. Crop plants avoid dehydration by enhanced capture of soil moisture by
efficient root system and osmotic adjustment (OA), by limited crop water loss from
transpiration and other nonstomatal pathways such as through the plant cuticle,
reduced absorption of radiation by radiation reflection, and leaf rolling/folding or
drying. Dehydration tolerance is defined as the capacity to sustain or conserve plant
function even in relatively low tissue water potential. Cellular water deficit stress
tolerance in plants depends on modification of metabolism, production of organic
compatible solutes (proline, sugars, polyols, betaine, etc.), and expression of genes
involved in membrane integrity, cellular homeostasis (ionic-, osmotic-, and meta-
bolic homeostasis), stress damage control, and repair.

Traits associated with avoidance and tolerance can be constitutive (intrinsic traits
that express constitutively) or adaptive (traits that express in response to stress).
Depending on the occurrence of stress at vegetative or reproductive stage, sorghum
exhibits preflowering and postflowering stress response, respectively. These two
responses are apparently controlled by different genetic mechanisms [10]. Preflow-
ering stress affects biomass, panicle size, grain number, and grain yield [11], while
postanthesis drought leads to premature leaf and stem senescence, lodging, and
reduced seed size [12]. Postanthesis drought also increases susceptibility of plants to
biotic stresses such as charcoal rot (Macrophomina phaseolina (Tassi) Goidanich) and
fusarium stalk rot (Fusarium moniliforme J. Sheld.) [12].

For preflowering drought tolerance, six distinct genomic regionswere identified in
sorghum recombinant inbred lines (RILs) derived from the cross between Tx 7078
(preflowering-tolerant, postflowering-susceptible) and B35 (preflowering-suscepti-
ble, postflowering-tolerant) genotypes [13]. These loci accounted for approximately
40% of the total phenotypic variation in yield under preflowering drought and were
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detectable across a range of environments. Kebede et al. [14] identified four quan-
titative trait loci (QTL) associated with preflowering drought tolerance in sorghum
from RILs derived from the cross, SC 56�Tx 7000. The major QTL influencing
preflowering drought stress tolerance accounted for 15 and 37.7% of the phenotypic
variance under two different environments, suggesting a strong G�E interaction at
this loci.

36.2.1.1 Stay Green
Postflowering drought response is associated with stay-green trait in sorghum. Stay
green is basically retention of green leaf area at maturity (GLAM). Maintenance of
stay-green trait during grain-filling stage under soil moisture-deficit stress condition
constitutes an important component of drought tolerance [15]. The stay-green
phenotype has been classified into five types [16]. In type A stay green, the initiation
of senescence is delayed, but proceeds at the same rate as the wild type. Type B stay
green initiates senescence at the same time as the wild type, but senescence proceeds
at slower rate. The above two types are regarded as functional stay green as retention
of greenness is associated with extended photosynthetic activity during grain filling.
On the other hand, type C or �cosmetic� stay green retains chlorophyll almost
indefinitely; however, the photosynthetic rate declines. Type D stay green is the
greenness retained after the leaf death by abrupt freezing or drying. Finally, type E
stay green contains higher chlorophyll content to begin with, but follows senescence
at normal time and rate.

Functional stay green can be of immense importance as it has been correlated
with higher grain filling and increased yield under postanthesis drought [12].
Moreover, there is no yield penalty associated with stay green under nondrought
conditions [12]. Stay green has also been associated with higher leaf nitrogen
content [17, 18], reduced lodging [12], lower susceptibility to charcoal rot [19], and
higher levels of stem carbohydrates both during and after grain filling [12]. Thus,
stay green contributes to various aspects of crop improvement and hence is a
valuable trait for crops like sorghum where primary harvest can be grain, forage,
juice, and/or fodder.

In sorghum, different stay-green sources are available that include B35 (BTx 642),
SC 56, E36-1, and KS19 [14, 20–22]. In breeding, B 35 and KS 19 are the two main
sources used for stay green [20]. These two genotypes represent two different types of
functional stay green: B 35-derived lines have a greater leaf area at flowering and a
normal rate of leaf senescence, whereas KS 19-derived lines have a smaller leaf area at
flowering and a slower rate of leaf senescence [12]. Although the ability of leaves to
delay senescence has a genetic basis in sorghum, the expression of the character is
strongly influenced by environmental factors [23]. The selection for trait depends
upon the occurrence of a prolonged period of drought stress during the grain-filling
period to accelerate normal leaf senescence. Genetic studies also showed that stay-
green trait is governed by genes that act at varied levels of dominance or additive
effects. For instance, the inheritance of the onset of senescence was additive, but a
slow senescence rate was found to be dominant over a fast rate [23, 24]. Furthermore,
the three components of stay-green trait, namely, green leaf area at flowering, time of
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onset of senescence, and subsequent rate of senescence also appear to be inherited
independently [12, 23].

Several studies have mapped QTL contributing to the stay-green trait (Table 36.1).
Most of these studies used B35 or derivatives of B35 as the stay-green source [25–29].
These studies led to identification of four major QTL, namely, Stg1, Stg2, Stg3, and
Stg4. QTL Stg1 and Stg2 are located on LG-03, Stg3 on LG-02, and Stg4 on LG-05, and
account for 20, 30, 16, and 10% of the phenotypic variance, respectively [11, 27].
Among these, Stg2 was found to be the most important QTL, followed by Stg1, Stg3,
and Stg4 [27]. Stg2 was consistent in all the environments, in different genetic
backgrounds, and explained the highest percentage of phenotypic variation (�30%)
in three different studies [26–28]. The near-isogenic lines (NILs) derived from the
cross between B35 and RTx 7000 were evaluated under drought conditions at
postflowering stage for their expression of stay-green phenotype. Physiological
analysis of four NILs containing individual QTL, namely, Stg1, Stg2, Stg3, or Stg4,
showed that B35 alleles in each of these loci could contribute to the stay-green
phenotype. It was found that NILs having the genomic DNA of B35 spanning the
region of the Stg2 were performing better than NILs having other QTL. NILs with
Stg2were showing higher GLAMand SPAD values and lesser rate of leaf senescence
over others [30].

Stay-green expression is affected by the degree of stress during grain filling, and
other factors such as flowering time and sink strength. It can be better manipulated
using a marker-assisted breeding approach [31]. Therefore, efforts have also been
initiated to transfer this trait throughmarker-assisted backcrossing (MABC) into elite
cultivars and study their expression in different background [22, 31]. However,
precision ofmarker-assisted breeding depends on how tightly themarkers are linked
to the genes or QTLs involved. Therefore, fine mapping of stay-green QTL still
remains a prerequisite. Fine mapping of QTL can be achieved by increasing marker

Table 36.1 Summary of studies related to identification of QTL for stay-green trait in sorghum.

Stay-green
parent

Nonstay-green
parent

Experimental
location

Population Markers used Reference

B35 Tx 7078 Mexico RIL RAPD [25]
USA RFLP

B35 Tx 430 USA RIL RFLP [26]
B35 Tx 7000 USA RIL RFLP [27]
B35 Tx 7000 USA RIL RAPD [28]

RFLP
SSR

QL41 QL39 Australia RIL RFLP [29]
SSR

SC56 Tx 7000 USA RIL RFLP [14]
E36-1 IS9830 India RIL AFLP [21]
E36-1 N13 RAPD

RFLPSSR
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density within the chromosomal region of interest and/or increasing the number of
segregating population for which phenotypic information can be obtained. With
available genome sequence and genomics tools, increasing the marker density
appears to be more straightforward approach. Many sequence-based markers
(namely, SNPs) can be made. That will further help in fine-mapping the QTL.
Simultaneously; integrated genomic approaches can beused for deciphering the stay-
green trait in sorghum. For instance, location of Stg2 on available physical map of
sorghum between markers RZ323 and WG889 [27, 28] in third chromosome of
sorghum consists of more than 200 genes (Table 36.2). Some of these genes are
predicted to function in important physiological processes such as photosynthesis,
leaf senescence, and abiotic stress response (Table 36.2) that may contribute to the
stay-green phenotype. Expression profile of these putative candidate genes can be
correlated with the stay-green trait. This will narrow down the search for genes
responsible for the trait.

On the basis of in silico comparative genome analysis, a few markers have already
been developed in Stg QTL of sorghum [32]. Moreover, QTL for stay-green trait in
wheat and rice have also been identified [33, 34]. Hence, comparative studies can be
used to expedite the process of identifying genes responsible for stay greennot only in
sorghum but also in other cereals.

In addition to functional stay-green genotypes, stay-green mutants are also
reported in many different species including rice [35], soybean [36], tomato [37],
Phaseolus vulgaris [38], pepper [39], Festuca pratensis [40], and so on. The impetus on

Table 36.2 List of selected genes in the corresponding Stg2 QTL region of BTx623 (http://www.
phytozome.net).

Marker
name

Position in
chromosome 3
(bases)

Candidate
genes

Predicted function

CSU58 54 878 005 — —

RZ323 55 631 111 Sb03g027940 Similar to membrane-associated salt-inducible
protein-like

Sb03g028070 Similar to protein phosphatase 2C
Sb03g028210 Similar to proline transport protein 2-like
Sb03g028240 Similar to probable indole-3-acetic acid-amido

synthetase GH3.5
Sb03g028470 Similar to heat shock factor RHSF13

UMC63 57 218 551 Sb03g029190 Similar to carbonic anhydrase, chloroplast
precursor

Xtxp002 57 539 612 Sb03g029570 Similar to malate dehydrogenase
Sb03g029740 Similar to leaf senescence protein-like
Sb03g029760 Similar to leaf senescence protein-like
Sb03g030110 Similar to pyruvate kinase

WG889 58 956 759 — —

Xtxp 114 60 794 047 — —
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identifying gene responsible for stay-green phenotype in these mutants started
with the finding of a single recessive nuclear gene, sgr (t), from a rice mutant [35].
Later, two research groups reported that sgr is a senescence-associated gene
encoding a novel chloroplast protein. It was shown that the stay greenness of
the sgr mutant was associated with a failure in the destabilization of the light-
harvesting chlorophyll binding protein (LHCP) complexes of the thylakoid mem-
branes, which is a prerequisite event for the degradation of chlorophyll and LHCPs
during senescence [41, 42]. This was followed by identification of orthologous
genes responsible for the stay-green character in other mutants that include
Mendel�s green cotyledon mutant in pea, green-flesh (gf ) and chlorophyll retainer (cl)
mutations of tomato and pepper, respectively [43, 44]. Though sgr has been
associated with type C or cosmetic stay-green phenotype, yet it gives an insight
into the mechanism of dismantling of photosynthetic chlorophyll–apoprotein
complexes. It also implies that if found orthologous in nature, identification of
functional stay-green genes in one species will speed up their elucidation in other
cereal crops as well.

36.2.1.2 Epicuticular Wax
Epicuticular wax forms an outer visible glaucous coating on many crop plants called
as waxy bloom or bloom. The accumulation of wax varies greatly depending on
species, organ, stage of development, and environmental conditions. EW is highly
diverse in composition and structure. Its hydrophobic composition and distribution
onmany aerial organs of plants has been considered a potentially useful trait and has
been associated with resistance to many diverse environmental stresses including
drought, insect, and disease resistance [45–47].

Sorghum is distinct from other cereal crops due to its ability to produce profuse
amount of epicuticular wax (EWor bloom) that is deposited on abaxial leaf blade and
sheath and culms, especially during preflowering and at maturity stages. The wax
composition of sorghum leaf sheath shows highest (96%) level of free fatty acids with
chain length varying from 16 to 33 carbons, of which C28 and C30 represent 78 and
20% of the constituents, respectively [48]. Moreover, sorghum as a species has been
reported to produce one of the highest amounts of leaf EW among cereal crops.
Burow et al. [49] reported that on a per unit leaf area basis, sorghum produces an
average of 1.9mg dm�1, while the reported value for rice (Oryza sativa L.) is 0.05mg
dm�1 [50]. Similarly, on per unit weight basis, sorghum produces approximately
52.7mg g�1 wax, which is 3-fold higher than that of maize (17.0mg g�1) [51] and
1.5–2-fold higher than that of durum wheat (25–35.7mg g�1) [52].

The most common plant waxes are very long-chain aliphatic molecules, of mainly
16–34 carbons in length, that occur as free fatty acids, aldehydes, primary alcohols,
alkanes, and esters [53]. However, there exists a difference in the biosynthetic
pathway depending on the carbon length. Synthesis of fatty acids with 16 carbons
or less, acyl chains is activated by a soluble plastidic acyl carrier protein (ACP) and
elongated by a fatty acid synthase (FAS) complex that condenses acetyl groups from
malonyl-ACP to growing acyl-ACP chains [54]. Acyl-CoA of 16C or 18C chain length
is exported from plastid into endosplasmic reticulum for long-chain acyl-CoA
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synthesis. Acyl chains that serve as direct wax precursors are activated by coenzymeA
(CoA) and elongated by membrane-associated enzyme complexes called fatty acid
elongases [55]. Elongases use malonyl-CoA as the two carbon donors instead of
malonyl-ACP. Once synthesized, the very long acyl-CoA chains are catalyzed by other
enzymatic reactions and form free acids, esters, aldehydes, and alkanes that consti-
tute the EW [48]. Thus, being involved in early steps in the wax metabolic pathway,
acyl-CoA elongases may serve as rate limiting and highly regulated reactions, and
hence plays a pivotal role in overall plant cuticular wax biosynthesis [56]. Genetic
analysis of Arabidopsis mutant led to the identification of two enzymes of FAE
complex, namely, ECERIFERUM6 (CER6, b-ketoacyl-CoA synthase) and CER10
(enoyl-CoA reductase). CER4, fatty acyl-CoA reductase, synthesizes primary alcohol
from very long-chain fatty acids. The WSD1, wax synthase/fatty acyl-CoA: fatty
alcohol acyltransferase synthesizes wax esters. Most of this information on biosyn-
thetic pathway of plant EW has been built on genetic analysis of Arabidopsis
mutants [57]. Though a few genes have now been isolated and characterized in rice
and maize [47, 58], none of the genes has been characterized at molecular level in
sorghum. However, there have been some detailed genetic studies on chemically
induced mutants in sorghum [48, 59, 60]. These mutants were designated bloomless
(bm), which completely lacked visible waxes on sheath surfaces and sparse-bloom (h),
those with reduced visible sheath waxes [59]. bm and h wax mutants produced
significantly low wax load compared to wild type. It was found that all the 12 bm
mutants had a reduction in the amount of C28 and C30 fatty acids that resulted in the
reduction of total wax load relative to wild type [48]. On the basis of composition
analysis, it was suggested that these sorghum mutants may have lesions that affect
either C26 acyl-CoA elongation or acyl-CoA thioesterases. The molecular identity of
these mutant loci still remains unknown. These wax mutants can be exploited for
elucidating genes involved in the biosynthesis of the very long-chain fatty acids.
Recently, a mapping population developed from a cross between BTx623 (wild type
with profuse wax) and KFS2021 (a mutant with greatly reduced wax) was used for
molecular mapping and characterization of a locus associated with production of
profuse wax BLOOM-CUTICLE (BLMC) in sorghum [61]. The locus mapped to the
terminal end of sorghum chromosome 10was delimited to as small as 0.7 cM region.
The analysis of putative genes in the BLMC region revealed the presence of an acyl
CoA oxidase (a gene involved in lipid and wax biosynthesis) and seven other putative
transcripts, among others [61]. Next to stomata, water loss from plants occurs
through its cuticle. High cuticular wax minimizes nonstomatal water loss from the
plants. The bloomless F2 progenies of the cross showed a significant negative
correlation between leaf epicuticular wax load with epidermal permeability and
night-time conductance, suggesting that epicuticular wax may enhance water use
efficiency of sorghum by regulating night-time water loss [49]. In addition to
disrupting the epicuticular wax production, blmc mutation also reduced culm and
leaf cuticle, and increased plant death rate in the field at anthesis [61]. This phenotype
was similar to bm22mutant reported by Jenks et al. [60]. The bm 22mutant reduced
both epicuticular wax and cuticle deposition that in turn was associated with
increased epidermal conductance to water vapor and increased susceptibility to the

36.2 Abiotic Stress Tolerance j931



funga1 pathogen Exserohilum turcicum [60]. Thus, there seems to be a link between
the pathways of epicuticular wax synthesis and cuticle formation. Cutin synthetic
enzymes use C16 and C18 acyl-CoA pools as precursors, potentially the same
precursors used in wax synthesis. As cuticle is involved in several different functions
including inhibition of uncontrolled permeation of water, solutes, and gases, and
protection from phytopathogens and so on, identification and characterization of
gene affecting both cuticle and epicuticular wax can be of significant importance for
both biotic and abiotic stress tolerance of sorghum.

36.2.1.3 Osmotic Adjustment
Osmotic adjustment and antioxidant capacity are the two traits that have been
associated with drought tolerancemechanisms. OA refers to the lowering of osmotic
potential due to the net accumulation of compatible solutes in response to water
deficits. These compatible solutes may be various amino acids (e.g., proline), sugars
(e.g., sucrose and fructans), polyols (e.g.,mannitol andpinitol), quaternary amines (e.
g., glycine betaine), ions (e.g., potassium), and organic acids (e.g., malate and
citrate) [62]. There is a wide variation in OA in crop plants, and the solutes
accumulated also differ by plant species [63]. Osmotic adjustment is an inherited
trait and has been associated with sustained yield in water-limiting conditions in
many crop plants [15]. In sorghum, two independent major genes (OA1 and OA2),
with some minor effects, have been reported to control the inheritance of OA in
sorghum [64].

Glycine-betaine (GB) is an important osmoprotectant and its role in abiotic stress
tolerance is demonstrated in several plant species. GB stabilizes the quaternary
structure of proteins, stabilizes highly ordered state ofmembranes, and reduces lipid
peroxidation under stress [65]. Betaine aldehyde dehydrogenase and choline mono-
oxygenase catalyze the synthesis of GB in a two-step oxidation of choline via the
intermediate betaine aldehyde. In sorghum, expression of BADH1 and BADH15,
encoding betaine aldehyde dehydrogenase, was found to be induced by water deficit
and their induced expression coincided with GB accumulation [66]. Among cereal
crops, maize and sorghum synthesize GB, while rice does not [67]. Moreover within
maize and sorghum, there are certain genotypes that do not accumulate GB [68, 69].
To study the GB accumulation in sorghum, near-isogenic lines (NILs) that differ in
their ability to accumulate GB were analyzed [69]. Labeling studies in sorghum
demonstrated that the deficiency in GB accumulation was at the choline oxidation
step [69]. However, a recent study suggests that lowGB accumulationmay not be due
to the absence of choline monooxygenase; rather, it may be due to the nonavailability
of substrate or lack of choline transporter [70]. Thus,mechanismofGB synthesis and
accumulation in these lines of sorghum and maize still remains an enigma.

Besides GB, other solutes such as proline, Kþ , sugars, Cl�, and P, were also
reported to contribute to osmotic adjustment in sorghum [66, 71]. Since phenotyping
for OA trait is difficult due to methodological constrains of OA evaluation, it will be
important to map OAQTL for different solutes, which can be transferred bymarker-
assisted selection (MAS) or transgenic approach to incorporate this trait for improve-
ment of OA and osmoprotection in sorghum.
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36.2.2
Cold Tolerance

Sorghum being native to tropical and subtropical regions of Africa [72] is well adapted
to warm growing conditions. Cool temperatures during the early growing season are,
therefore, amajor limitation to growing sorghumin temperate areas.Thedevelopment
of sorghum cultivarswith improved early-season cold tolerancewould allow expansion
of sorghum to these more northerly latitudes and would also allow for earlier planting
in areas where it is being grown [73].Moreover, improved emergence and early-season
vigor would enable better stand establishment and protect against loss of seedlings
during unexpected cold periods that are likely to become frequent due to climate
change scenario. Though most of the available sorghum germplasm is of tropical
origin, some of the sorghum landraces from temperate regions of China, referred to as
�kaoliang,� exhibit higher seedling emergence and greater seedling vigor under cold
conditions than most sorghum cultivars [74–76]. However, these races lack desirable
agronomic characteristics.Hence, efforts are beingmade to introgress desirable genes
from Chinese landraces into elite lines by marker-assisted selection. A population
developed froma cross betweenChinese landrace �ShanQui Red� (SQR, cold tolerant)
and SRN39 (cold sensitive) was employed for QTL analysis of early-season cold
performance in sorghum [77]. Two QTL, one on linkage group SBI-03 and the second
on group SBI-07, for germination under cold and optimal temperatures were iden-
tified. Another QTL located on linkage group SBI-01 showed strong association with
seedling emergence and seedling vigor scores under early and late field planting. The
three QTL were validated across two populations [78]. Hence, these can be useful for
marker-assisted breeding to improve early-season performance in sorghum.

36.2.3
Salt Tolerance

Salinity is one of themajor abiotic stresses that adversely affect crop productivity and
quality [5]. Saline soil is characterized by toxic levels of chlorides and sulphates of
sodium. The problemof soil salinity exists in both irrigated and dry areas. In irrigated
areas, poor quality of water or improper drainage or entry of seawater in coastal areas
contributes to salinity. In arid and semiarid regions, it is the high evaporation and
insufficient leaching of ions due to inadequate rainfall that leads to high salt
accumulation in root zones [79]. Salinity restricts plant growth due to nutritional
constrains, ion toxicity, and osmotic stress. Though sorghum has been characterized
as moderately tolerant, it is more tolerant than maize [80, 81]. Moreover, its better
suitability in arid andsemiarid regions alsomakes it a suitable target for improvement
in salt tolerance. Themechanismof salt tolerancehas been studied indetail (reviewed
inRefs [79, 82]), yet the complex geneticmechanism is abighurdle to improvement of
salt tolerance. In sorghum,diallel analysis, based on relative root length in salt-treated
and control plants, showed both additive and dominance effects of NaCl [83]. A large
genotypic variation for tolerance to salinity in sorghum has been reported [83–86];
however,nodetailedstudieshavebeencarriedout.Therefore, there isaneedtoexplore
this area of stress tolerance in sorghum.
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36.2.4
Aluminum Tolerance

Aluminum (Al) is a light metal that makes up 7% of the Earth�s crust and is the third
most abundant element after oxygen and silicon [87].Most of thisAl occurs in the form
of harmless oxides and aluminosilicates with only small amounts present in soluble
forms in the rhizosphere. However, under acidic condition of soil (pH < 5), Al is
solubilized into the phtotoxic trivalent cation, Al3þ . Aluminum toxicity primarily
affects the root growth resulting in limited absorption of water and mineral nutri-
ents [88], leading to a significant reduction in the quality of the grains on acid soils [89].
Acidic soil accounts for up to 50% of the world�s potentially arable soils [90], of which
largerpart comes from tropic and subtropic areas of developing countries.A significant
variation in Al tolerance is reported within some species [89]. In barley, Al tolerance
appears to be monogenic [91], while in rice it is a quantitative trait [92]. Al tolerance is
either simply inheritedas single dominant gene insomegenotypesofwheat or involves
action of more than one gene in other genotypes [93–96].

Plants have evolved two physiological mechanisms to resist the effect of Al toxicity
in acidic soils: exclusion ofAl from the root apex and chelationmechanism. Exclusion
mechanism is based on the external detoxification of Al, which protects the root apex
against Al penetration. This is achieved by the secretion of organic acids from the root
apex to the rhizosphere that modifies the pH and chelates the toxic Al3þ [97].
Chelationmechanismworks on compartmentalization of aluminum ions by specific
proteins, short-chain organic acids, phenolic compounds, and tannins that can bind
and form complexes with Al3þ . These complexes are subsequently compartmen-
talized in the vacuole, thus reducing Al toxicity [98–100]. Among the two mechan-
isms, Al-activated exudation of organic acid – anions – from root apices is the best
documented and characterized plant Al tolerance mechanism [87]. The exudation of
organic acid may be species specific, such as malate from Al-tolerant cultivars of
wheat [101], citrate from Al-tolerant cultivars of maize [102] and soybean [103], and
oxalate from buckwheat [104] and taro [105]. However, some species such as Secale
cereale (rye) may show exudation of both malate and citrate [106].

Transport of these organic acids occurs via anionic channels, the opening of which
maybe activatedbyAl.Thefirst such transporterALMT1 (aluminum-activatedmalate
transporter 1), responsible for malate efflux, was identified in wheat [107]. ALMT1
represented a new family of membrane proteins and mapped to chromosome 4DL,
corresponding to AltBH, a major aluminum tolerance locus in wheat and other
members of the Triticeae tribe [108]. Anew thrust came in to theAl tolerance research
whenMagalhaes et al. [109] reported a single locus,AltSB, which accounted for 80%of
the Al tolerance phenotype in sorghummapping population. Interestingly, the locus
AltSB mapped on the sorghum chromosome 3, which is not homologous to the
Triticeae group4 chromosomes.Comparativemapping studies indicated that amajor
Al tolerance QTL on rice chromosome 1 might be orthologous to AltSB, whereas
another QTL on chromosome 3 is likely to correspond to the Triticeae group 4 Al
tolerance locus [109]. Therefore, it appeared that in rice that is one of the most Al-
tolerant grasses [92, 110], thequantitative inheritanceofAl tolerancemaybea result of
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twomajorQTL,whichact as two independent anddistinctmajorAl tolerancegenes in
Andropogoneae and Triticeae [109]. As AltSB appeared to be distinct from AltBH,
positional cloning of AltSB was taken up that led to the identification of the gene
encodingaluminum-activatedcitrate transporter,amemberof themultidrugandtoxic
compound extrusion (MATE) family from sorghum [111]. Transgenic expression of
SbMATE gene conferred Al tolerance in both Arabidopsis and wheat [111]. Simulta-
neously, in the same year another MATE protein, HvAACT1, an Al-activated citrate
transporter that confers Al tolerance to barley, was reported [112]. MATE proteins are
members of a large and complex family of transporters; functional members of this
familywerefoundfirst inprokaryoticorganismsandlater ineukaryoticorganismsand
are generally involved in the efflux of small organic solutes. Their identification in
sorghumandbarley subsequently led to the identificationof several otherplantMATE
members that were implicated in citrate transport. These include OsFRDL1 from
rice [113],AtMATE fromArabidopsis [114], andZmMATE1 inmaize [115], andaMATE
gene implicated in citrate efflux has also been reported from wheat [116]. Though
overall studies indicate that Al tolerance in plants is predominantly contributed by
orthologousseriesof at least twomajor loci,detectionofadditionalQTLorgenes in the
genomes of maize [117], rice [92], oat [118], and rye [119] indicates that these Al
tolerance genes may also play a role in Al tolerance of plants.

In sorghum, Al tolerance appears to be a function of both allelic heterogeneity and
nonallelic heterogeneity [120]. A wide range of phenotypic variation for Al tolerance
was found, which was attributed to multiple alleles of AltSB. Even the two most
tolerant sorghum cultivars, SC283 and SC566, which were found to rely on AltSB for
their tolerance [109], showed a distinct phenotype, SC566, being significantly more
tolerant than SC283 indicating that the SC566 allele is stronger than the SC283
allele [120]. As the correlation between SbMATE expression and Al tolerance in a
panel having allelic diversity at the AltSB locus was highly significant [111], it was
suggested that these allelic effects in part may be regulatory in nature. Moreover,
transgressive segregation was also observed in a highly Al-tolerant breeding line,
indicating the role of additive or codominant effects in sorghum Al tolerance [120].
Though identification of these nonorthologous and additive aluminum tolerance
genes remains to be explored, the major gene AltSB from sorghum has been
instrumental in revealing a newmechanism of aluminum tolerance in plant species.
The major gene effect and allelic diversity at the AltSB locus can be exploited for
improving Al tolerance of sensitive sorghum genotypes and other species.

36.3
Genetic and Genomics Resources of Sorghum

36.3.1
Germplasm Resources and Genetic Diversity

The plant genetic resources are defined as the �Genetic material of plants that is of
value as a resource for the present and future generations of people� [121]. All
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accessions of a particular crop species are expected to contain essentially the same
genes. Differences in agricultural performance between accessions are thought to be
due to allelic differences within the same gene set. Thus, genetic diversity in a crop is
an important asset for improvement of its adaptive and agronomic traits. Genetic
diversity is essential both for evolutionary history and for future evolutionary
trajectory of a species. Most of the modern cultivars are having narrow genetic base
making them vulnerable to potentially new biotic and abiotic stresses, the best
example being the 1970 southern corn leaf blight (Bipolarisemaydays) epidemic [122].
With a changing global climate scenario, exploitation and preservation of genetic
diversity may become more evident for survival and sustainability of a crop.

Sorghum is a highly diverse species. There are three S. bicolor subspecies,
cultivated types (ssp. bicolor), wild (ssp. verticilliflorum), and weedy types that are
product of hybridization between domesticated and wild sorghums (ssp. drummon-
dii). Furthermore, within ssp. bicolor, there are 5 races (i.e., bicolor, caudatum, durra,
guinea, and kafir) and 10 intermediate races have been described on the basis of
panicle and spikelet morphology [123]. Sorghum genetic resources are conserved at
many centers around the world including India, China, the United States, Ethiopia,
Sudan, and South Africa. At the global level, sorghum germplasm collections consist
of approximately 168 500 accessions. International Crops Research Institute for
Semi-Arid Tropics (ICRISAT), India, is a major repository for world sorghum
germplasm with a total of 37 000 accessions from 91 countries [124]. To facilitate
enhanced utilization of diverse germplasm in breeding program, a core collection of
2247 accessions was developed in 2001 [125]. As this core collection was found to be
too large, a sorghum minicore with 242 accessions (10% of the core or 1% of the
entire collection) was developed from the existing core collection [124]. A minicore
collection thus may help in a precise evaluation and phenotyping for various traits.

Different molecular markers (RFLP, RAPD, AFLP, or SSR) have been used for
molecular analysis of genetic diversity in sorghum germplasm [126–131]. These
studies revealed that genetic diversity in sorghum is mostly influenced by racial and
geographic origins [126, 127, 129, 131]. A worldwide core collection of 210 landraces
representative of race, latitude of origin, response to day length, and production
system was analyzed with 74 restriction fragment length polymorphism (RFLP)
probes dispersed throughout the genome indicating that alongwith the geographical
and racial genetic diversity, there were varying levels of diversity within specific
morphological races. Among races, the highest diversity was exhibited by bicolor race
and least by kafir [132].

36.3.2
Genetic Maps and QTL Mapping

Several studies identified QTL associated with various traits in sorghum including
disease resistance [133], insect resistance [134], plant height and maturity [135], and
drought tolerance (references given in Section 36.2.1). Two high-density linkagemaps
are also available [136, 137]. The linkage map created by Menz et al. [136] consists of
2926 loci on 10 linkage groups with a total genetic distance of 1713 cM, while map
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developed by Bowers et al. [137] contained 2512 loci on 10 linkage groups, with a total
genetic distance of 1059.2 cM. Later, these two maps have been aligned by identifying
and mapping markers common to both populations [138]. On the basis of fluorescent
in situ hybridization (FISH) of sorghum genomic BAC clones, a size-based nomen-
clature for sorghum chromosomes (SBI-01–SBI-10) and linkage groups (LG-01–LG-
10) has been proposed [139]. A unified system of nomenclature for chromosome and
linkage maps will benefit the validation and comparison of QTL across different
backgroundsandenvironments.Recently, using thegenomesequencemore than6500
simple sequence repeat (SSR) loci with publicly available primer sequences have been
mapped in silico on sorghum genome [140]. This will facilitate the identification of
markers representing the entire genome, which in turn will not only improve
resolution in diversity analyses and linkage disequilibrium mapping but also help in
finemapping andmarker-assistedbreeding.Besides standardmolecularmarkers such
as RFLP and SSR, a new hybridization-based diversity array technology (DArT�) has
also been developed for sorghum [141]. Recently, six-componentmapping populations
wereused to integrate over 2000unique loci, including 1190uniqueDArTmarkers and
839 others, into a single consensusmapwith anaveragemarker density of onemarker/
0.79 cM [142]. This consensus map, however, still has overall lower marker density
compared to that one marker/0.59 cM and one marker/0.42 cM published by Menz
et al. [136] and Bower et al. [137], respectively. DArTprovides the advantage of being a
cost-effective, high-throughput marker technology that is independent of sequence
information and allows high multiplexing level for whole genome profiling.

36.3.3
Association Genetics

Association mapping, also called linkage disequilibrium (LD) mapping, refers to the
analysis of statistical associations between genotypes, usually individual single-
nucleotide polymorphisms (SNPs) or SNP haplotypes, determined in a collection
of individuals, and the traits (phenotypes) of the same individuals [143]. First
developed for human genetics, association genetics has now been used for dissecting
complex traits in crop plants [144]. In plants, a collection of individuals refers to those
that are derived fromwild populations, germplasmcollections, or subsets of breeding
germplasm. The levels of genetic variation and linkage disequilibrium (LD) are
critical factors both in associationmapping and in identification of loci that have been
targets of selection. Sorghum being largely a self-pollinating crop is expected to have
higher levels of LD and homozygosity, which are suitable parameters for LD
mapping [145]. Analysis of 27 diverse S. bicolor accessions for sequence variation
at about 30 000 sites throughout the genome of S. bicolor indicates that the frequency
of SNPs is about one-fourth of that observed in a comparable sample of maize
accessions [146]. The extent of allelic associations, as assessed by pairwise measures
of LD, is higher in S. bicolor than in maize, but lower than in rice and Arabidopsis.
Hamblin et al. [147] demonstrated that in sorghum LD could extend up to 100 kb, but
had largely decayed by 15 kb, meaning that targeted association mapping is possible
in this species. To facilitate the association studies in sorghum, Casa et al. [148] have
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characterized a panel of 377 accessions. These accessions were phenotyped for eight
traits, and levels of population structure and familial relatedness were assessed with
47 SSR loci. The genotypic data for this panel along with appropriate statistical
models for correcting for population structure and kinship are available for the entire
sorghum community. Furthermore, efforts are being made to develop recombinant
inbred populations for carrying out nested association mapping strategies in
sorghum [148]. Recently, a few candidate gene-based association studies have been
reported for various traits in sorghum such as plant height, brix, starch metabolism,
and grain quality [149–152].However, for complex quantitative traits such as drought
stress, a genome-wide association mapping may be more useful. This will also
require a genome-wide coverage of markers. Owing to their high density, SNPs play
an important role in genome-scale linkage disequilibrium and association studies.
About 1402 SNPalleles were reported byHamblin et al. [146, 147, 151] through direct
sequencing, while 2217 SNPs were detected in sorghum from analysis of loci from
public EST databases [153].

36.3.4
Transcriptomics and Reverse Genetics

Besides sequence-based information, adaptive responses of sorghum have been
monitored by genome-wide expression analysis under different stress conditions
such as salinity, osmotic stress, or abscisic acid [154]. In addition, a sorghum
Expressed Sequence Tags (ESTs) project has collected over 200 000 sequences from
cDNA libraries derived from diverse tissues [155] and by December 2010, 209 828
ESTs were available at EST database of National Center for Biotechnological Infor-
mation (NCBI). Various in silico genome-wide analyses of genes, promoters, or
miRNAs are being performed that will help in identification and characterization of
existing and new orthologues of these sequences [156, 157].

Additional resources for sorghum include mutant populations that are either
being screened for target traits such epicuticular wax [158] or being developed as
TILLING populations [159]. A TILLING population of 1600 lines has also been
generated through EMS mutagenesis in sorghum genotype BTx 623 and its appli-
cability has been evaluated on a subset ofmutant lines [159]. Isolation ofCandystripe1
(Cs1), first active transposable element from sorghum, has potential for insertion
mutagenesis and transposon tagging in sorghum [160]. The possibility of genetic
transformation in sorghum [161–163] provides equal opportunities for both func-
tional validation and crop improvement strategies. Moreover, the results of inter-
specific hybridization have been encouraging that will allow inclusion of allelic
diversity in cultivated sorghum [164, 165].

36.3.5
Comparative Genomics

Besides using its own genetic and genomic resources, sorghum can be benefited by
the high degree of genic colinearity and sequence conservation that prevails among
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cereals [166, 167]. The syntenic relationship of sorghum with other cereals has
become instrumental in the construction of genetic maps, verification of certain
quantitative trait loci, identification of candidate genes underlying QTL, and genome
evolution [109, 168–170]. Postgenome sequencing, enormous information is emerg-
ing from rice. The knowledge gained from rice can be used to accelerate progress in
sorghum and sorghum in turn can benefit closely related large genomes such as
maize and sugarcane. For example, analysis ofmiRNA in sorghumgenome indicates
that ricemiRNA169 g, which is upregulated during drought stress, has five sorghum
homologues. Similarly, cytochrome P450 domain-containing genes, often involved
in scavenging toxins such as those accumulated in response to stress, are more
abundant in sorghum than in rice [4]. A detailed analysis of these duplicated genes
may shed light on the adaptive nature of sorghum. On the other hand, sorghum
genome has been found to be an excellent template for assembling the genic DNA
of the autopolyploid sugarcane genome and Miscanthus� giganteus genome
[171, 172]. Thus, with rice, sorghum and Brachypodium distachyon genome [173]
sequences already available, and with impending maize genome sequence, there is
an immense opportunity for comparative genetics and genomics to dissect abiotic
stress tolerance mechanisms in cereals.

36.4
Prospects

Postgenome sequencing, there has been a phenomenal change in the prospects of
sorghum research in general. The focus has been shifted to sorghum because of
several inherent attributes that make it a highly promising system in this global
climate change scenario. With the availability of whole-genome sequence, wide
germplasm resource and diversity, high-density linkage maps, array of markers
coupled with tolerance to drought and heat, and potential candidate as bioenergy
crop, sorghum is poised for modeling a future crop. There are several traits that are
best represented by sorghum and yet remain unexplored. For example, sorghum
tends to arrest growth during periods of drought and grows rapidly when water is
available, thus avoiding yield losses. The extensive root system of sorghum can
penetrate 1.5–2.5m into the soil and extend 1m away from the stem. Roots harvest
water and nutrients from soil and thus play an important role in adaptation to abiotic
stresses. Several root QTL have been identified in rice and maize, yet no such efforts
have beenmade in sorghum.Maybe the extensive root systemof sorghum itself could
pose difficulty in phenotyping. The availability of advanced phenotyping facilities and
information generated from rice and maize root QTL studies can be exploited.
Furthermore, sorghum apparently shows epicuticular wax values close to maximum
that can be achieved by plants. Though genetic and chemical analyses of epicuticular
wax mutants have been reported, molecular aspects are needed to be understood.
Components such asmembrane stability andwater use efficiency require a thorough
evaluation. Passioura [174] remarked, �Drought tolerance is a nebulous term that
becomes more nebulous the more closely we look at it, much as a newspaper
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photograph does when viewed through a magnifying glass.� Thanks to the tremen-
dous progress in understanding drought tolerance mechanisms during the past two
decades, and the availability of high-throughput phenomics and genomics tools,
today plant scientist hope that crop drought tolerance can be improved drop by drop,
trait by trait, and gene by gene [175]. Hence, application of high-throughput �omics�
approach to understand the abiotic stress-adaptivemechanisms of sorghumwill help
genetic improvement of abiotic stress tolerance in sorghum. The trait of seedling
emergence and seed vigor under cold from Chinese landraces is associated with
transfer of negative traits such as susceptibility to leaf diseases. Identification of QTL
is being done; however, tightly linked markers need to be developed for precise
introgression of this trait in elite cultivars. Though it has been claimed that sorghum
is tolerant to heat, yet there is no systematic study to illustrate this trait in sorghum.
Overall, the attributes of sorghum for abiotic stress tolerance are still unexplored.
Though some physiological evidences are available and genetic studies have been
initiated, yet detail understanding of molecular and physiological mechanism is
necessary for improvement of sorghum and cereal family in general.
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37
Vegetable Crops (Chili Pepper andOnion): Approaches to Improve
Crop Productivity and Abiotic Stress Tolerance
Nandkumar Kunchge, Kiran Kumar, and Prashant Firke

The changing environments pose serious challenges to global agriculture and place
unprecedented pressures on the sustainability of agriculture production. Climatic
changes have been influencing the severity of environmental stress imposed on
vegetable crops. Vegetable production is threatened by various abiotic stresses such
as increased soil salinity, drought, temperature fluctuations, and so on. Success in
breeding for varieties better adapted to abiotic stresses depends upon the concerted
efforts by various research domains including plant and cell physiology, molecular
biology, genetics, and breeding. The use of modern molecular biology tools for
elucidating the control mechanisms of abiotic stress tolerance and for engineering
stress-tolerant crops is based on the expression of specific stress-related genes. In this
chapter, we have reviewed the studies reported on various factors responsible for
abiotic stress in plants especially in vegetables with reference to chili pepper and
onion. Physiological and molecular changes at genetic level during the stress
response of plants are discussed briefly. This chapter emphasizes on the recent
efforts to improve abiotic stress tolerance in crop plants by employing some of the
stress-related genes and transcription factors in chili pepper and onion plants. The
conventional breeding methods can be complemented by an array of biotechnolog-
ical tools to augment vegetable production by saving time and resources. Molecular
and genomics analyses have facilitated gene discovery and enabled genetic engi-
neering using several functional or regulatory genes to activate specific or broad
pathways related to abiotic stress tolerance in plants. There is a clear and urgent need
to introduce stress tolerance genes into crop plants, in addition to establishing gene
stacking or gene pyramiding.

37.1
Introduction

The human society has developed for thousands of years under one climatic state,
and now a new set of climatic conditions are taking shape. These conditions are
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consistently warmer, and some areas are likely to seemore extreme events like severe
drought, torrential rain, and violent storms. While year-to-year changes in temper-
ature often reflect natural climatic variations such asElNi~no/LaNi~na events, changes
in average temperature from decade to decade reveal long-term trends such as
global warming.

Global warming and climate change have been widely accepted as facts. The
changing environments pose serious challenges to global agriculture and place
unprecedented pressures on the sustainability of horticulture industry. Adapting
horticulture to future conditions is essential to meet the need of growing population
and increasing demand for fruits, vegetables, and other horticultural products.
Therefore, the development of horticultural crops that can cope with heat, cold,
drought, and other climate extremes brought by a warming planet may well be the
single most important step we can take to adapt to the changes we face today and in
the future. In addition, it is estimated that more than 20% of all cultivated lands
around the world contain levels of salts high enough to cause stress on crop plants, a
situation worsened by global warming.

The tropical vegetable production environment is a mixture of conditions that
varies with season and region. Climatic changes will influence the severity of
environmental stress imposed on vegetable crops. Moreover, increasing tempera-
tures, reduced irrigation water availability, flooding, and salinity will be major
limiting factors in sustaining and increasing vegetable productivity. Extreme climatic
conditions will also negatively impact soil fertility and increase soil erosion.
Thus, additional fertilizer application or improved nutrient-use efficiency of crops
will be needed to maintain productivity or harness the potential for enhanced crop
growth due to increased atmospheric CO2. The response of plants to environmental
stresses depends on the plant developmental stage and the length and severity of the
stress [1]. Plants may respond similarly to avoid one or more stresses through
morphological or biochemical mechanisms [2]. Environmental interactions may
make the stress response of plantsmore complex or influence the degree of impact of
climate change.

37.2
Effect of Salinity

As the earth becomes less fertile after increased salinization of soil and water, in
addition to drought, the importance of finding a way to improve crop yields will be
vital to the survival of humans [3]. Drought and salinity are becoming increasingly
prevalent such that severe salinization encompassingmore than 50% of all cultivable
land is projected by 2050 [4]. Vegetable production is threatened by increasing
soil salinity particularly in irrigated croplands that provide 40% of the world�s food.
Excessive soil salinity reduces productivity of many agricultural crops, including
most vegetables that are particularly sensitive throughout the ontogeny of the plant.
According to the United States Department of Agriculture (USDA), onions are

954j 37 Vegetable Crops (Chili Pepper and Onion): Approaches to Improve Crop Productivity



sensitive to saline soils, while cucumbers, eggplants, peppers, and tomatoes, among
themain crops of AVRDC –TheWorld Vegetable Center, aremoderately sensitive. In
hot and dry environments, high evapotranspiration results in substantial water loss,
thus leaving salt around the plant roots that interfereswith the plant�s ability to uptake
water. Physiologically, salinity imposes an initial water deficit that results from the
relatively high solute concentrations in the soil, causes ion-specific stresses resulting
from altered Kþ/Naþ ratios, and leads to a buildup in Naþ and Cl� concentrations
that are detrimental to plants [5].

Plant sensitivity to salt stress is reflected in loss of turgor, growth reduction,
wilting, leaf curling and epinasty, leaf abscission, decreased photosynthesis, respi-
ratory changes, loss of cellular integrity, tissue necrosis, and potentially death of the
plant [6, 7]. Salinity also affects agriculture in coastal regions that are impacted by low-
quality and high-saline irrigationwater due to contamination of the groundwater and
intrusion of saline water as a result of natural ormanmade events. Salinity fluctuates
with season, generally high in the dry season and low during rainy season when
freshwater flushing is prevalent. Furthermore, coastal areas are threatened by
specific, saline natural disasters that can make agricultural lands unproductive,
such as tsunamis, which may inundate low-lying areas with seawater. Although the
seawater rapidly recedes, the groundwater contamination and subsequent osmotic
stress cause crop losses and affect soil fertility. In the inland areas, traditional water
wells are commonly used for irrigationwater inmany countries. The bedrock deposit
contains salts and the water from these wells is becomingmore saline, thus affecting
irrigated vegetable production in these areas.

37.3
Effect of High Temperature on Abiotic Stress

Temperature limits the range and production of many crops. In the tropics, high-
temperature conditions are often prevalent during the growing season and, with a
changing climate, crops in this areawill be subjected to increased temperature stress.
Analysis of climate trends in tomato-growing locations suggests that temperatures
are rising and the severity and frequency of above-optimal temperature episodes will
increase in the coming decades [8]. Vegetative and reproductive processes in
tomatoes are strongly modified by temperature alone or in conjunction with other
environmental factors [9]. High-temperature stress disrupts the biochemical reac-
tions fundamental for normal cell function in plants. It primarily affects the
photosynthetic functions of higher plants [10]. High temperatures can cause signif-
icant losses in tomato productivity due to reduced fruit set, and smaller and lower
quality fruits [11]. Preanthesis temperature stress is associated with developmental
changes in the anthers, particularly irregularities in the epidermis and endothesium,
lack of opening of the stromium, and poor pollen formation [12]. Hazra et al. [13]
summarized the symptoms causing fruit set failure at high temperatures in tomato;
these include bud drop, abnormal flower development, poor pollen production,
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dehiscence, and viability, ovule abortion and poor viability, reduced carbohydrate
availability, and other reproductive abnormalities. In addition, significant inhibition
of photosynthesis occurs at temperatures above optimum, resulting in considerable
loss of potential productivity.

37.4
Abiotic Stress in Drought Conditions

Unpredictable drought is the single most important factor affecting world food
security and the catalyst of the great famines of the past [14]. The world�s water
supply is fixed, thus increasing population pressure and competition for water
resources will make the effect of successive droughts more severe [15]. Inefficient
water usage all over the world and inefficient distribution systems in developing
countries further decreases water availability. Water availability is expected to be
highly sensitive to climate change and severe water stress conditions will affect
crop productivity, particularly that of vegetables. In combination with elevated
temperatures, decreased precipitation could cause reduction of irrigation water
availability and increase in evapotranspiration, leading to severe crop water stress
conditions [16].

Vegetables, being succulent products by definition, generally consist of
greater than 90% water [17]. Thus, water greatly influences the yield and quality
of vegetables; drought conditions drastically reduce vegetable productivity.
Drought stress causes an increase in solute concentration in the environment
(soil), leading to an osmotic flow of water out of plant cells. This leads to an increase
in the solute concentration in plant cells, thereby lowering the water potential
and disrupting membranes and cell processes such as photosynthesis. The
timing, intensity, and duration of drought spells determine the magnitude of the
effect of drought.

37.5
Abiotic Stress due to Freezing Temperature

Freezing temperature greatly limits the geographical distribution of cultivated
plants and often causes severe losses in agriculture production. Biotechnology
offers new strategies that can be used to develop transgenic crop plants with
improved tolerance to freezing stress. A number of genes have been isolated and
characterized that are responsive to freezing stress. The designed genotype should
be better than the available ones and must reach the farmers. Transgenic tech-
nologies have opened up many exciting possibilities to improve products with
added value with application in food, agriculture, animal husbandry, environment,
medicine and industry. It also offers uncommon opportunities for improvement in
genetic potential of plants and animals by introduction or removal of gene or genes
that regulate a specific trait.
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The conventional breeding methods complemented by an array of biotechnolog-
ical tools can be used to augment vegetable production by saving time and resources.
Molecular and genomic analyses have facilitated gene discovery and enabled genetic
engineering using several functional or regulatory genes to activate specific or broad
pathways related to abiotic stress tolerance in plants [18]. The potential outcome can
be in the form of development of specific vegetable varieties that aremore resistant to
biotic and abiotic stresses, enhanced nutritional level of food items, enhanced shelf
life of perishable farm produce, conversion of organic waste into biofuels.

37.6
Abiotic Stress-Tolerant Variety Development in Vegetables

AVRDC – TheWorld Vegetable Center has developed tomatoes and Chinese cabbage
with general adaptation to hot and humid tropical environments and low-input
cropping systems since the early 1970s. This has been achieved by developing heat-
tolerant and disease-resistant breeding lines. The Center has made significant
contributions to the development of heat-tolerant tomato and Chinese cabbage lines
and the subsequent release of adapted, tropical varieties worldwide. The key to
achieving high yields with heat-tolerant cultivars is the broadening of their genetic
base through crosses between heat-tolerant tropical lines and disease-resistant
temperate or winter varieties [19]. The heat-tolerant tomato lines were developed
using heat-tolerant breeding lines and landraces from the Philippines (e.g., VC11-3-
1-8, VC 11-2-5, Divisoria-2) and the United States (e.g., Tamu Chico III,
PI289309) [20]. However, lower yields in the heat-tolerant lines are still a concern.

More heat-tolerant varieties are required to meet the needs of a changing climate,
and thesemust be able tomatch the yields of conventional, nonheat-tolerant varieties
under nonstress conditions. Awider range of genotypic variationmust be explored to
identify additional sources of heat tolerance. An AVRDC – The World Vegetable
Center breeding line, CL5915, has demonstrated high levels of heat tolerance in
Southeast Asia and the Pacific. The fruit set of CL5915 ranges from 15–30% while
there is complete absence of fruit set in heat-sensitive lines in mean field tempera-
tures of 35 �C. Genetic studies at AVRDC – TheWorld Vegetable Center indicate that
heat tolerance inCL5915, based on fruit set and fruit number per cluster, is controlled
by additive and dominant effects [21]. However, bimodality of fruit set distribution
and recovery of tolerant lines in early backcross generations suggests that only a few
major genes and modifiers may control the heat tolerance trait [22, 23]. Since then
new breeding lines have been developed fromCL5915 and other sources that exhibit
increased heat tolerance. In Egypt, CL5915 lines were best combiners for percentage
fruit set and total yield in hybrids developed from heat-tolerant and heat-sensitive
lines [24].

Germplasm evaluation for heat tolerance at AVRDC –TheWorld Vegetable Center
conventionally relied upon field screening during the hot and humid season, with
measurement of fruit set and yield. Generally, less than 1% of the screened lines or
accessions exhibit a high level of heat tolerance [25]. Although field screening is
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effective, the accuracy and speed of the process could be improved through the use of
molecular markers.

Unfortunately, using classical breeding to select plants with greater resistance to
abiotic stresses is inhibited by the difficulty of workingwith a trait that is controlled by
several genes [3]. Since there are similar physiological changes that occur in drought
and freezing, the types of genes that are expressed in the plants defense are
similar [26]. Fortunately, the molecular biology behind the gene expression that
provides cold acclimation inplants is being characterizedmore comprehensively [26].
Studies on cold-regulated gene expression inArabidopsishave shown thatmany of the
genes are regulated by the CBF/DREB1 transcription factors (TFs). It is believed that
the COR proteins that are regulated by CBF/DREB1 increase the production of
membrane-stabilizing proteins and sugars [27]. Using genes that code for transcrip-
tion factors is a promisingmethod for genetic engineering becausemany of the ways
inwhichplants can adapt to cold, drought, oxidative stress, and extreme temperatures
is through transcriptional control [4, 28]. Transcription factors that are a part of the
regulon to help prevent the effects of abiotic stress have been constitutively over-
expressed to promote a greater amount of tolerance. Many of the studies in
commercial crops were based upon Arabidopsis because not only the structural
proteins but also the entire stress tolerance regulons are conserved, making it a
valuable model for biotechnological research [28].

The purpose of this chapter is to provide a compendiumofTFs related to the abiotic
stress and development of transgenic crops that have been modified to reduce the
effects of abiotic stress. All of the crops overexpress a gene that codes for a
transcription factor that will activate a gene and a stress response to re-establish
cellular homeostasis [4]. It is important that stress responses to abiotic factors are
studied because it will help take further the study of functional genomics. The use of
transcription factors discussed here in genetic engineering could be a vital feature of
agricultural biotechnology.

37.7
Role of Transcription Factors in Plant Stress Tolerance

Plant stress responses are regulated bymultiple signaling pathways that activate gene
transcription and its downstreammachinery. Plant genomes contain a large number
of transcription factors; for example, Arabidopsis dedicates about 5.9% of its genome
coding formore than 1500 TFs [29].Most of these TFs belong to a few largemultigene
families, for example, MYB, AP2/EREBP, bZIP, and WRKY. Individual members of
the same family often respond differently to various stress stimuli; on the other hand,
some stress-responsive genesmay share the sameTFs, as indicated by the significant
overlap of the gene expression profiles that are induced in response to different
stresses [30–34]. Some key examples are discussed below.

The dehydration-responsive transcription factors (DREB) and C-repeat binding
factors (CBF) bind to DRE and CRT cis-acting elements that contain the same motif
(CCGAC). Members of the CBF/DREB1 family, such as CBF1, CBF2, and CBF3 (or
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DREB1B, DREB1C, and DREB1A, respectively) are themselves stress inducible.
DREB/CBFproteins are encoded byAP2/EREBPmultigene families andmediate the
transcription of several genes such as rd29A, rd17, cor6.6, cor15a, erd10, kin1, kin2,
and others in response to cold and water stress [31, 35–39].

A significant improvement in stress tolerance was found upon overexpression of a
single TF in engineered Arabidopsis thaliana plants. Arabidopsis cold acclimation is
associated with the induction of COR (cold-regulated) genes by the CRT/DRE cis-
regulatory elements [40]. Jaglo-Ottosen et al. [41] showed that increased expression of
Arabidopsis CBF1 induces the expression of the cold-regulated genes cor6.6, cor15a,
cor47, and cor78, and increased the freezing tolerance of nonacclimated Arabidopsis
plants. Arabidopsis transformation with the DREB1A gene [42] driven either by the
strong constitutive promoter of the cauliflowermosaic virus (35SCaMV) or by aDRE-
containing promoter from the dehydration-induced gene (rd29A) resulted in a
marked increase in tolerance to freezing, water, and salinity stress. Similar to the
CBF1 transgene, constitutive expression of DREB1A transcription factor resulted in
an increased expression of its downstream targeted genes, such as rd29A, rd17,
cor6.6, cor15a, erd10, and kin1.Overexpression of CBF3 inArabidopsis also increased
freezing tolerance and,more interestingly, resulted inmultiple biochemical changes
associated with cold acclimation: elevated levels of proline and total soluble sugars,
including sucrose, raffinose, glucose, and fructose [43]. Plants overexpressing CBF3
also had elevated D1-pyrroline- 5-carboxylate synthetase (P5CS) transcript levels,
suggesting that the increase in proline levels had resulted, in part, from increased
expression of the key proline biosynthetic enzyme P5CS.

Components of theArabidopsisCBF/DREB cold response pathwaywere also found
in Brassica napus and other plant species [44]. Constitutive overexpression of the
Arabidopsis CBF genes in transgenic B. napus plants induced expression of ortho-
logues ofArabidopsisCBF-targeted genes and increased the freezing tolerance of both
nonacclimated and cold-acclimated plants. Recently, expression of Arabidopsis CBF1
in tomato plants has been shown to confer elevated tolerance to chilling and oxidative
stress [45]. However, the expression of COR genes was not induced, while reactive
oxygen species (ROS) scavenger genes, for example, CAT1,were activated. Recently, a
close CBF/DREB1 homologue, CBF4, was isolated in Arabidopsis. The expression of
CBF4 is rapidly induced during drought stress and by abscisic aid (ABA) treatment,
but not by cold, thereby distinguishing it from CBF/DREB1 transcription factors.
Overexpression of CBF4 under the constitutive CaMV35S promoter resulted in the
expression of cold- and drought-induced genes under nonstress conditions, and the
transgenic Arabidopsis plants showed more tolerance to freezing and drought
conditions [46].

ABA signaling plays a vital role in plant stress responses as evidenced by the fact
that many of the drought-inducible genes studied to date are also induced by ABA.
Two TF families, bZIP and MYB, are involved in ABA signaling and its gene
activation. Many ABA-inducible genes share the (C/T) ACGTGGC consensus, cis-
acting ABA-responsive element (ABRE) in their promoter regions [47, 48]. Several
ABRE binding proteins, including rice TRAB and Arabidopsis AREB/ABF and ABI5,
which interact with ABRE and regulate gene expression, have been isolated [49–53].
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Recently, Abe et al. [55] showed that the Arabidopsis MYB transcription factor
proteins, AtMYC2 and AtMYB2, function as transcriptional activators in ABA-
inducible gene expression, suggesting a novel regulatory system for gene expression
in response to ABA, other than the ABRE-bZIP regulatory system.

Constitutive expression of ABF3 or ABF4 demonstrated enhanced drought
tolerance in Arabidopsis plants, with altered expression of ABA/stress-responsive
genes, for example, rd29B, rab18, ABI1, and ABI2 [54]. Several ABA-associated
phenotypes, such as ABA hypersensitivity and sugar hypersensitivity, were observed
in transgenic plants. Moreover, salt hypersensitivity was observed in ABF3- and
ABF4-overexpressing plants at the germination and young seedling stage, indicating
the possible participation of ABF3 and ABF4 in the salt response at these particular
developmental stages. Improved osmotic stress tolerance in 35S:AtMYC2/AtMYB2
transgenic plants, as judged by an electrolyte leakage test [55], is yet another example
of howplant engineeringwith transcriptional activators ofABA signaling can provide
a means of improving plant stress tolerance.

37.8
Utilizing Heat Stress Transcription Factors to Increase Heat Stress Tolerance

Heat is another abiotic stress that can affect the way a plant develops, even as a
seedling. Heat stress transcription factors (HSF) are expressed to induce the
production of chaperones used to protect proteins from forming negative physio-
logical interactions, such as conformational change in protein structure [56, 57]. This
function ofHSFs can be used to increase longevity under heat stress by introducing
genes that code forHSFs in one plant and overexpress them either in the same plant
or in a different species [58]. The sunflower gene HaHSFA9 has recently been
transferred into tobacco with a DS10 promoter [58]. The DS10 promoter was used
because it provides two orders of magnitude greater expression than a 35s promoter
without the common adverse effects such as decreased yield and size, and seed
specificity [58]. Modifying tobacco with DS10:HaHSFA9 from sunflower gave its
seeds the ability to overexpress the production ofHSPs, thereby increasing tolerance
to heat stress [58]. Seven days after the heat treatment at 50 �C a handful of the
controls germinated (0–6%), whereas 24� 5% of the DS10:HaHSFA9-transformed
plants germinated [58]. It is important to note that because the HSFs are conserved
amongmany other plants, future experiments can be formulated to provide seed heat
stress/deterioration resistance using orthologous factors [58].

Similar to osmotic stress, the heat shock response is primarily regulated at the
transcriptional level. Thermoinducibility is attributed to conserve cis-regulatory
promoter elements (HSEs) that are the binding sites for the trans-active heat
shock factors [59]. The HSEs share a common consensus sequence
�nGAAnnTTCnnGAAn.� Plant HSFs, which are further categorized into three
classes, A, B, and C, appear to be a unique family containing a number of members:
21 from Arabidopsis, more than 16 from tomato, and 15 from soybean [60]. Hsps are
chaperones, which function during both normal cell growth and stress conditions;
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therefore, it is not surprising that HSFs provide diverse functions that differentially
control the activation of heat shock genes [59, 61, 62]. It has been shown that
overexpression of HSF1 and HSF3 (class A) leads to the expression of several hsp
genes conferring thermotolerance in transgenic plants [63, 64]. In tomato plants,
overexpression of HsfA1 resulted in heat stress tolerance, while HsfA1 antisense
plants and fruits were extremely sensitive to elevated temperatures [62]. Analysis of
the transgenic plants disclosed thatHsfA1 has a unique role as amaster regulator for
the synthesis of other HSFs such as HSFs A2 and B1 as well as Hsps. HSFsmay also
play a role in controlling cell death. The rice spl (spotted leaf) gene spl7 encodes a
class-A HSF and the spl7 transgenic rice showed no lesions (spotted leaf) or delay in
development of lesions [65]. The experiment suggested that spl7might participate in
controlling cell death that is caused by environmental stresses such as high
temperature.

These studies demonstrate the important role of TFs in the acquisition of stress
tolerance, which may ultimately contribute to agricultural and environmental
practices. Although plant transformation with stress-responsive TFs permits over-
expression of downstream stress-associated multiple genes, it may also activate
additional nonstress genes that adversely affect the normal agronomic characteristics
of a crop. One common negative effect of TF-modified plants is the growth
retardation in transgenic plants that constitutively express TFs [42, 45, 54, 55]. For
example, a positive correlation was found between the levels of DREB1A expression,
the level of expression of the target gene RD29A, and the degree to which plants
growth is stunted [38]. These negative effects can be partially prevented by the use of
stress-inducible promoters that control the expression of the TF [42].

37.9
Other TFs Used to Increase Stress Tolerance

It has recently been determined thatOryza sativa can becomemore stress tolerant of
drought and salt at the vegetative stage by transforming the plant with SNAC11 and a
CaMV 35s promoter [66]. In addition, there was 17.2–24.0% greater fertility (seed
number) in the transformed rice than the negative control after 5 days of severe and
moderate salt stress. In addition to phenotypic results, the expression levels of the
SNAC11 gene were determined using a Northern blot [66]. It was possible to
determine the localization of expression of SNAC11 by incorporating GFP in the
construct. The expression levels in the transgenic plants were located mainly in the
leaves where there was curling, which helped in closing stomata and inhibiting water
loss [66]. Another novel gene that controls a transcription factor inhibits the effects of
cold, salt, and drought stress in rice is OsCOIN (O. sativa cold inducible) [67]. By
controlling the gene with a CaMV35s promoter and transforming the rice with
Agrobacterium, it was possible to increase tolerance to cold, salt, and drought
stress [67]. Moreover, 2 week-old rice was exposed to a temperature of 4 �C for
60, 71, and 84 h and allowed to recover for 2 weeks where it was found that a
significantly greater percentage of OsCOIN transgenic rice grew than the wild
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type [67]. In addition, the results from a 20 day-long salt stress test showed that
OsCOIN transgenic rice germinated 35% faster and taller than the wild-type rice [67].
Also, it was determined that proline concentration in the cell helped determine
OsCOIN�s ability to function [67].

Lettuce (Latuca sativa L.), one of the most popularly grown vegetables, worldwide,
is limited in productivity by its own ability to fight off the effects of drought and cold
temperatures [68]. Recently, lettuce has been successfully transformed with Arabi-
dopsis ABA-responsive binding factor3 (ABF3) gene so the crop can overexpress the
genes necessary to tolerate drought and cold [69]. Again, using Agrobacterium-
mediated transformation, a construct was obtained containing not only the gene
of interest, ABF3 (under maize ubiquitin promoter), but also gfp gus and the
selectable marker hph under a 35S promoter [69]. ABF3 can be used to improve
lettuce tolerance as a seedling and an adult, as the wild-type lines were significantly
more vulnerable to the stresses used [69]. The Southern blotting was performed by
digesting genomic DNA with HindIII and probing with 32P ABF3. This study
determined the inheritance of the T1 progeny to be 3: 1 in transgenic lines with
a single copy of the ABF3 [69].

Plants resist water or drought stress in many ways. In slowly developing water
deficit, plants may escape drought stress by shortening their life cycle [70]. However,
the oxidative stress of rapid dehydration is very damaging to the photosynthetic
processes, and the capacity for energy dissipation and metabolic protection against
reactive oxygen species is the key to survival under drought conditions [70, 71].
Tissue tolerance to severe dehydration is not common in crop plants but is found in
species native to extremely dry environments [35]. Genetic variability for drought
tolerance in Solanum lycopersicum is limited and inadequate. The best sources of
resistance are other species in the genus Solanum. The Tomato Genetics Resource
Center (TGRC) at the University of California, Davis, has assembled a set of the
putatively stress-tolerant tomato germplasm that includes accessions of S. cheesma-
nii, S. chilense, S. lycopersicum, S. lycopersicum var. cerasiforme, S. pennellii, S.
peruvianum, and S. pimpinellifolium. S. chilense and S. pennelli are indigenous to
arid and semiarid environments of South America. Both species produce small
green fruit and have an indeterminate growth habit. S chilense is adapted to desert
areas of Northern Chile and often found in areas where no other vegetation grows
[72, 73], has finely divided leaves and well-developed root system [74], and has a
longer primary root and more extensive secondary root system than cultivated
tomato [75]. Drought tests show that S. chilense is five times more tolerant of wilting
than cultivated tomato. S. pennellii has the ability to increase its water use efficiency
under drought conditions unlike the cultivated S. lycopersicum [75]. It has thick,
roundwaxy leaves, is known to produce acyl sugars in its trichomes, and its leaves are
able to take up dew [72].

Transfer andutilization of genes from these drought-resistant specieswill enhance
tolerance of tomato cultivars to dry conditions, althoughwide crosses with S. pennellii
produce fertile progenies, S. chilense is cross-incompatible with S. lycopersicum and
embryo rescue through tissue culture is required to produce progeny plants.
Research at AVRDC – The World Vegetable Center and other institutions is in
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progress to identify the genetic factors underlying drought tolerance in S. chilense and
S. pennellii, and to transfer these factors into cultivated tomatoes.

Related wild tomato species have shown strong salinity tolerance and are sources
of genes as coastal areas are common habitat of some wild species. Studies have
identified potential sources of resistance in the wild tomato species, S. cheesmanii, S.
peruvianum, S pennelii, S. pimpinellifolium, and S. habrochaites [76–78]. Attempts to
transfer quantitative trait loci (QTL) and elucidate the genetics of salt tolerance have
been made using populations involving wild species. Elucidation of mechanism of
salt tolerance at different growth periods and the introgression of salinity tolerance
genes into vegetables would accelerate development of varieties that are able to
withstand high or variable levels of salinity compatible with different production
environments.

37.10
A Review of Abiotic Stress Tolerance in Chili Pepper

Pepper is a member of the family Solanaceae, which is one of the largest families in
the plant kingdom and includes more than 3000 species [79]. The Solanaceae family
includes important crops, such as pepper, tomato, tobacco, potato, and eggplant and
has been widely cultivated over the years for human nutrition and health. Capsicum
species are consumed worldwide and are valued because of their unique color,
pungency, and aroma. Capsicum peppers include Capsicum annuum, C. chinense, C.
baccatum, C. frutescens, and C. pubescens and are cultivated in different parts of the
world. Of these, the varieties of the chili pepper plant species C. annuum, having a
modest size diploid genome (2n¼ 24), are the most heavily consumed due to their
nutritional value and spicy taste [80]. The chemical that is primarily responsible for
the pungency of C. annuum has been identified as capsaicin [81], which elicits
numerous biological effects and is the target of extensive investigation. The pepper
production is influenced by many abiotic factors such as high temperature and
salinity. In pepper, high-temperature exposure at the preanthesis stage did not affect
pistil or stamen viability, but high postpollination temperatures inhibited fruit set,
suggesting that fertilization is sensitive to high-temperature stress. In pepper, salt
stress significantly decreases germination, shoot height, root length, fresh and dry
weight, and yield. Yildirim and Guvenc [82] reported that pepper genotypes Demre,
Ilica 250, 11-B-14, Bagci Carliston, Mini Aci Sivri, Yalova Carliston, and Yaglik 28
can be useful as sources of genes to develop pepper cultivars with improved
germination under salt stress. In Tunisia, the root system of salt-tolerant cultivar
�Beldi� was unaffected by salt stress. In addition, �Beldi� significantly out-yielded
other test cultivars at high salt treatments.

Hong et al. [83] reported the isolation of pepper GDSL-type lipase (CaGLIP1) gene
and functionally characterized, from pepper leaf tissues infected by Xanthomonas
campestris pv. vesicatoria (Xcv). GDSL-type lipase is a hydrolytic enzyme whose amino
acid sequence contains a pentapeptide motif (Gly-X-Ser-X-Gly) with active serine
(Ser). The CaGLIP1 gene was preferentially expressed in pepper leaves during the
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compatible interaction with Xcv. Treatment with salicylic acid, ethylene, and methyl
jasmonate induced CaGLIP1 gene expression in pepper leaves. Dehydration and
wounding mediated by sodium nitroprusside, methyl viologen, high salt, and
mannitol also induced early and transientCaGLIP1 expression in pepper leaf tissues.
Virus-induced gene silencing of CaGLIP1 in pepper conferred enhanced resistance
to Xcv, accompanied by the suppressed expression of basic PR1 (CaBPR1) and
defensin (CaDEF1) genes. During seed germination and plant growth, the CaGLIP1
transgenic plants showed drought tolerance and differential expression of drought-
and ABA-inducible genes AtRD29A, AtADH, and AtRab18. ABA treatment differ-
entially regulated seed germination and gene expression in wild-type and CaGLIP1
transgenic Arabidopsis. Overexpression of CaGLIP1 also regulated glucose- and
oxidative stress signaling. These results indicated that CaGLIP1 modulates disease
susceptibility and abiotic stress tolerance.

A gene encoding a putative guanosine 50-diphosphate (or 50-triphosphate) 30-
diphosphate ((p)ppGpp) synthetase, designated PepRSH (Pepper RelA/SpoT homo-
logue), was isolated fromhot peppers by Kim et al. [84].PepRSHwas found to contain
5 introns and 6 exons and a 2166-bp open reading frame encoding a protein of 721
amino acids; this protein displayed significant homology to other plant. (p)ppGpp
synthetase PepRSH transcripts were highly accumulated in nonhost resistance
response-induced leaves and in leaves following induction with salicylic acid, methyl
jasmonate, wounding, hydrogen peroxide, and ultraviolet B. The expression of
PepRSH was also influenced by abiotic stresses, such as flooding and high salinity.
The deduced PepRSH protein has a putative chloroplast-targeting transit peptide at
its N-terminus, and immunolocalization studies verified the translocation of
PepRSH to the chloroplast. The predicted PepRSH protein is markedly similar to
known plant and bacterial RSH proteins. Expression of a putative (p)ppGpp syn-
thetase domain in an Escherichia coli single mutant (RelA�SpoTþ ) complemented
growth of the mutant, but not of an E. coli double mutant (RelA�SpoT�), demon-
strating that PepRSH has (p)ppGpp synthetase activity only in the (p)ppGpp
synthetase domain. Site-directedmutagenesis of the conservedhistidine and aspartic
acid (HD) site in the putative HD domain of PepRSH revealed that the histidine and
aspartic acid dual sites were critical residues for the (p)ppGpp synthetase activity of
PepRSHprotein.Mutation of theHD site limited the tolerance of bacteria to both salt
and osmotic stress. Their results indicate that pepper plants have a (p)ppGpp
regulatory system that is similar to that of bacteria and that may transduce stress-
related signals through the regulation of (p)ppGpp by PepRSH localized in
chloroplasts.

Chung et al. [85] experimented with full-length Capsicum annuum calcium-
dependent protein kinase 3 (CaCDPK3). cDNA clone was selected from the chili
pepper expressed sequence tag database. CaCDPK3 belongs to amultigene family in
the pepper genome gene was rapidly induced in response to various osmotic stress
factors and exogenous abscisic acid application in pepper leaves. Moreover,
CaCDPK3 RNA expression was induced by an incompatible pathogen and by plant
defense-related chemicals such as ethephon, salicylic acid, and jasmonic acid. The
biochemical properties of a CDPK3 were investigated using a CaCDPK3 and
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glutathione S-transferase (GST) fusion protein. The recombinant proteins retained
calcium binding ability and displayed autophosphorylation activity in vitro in a
calcium-dependent manner. Furthermore, transient expression studies showed that
CaCDPK3 fused with soluble modified green fluorescent protein (smGFP) localized
to the cytosol in chili pepper protoplasts. The CaCDPK3 was implicated in biotic and
abiotic stresses in pepper plants.

Cho et al. [86] isolated three different cDNA clones (pCaXTH1, pCaXTH2, and
pCaXTH3) from water-stressed hot pepper that encode XTH (Xyloglucan endo-
transglucosylase/hydrolase that has been recognized as a cell wall-modifying
enzyme, participating in the diverse physiological roles) homologues. RT-PCR
analysis showed that three CaXTH mRNAs were concomitantly induced by a broad
spectrum of abiotic stresses, including drought, high salinity, and cold temperature,
and in response to stress hormone ethylene, suggesting their role in the early events
in the abiotic-related defense response. Transgenic Arabidopsis plants that constitu-
tively expressed the CaXTH3 gene under the control of the CaMV 35S promoter
exhibited abnormal leaf morphology; the transgenic leaves showed variable degrees
of twisting and bending along the edges, resulting in a severely wrinkled leaf shape.
Microscopic analysis showed that 35S-CaXTH3 leaves had increased numbers of
small-sized cells, resulting in disordered, highly populated mesophyll cells in each
dorsoventral layer, and appeared to contain a limited amount of starch. In addition,
the 35S-CaXTH3 transgenic plants displayed markedly improved tolerance to severe
water deficit and to a lesser extent to high salinity in comparison to the wild-type
plants. These results indicate that CaXTH3 is functional in heterologous Arabidopsis
cells, thereby effectively altering both the cell growth and the response to abiotic
stresses. Although the physiological function of CaXTHs is not yet clear, there are
several possibilities for their involvement in a subset of physiological responses to
counteract dehydration and high-salinity stresses in transgenic Arabidopsis plants.

An et al. [87] isolated and functionally characterized the pepper (C. annuum L.)
gene CaPMEI1, which encodes a pectin methylesterase inhibitor protein (PMEI), in
pepper leaves infected by X. campestris pv. vesicatoria (Xcv). CaPMEI1 transcripts are
localized in the xylem of vascular bundles in leaf tissues, and pathogens and abiotic
stresses can induce diVerential expression of this gene. PuriWed recombinant
CaPMEI1 protein not only inhibits PME but also exhibits antifungal activity against
some plant pathogenic fungi. Virus-induced gene silencing of CaPMEI1 in pepper
confers enhanced susceptibility to Xcv, accompanied by suppressed expression of
some defense-related genes. Transgenic Arabidopsis CaPMEI1 overexpression lines
exhibit enhanced resistance toPseudomonas syringaepv. tomato,mannitol, andmethyl
viologen, but not to the biotrophic pathogen Hyaloperonospora parasitica. Together,
their results suggest that CaPMEI1, an antifungal protein, may be involved both in
basal disease resistance and in drought and oxidative stress tolerance in plants.

A full-length cDNA clone of the Capsicum annuum ankyrin-repeat domain C3H1
zinc finger protein (CaKR1) was identified in a chili pepper by Seong [88] and his
group using the expressed sequence tag (EST) database. The deduced amino acid
sequence of CaKR1 showed a significant sequence similarity (46%) to the ankyrin-
repeat protein in very diverse family of proteins ofArabidopsis. The genewas induced
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in response to various biotic and abiotic stresses in the pepper leaves, such as salicylic
acid (SA) and ethephon, as well as by an incompatible pathogen. CaKR1 expression
was highest in the root and flower, and its expression was induced by treatment with
agents such as NaCl and methyl viologen, as well as by cold stresses. These results
showed thatCaKR1 fusionwith soluble,modified greenfluorescent protein (smGFP)
was localized to the cytosol in Arabidopsis protoplasts, suggesting that CaKR1 might
be involved in responses to both biotic and abiotic stresses in pepper plants.

The same research group of Seong [89] reported the full-length cDNA of CaAbsi1
from pepper encodes a presumptive protein of 134 amino acid residues that has
homology to a putative zincfinger protein in its C-terminus. The deduced amino acid
sequence has 50% homology to O. sativa NP001049-274, the function of which is
unknown. Expression of CaAbsi1 was reduced in response to inoculation of nonhost
pathogens. On the other hand, it was induced 1 h after exposure to high concentra-
tions of NaCl or mannitol, and 6 h after transfer to low temperature. Induction also
occurred in response to oxidative stress, methyl viologen, hydrogen peroxide, and
abscisic acid. Their results suggest that CaAbsi1 plays a role in multiple responses to
wounding and abiotic stresses.

Choi et al. [90] isolated and functionally characterized the pathogen-responsive
CaM gene, Capsicum annuum calmodulin 1 (CaCaM1), from pepper (C. annuum)
plants. The cellular function ofCaCaM1was verified byAgrobacterium spp.-mediated
transient expression in pepper and transgenic overexpression in A. thaliana. Agro-
bacterium spp.-mediated transient expression ofCaCaM1 activated ROS, nitric oxide
(NO) generation, and hypersensitive response (HR)-like cell death in pepper leaves,
ultimately leading to local acquired resistance to X. campestris pv. vesicatoria.
CaCaM1-overexpression (OX) Arabidopsis exhibited enhanced resistance to P. syr-
ingae and H. parasitica, which was accompanied by enhanced ROS and NO gener-
ation andHR-like cell death. Treatment with the calcium channel blocker suppressed
the oxidative and NO bursts and HR-like cell death that were triggered byCaCaM1
expression in pepper and Arabidopsis, suggesting that calcium influx is required for
the activation of CaCaM1-mediated defense responses in plants. Upon treatment
with the CaM antagonist, virulent P. syringae pv. tomato-induced NO generation was
also compromised in CaCaM1-OX leaves. Together, these results suggest that the
CaCaM1 gene functions in ROS and NO generation are essential for cell death and
defense responses in plants.

37.11
Transgenic Chili Pepper for Abiotic Stress Tolerance

Chatzidimitriadou et al. [91] reported the stress tolerance and regeneration capability
of transgenic pepper plants carrying a sod gene, encoding a tomato chloroplast-
localized Cu/Zn SOD protein. The expression of the sod gene was confirmed by
enzymatic staining following polyacrylamide gel electrophoresis (PAGE), revealing a
�novel� band, which could represent a heterodimeric enzyme. Transgenic T1 and T2
progeny plants were exposed to different oxidative stresses, including Methyl
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viologen (MV), and drought and found to have an increased resistance to oxidative
damage. Furthermore, the SOD-carrying transgenic pepper plants showed increased
levels of regeneration efficiency compared to the wild-type pepper plants. Pepper is a
recalcitrant species in terms of its in vitro regeneration ability, but it could be
extremely useful for the development of pharmaceuticals. Their approach enables
the extent of the use of pepper for genetic transformation and the production of high-
value products in plants particularly the large fruit varieties.

37.12
Abiotic Stress Tolerance in Onion (Allium cepa L.)

The genus Allium is an important member of onion family (Alliaceae; subfamily
Allioideae) [92]. Alliums represent a major group among bulbous crops and these
have been cultivated for food andmedicine or religious purposes. They are consumed
raw or cooked as a vegetable or as a pickle and also as dehydrated product in the form
of powder, flakes, or bulbs [93, 94]. Most of these crops are strongly flavored and are
characterized by sulfur-containing compounds, which impart them their distinctive
smell and pungency.

Onion has the primary center of origin in central Asia and secondary center in the
Near East. It is an important commercial vegetable crop grown worldwide. In terms
of global weight of vegetables produced, at nearly 28 million ton per annum, only
tomatoes and cabbage exceed bulb onions in importance [95]. In terms of area, India
ranks first in the world with over 480 000 ha accounting for around 21% of the world
area under onion cultivation. Globally, the country occupies the second position after
China in onion productionwith a production share of around 14%. Besides India and
China, the other major onion producing countries are Turkey, Pakistan, Brazil, the
United States of America, Iran, Spain, and Japan. India accounts for more than 70%
share in the export of fresh onions. Productivity, however, is at around 11.4 million
ton ha�1, which is lower than the world average of 17.3 million ton ha�1. In India,
onion is extensively cultivated over a large area spread almost throughout the country.
Despite the development of impressive irrigation potential, which ensured food
security to India during the past three decades, agriculture in India is still consid-
erably affected by climatic variability. Shortage of onions and potatoes in 1998 and
gluts of onions, potatoes, rice, and wheat in 2000 in India were largely due to variable
climatic conditions [96]. The commonly cultivated alliums and their areas of
cultivation in India are presented in Table 37.1.

Abiotic stress includes drought, heat, flood, salinity, mineral deficiency, toxicity,
and chilling or freezing stress. The nature and magnitude of stress vary. These
stresses are linked with natural phenomenon and their scale varies at temporal and
spatial dimensions. There is hardly a landmass in the world that is not influenced by
one or the other of these stress factors. Drought, salinity, extreme temperatures, and
oxidative stress are often interconnected and may induce similar cellular damage.
They are very complex stimuli that possessmany different yet related attributes, each
of which may provide the plant cell with quite different information. These abiotic
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factors lead to a series of morphological, physiological, biochemical, and molecular
changes that adversely affect growth and productivity of crop plants [97]. For example,
low temperature may immediately result in mechanical constraints, changes in the
activities of macromolecules, and reduced osmotic potential in the cellular
milieu [98]. Onion is a shallow-rooted crop plant that is predominantly grown under
rain-fed conditions and is, therefore, exposed to frequent droughts during its
ontogeny. There are no studies available on abiotic stress-tolerant onion. Also, no
single germplasm/variety or hybrid of onion has been developed/released for
cultivation in those regions affected by above-mentioned stresses. Few workers have
studied the effect of fructans, polyamines, and glutathione S-transferases on abiotic
tolerance in onion, which are elaborated here.

37.13
Role of Fructans in Freezing and Drought Tolerance

Sucrose and starch are the primary vegetative storage carbohydrates in tropical and
subtropical grasses, while temperate and cool zone grasses mainly accumulate
fructose polymers called fructans. Numerous studies have been published that
attempted to correlate fructan concentrations with freezing and drought tolerance.
Fructan is considered a short-term storage carbohydrate that has been implicated for
many years in stress tolerance mechanisms in plants. Fructans (polyfructosylsu-
crose) consist of polymers of Fru attached to Suc and serve as an important storage
carbohydrate in approximately 15% of flowering plant species [99]. The fructan
residues are either linked by a (2–1) b-d-glycosidic bond, as in inulin derived from
Cichorium intybus L. [100], or by a (2–6) b-d-glycosidic bond, as in levans (e.g., Phleum
pratense L. [101]). In most grasses, branched fructans containing both types of
linkages are produced (e.g., Triticum aestivum L. [102]). The effect of fructans on

Table 37.1 Cultivated alliums and their areas of cultivation in India.

Common name Botanical name Chromosome
number (2n)

Areas of cultivation

Common onion A. cepa var. cepa L. 16 Throughout India
Shallot A. cepa var. aggregatum

G. Don
16 Himalayas, Peninsular India

Welsh onion A. fistulosum L. 16 Western Himalayas,
Northeast region

Chinese chives A. tuberosum
Rottl. ex Spreng.

32 Western Himalayas
Northeast region

Garlic A. sativum L. 16 Throughout India
Leek A. ampeloprasum

var. porrum (L.) J. Gay
32 Western Himalayas

Chives A. schoenoprasum L. 16, 24, 32 Western Himalayas
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liposomes has indicated that a direct interaction betweenmembranes and fructans is
possible. This helps to prevent leakagewhenwater is removed from the system either
during freezing or during drought. Five types of fructans have been identified in
plants (Table 37.2).

In Liliaceae, such as onion and asparagus, a different type of inulin is present,
namely, the inulin neoseries. These are linear with 2–1 linkages but with the glucose
molecule between two fructosyl subunits [103]. Fructan synthesis is initiated when
photosynthesis exceeds demand, reportedly when sucrose levels in sink organs reach
a critical level [104]. Synthesis is complex due to differences between species in
linkages, branching patterns, and sizes; however, amodel for synthesis in plants that
includes four fructosyltransferases has been proposed [105]. An enzyme capable of
synthesizing 6G-kestose (neokestose) in onion was first described by Shiomi [103]
and was cloned by Vijn et al. [106].

Soluble solids such as sucrose, glucose, fructose, and fructans are the primary
nonstructural storage carbohydrates in onion [107, 108] that are used for regrowth of
the plant in spring. Lower solid onions accumulate essentially no fructans and tend to
be soft with low pungency, whereas onions with higher soluble solids tend to be firm
and highly pungent. Fructans start to accumulate at the onset of bulbing, which
coincides with increased fructosyltransferase activity [109, 110]. During growth, the
fructan content of bulbs increases, but by the end of the growth season a decline in
fructan content is observed [109]. Storage of onion bulbs leads to a further decrease in
fructan levels and sprouting is induced [111]. This phenomenon severely reduces
storage time for onion.

During cultivation, harvesting, handling, transportation, packaging, and storage,
onion bulbs are exposed to different treatments, atmospheric conditions, and
temperatures, all of which can affect their growth [112], their quality, and their
physiological characteristics [113, 114]. The results of these effects could be respon-
sible for several reactions and for stress causing important biochemical changes in
the bulb tissues. Fructans are accumulated during the bulbing stage and then are
catabolized during the regrowth and the sprout development of the bulbs [115]. They
may have been implicated in protecting plants against water deficit by drought or low
temperature, in inducing resistance to drought or cold stress, and in acting as
osmoregulators [116]. Fructan accumulation during periods of reduced growthunder

Table 37.2 Five types of fructan in plants showing a representative plant species in which the
respective type of fructan has been identified.

Type Representative species Linkage (b) Initial trisaccharide

Inulin Chicory, Jerusalem artichoke 2-1 1-ketose
Levan Dactylis glomerata 2–6 6-ketose
Branched Wheat, barley 2-1 and 2-6 1- and 6-ketose
Inulin neoseries Onion, asparagus, Lolium 2-1 6G-kestotriose (neokestose)
Levan neoseries Lolium, oats 2-6 6G-kestotriose (neokestose)

37.13 Role of Fructans in Freezing and Drought Tolerance j969



low but nonfreezing conditions (cold acclimation) has frequently been correlated
with an increase in freezing tolerance [117, 118]. This correlation stimulated research
to explain how fructan might be involved in protection from freezing stress.

37.14
Role of Polyamine and Abscisic Acid Interaction during Stress Tolerance

Polyamines (PAs), important growth regulatory polycationic molecules, have long
been established to be involved in a wide range of plant growth and development
processes such as embryogenesis, root development, flowering, tuber formation,
senescence, and fruit ripening. They have also been implicated in plant responses to
abiotic and biotic stresses [119, 120]. Commonly occurring PAs in higher plants
include putrescine2þ (Put), spermidine3þ (Spd), and spermine4þ (Spm) that are
protonated at cytoplasmic pH. PAs appear to play a role in cell division, but not in cell
elongation [121, 122]. Likewise, ABA regulates an array of plant processes and
mediates plant responses to a variety of abiotic stresses [123]. ABA is also known to
inhibit mitotic cell division [124, 125]. Since the levels of both PAs and ABA increase
in plant tissues in response to abiotic stresses, a possibility of interaction between
them in the regulation of plant processes including mitosis exists. The interaction
between PAs and ABA in the regulation of mitosis and thereby growth is quite likely
in view of the fact that both effectors are known to increase in concentration in plant
tissues under abiotic stress conditions. Mahajan and Sharma [126] have reported
such interactive effects of PAs and ABA onmitosis in terms ofmitotic index and also
measured catalase (CAT) activity to understand the involvement of redoxmetabolism
inmediating the effects of PAs and/or ABAonmitosis in the root tips of onion. These
interactions may be of significance for plant survival under stressful growth con-
ditions. Since CAT decomposes H2O2, produced in higher concentrations in plant
tissues in response to diverse abiotic stresses, altered CATactivities may be taken as
changed cellular redox status.

37.15
Role of Antioxidants in Salt Stress in Onion

Amajority of cropplants are relatively salt sensitive and areunable to tolerate low level
of salinity [127]. Shanon [128] has also found a wide range of variability in salt
tolerance between a number of agronomic species. Growth and yield of onion were
affected when the irrigation water salinity exceeded 3 mS cm�1 [129]. Other
investigators reported that high levels of salinity reduced onion vegetative growth,
yield, and quality [130, 131].

Salt imposes several kinds of stresses upon plant. It causes drastic changes in the
water potential, ion toxicity, ion imbalance, and oxidative stress [132–135]. Salt
stress induces an oxidative stress via cellular accumulation of damaging active
oxygen species (AOS) including superoxide radicals, hydrogen peroxide, and
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hydroxyl radicals [136, 137]. AOS cause oxidative damage to different cellular
components including membrane lipid, protein, and nucleic acid [138, 139]. Plants
cope with this by producing enzymatic and nonenzymatic antioxidants [4, 140].
Among nonenzymatic antioxidants, glutathione has been indicated to scavenge
oxygen species and improve seed germination and seedling growth under salt
stress [141–143].

Glutathione is a tripeptide [a-glutamyle cysteinylglycine], which has been detected
virtually in all cell compartments [142]. A wide range of biotic and abiotic factors
induce plant GST expression. These include herbicides, heavy metal, pathogen
attack, ethylene, ozone, plant growth factor auxin, salicylic acid, and hydrogen
peroxide [144]. Environmental stresses such as osmotic stress [145], low tempera-
ture [146], saline stress [147], and cadmium [148] also induceGSTexpression in plant.
Therefore, GSTs are thought to play vital roles in the diversity of stress physiologies
through some other functions as well as GST-mediated detoxification. A protective
role of these enzymes is suggested in the enzymatic upregulation of plant GSTs as
being one of the important parameters under environmental conditions for cellular
survival.

The GST activity in onion bulb has been enriched compared to other vegetable
crops [149]. Onion bulb GSTs consist of five components including GSTa, GSTb,
GSTc, GSTd, and GSTe [150]. Among these, GSTa and GSTb, with low activity, were
termed asminorGSTs, andGSTc,GSTd, andGSTe,with high activity, were termed as
dominant GSTs. In onion bulb, quercetin-40-glucoside and quercetin-3,40-digluco-
side were also reported as physiological inhibitors of the dominant GSTs [150–152].
The 1-chloro- 2,4- dinitrobenzene (CDNB) conjugating activities of GSTc and GSTd,
and to a lesser extent GSTe, were highly sensitive to the inhibitors, particularly
quercetin-40-glucoside. It has been reported that the activity level of the dominant
GST,GSTe, was found to change over time of storage of onion bulb. Themost studied
endogenous substrate, anthocyanin that has been reported to have a positive
correlation with GST accumulation, is also a strong inhibitor of the GSTs
[153, 154]. Therefore, endogenous inhibitory substrates of onion GSTs might also
affect the activity levels of the GSTs in onion bulb. Salama and Mutawa [155] studied
the effect ofNaCl on plasmamembrane in the absence andpresence of glutathione in
onion. Glutathione ameliorated NaCl-induced plasma membrane changes and
maintained its permeability and cell viability. The ameliorative effect of glutathione
was more pronounced when added together with salt. The alleviating effect of
glutathione might be through scavenging active oxygen species and hence lipid
peroxidation produced under salt stress.

Although onion flavor intensity has been studied in response to various growing
conditions, little is known about its response to salt stress. Improving the content of
active compounds (volatile sulfur compounds, ascorbic acid, carbonyl compounds,
vitamins, andflavonoids) is themost important pharmaceutical strategy and could be
enhanced through different environmental stresses in some vegetables [156]. More-
over, salt stressmay affect soluble solid content (SSC), bulb pungency asmeasured by
total pyruvate (TPY), bulb sulfur (S) and sulfate (SO4) accumulation, and flavor
precursors and their biosynthetic intermediates in onion [157].
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37.16
Genetic Transformation in Onion

Genetic engineering and in vitro regeneration protocols are two collaborative equip-
ment to complement conventionalAllium breeding and to develop high yield, biotic/
abiotic stress resistant/tolerant cultivars, adapted to local ecological conditions
[158–161]. Eady et al. [162] were the pioneer in Agrobacterium tumefaciens-mediated
gene transformation and regeneration of A. cepa. Eady et al. [163] momentously
achieved herbicide-resistant onionA. cepa anddeveloped transgenics inA. porrum and
A. sativum using A. tumefaciens-mediated transformation. Zheng et al. [164] followed
similar methodology for development of a reproducible transformation system in A.
sativum and production of transgenics resistant to beet armyworm (Spodoptera exigua
Hubner). In a most recent experiment, transgenic chicory plants harboring the onion
6G-FFTunder the control of the cauliflowermosaic virus 35SRNApromoter produced
inulin of the neoseries in addition to linear inulin [106]. Sucrose Suc 1-fructosyl-
transferase (1-SST) is the key enzyme in plant fructan biosynthesis since it catalyzes de
novo fructan synthesis from Suc. Vijn et al. [165] have cloned 1-SST from onion by
screening a cDNA library using acid invertase from tulip as a probe. Expression assays
in tobacco protoplasts showed the formation of 1-kestose from Suc.

Onion is an excellent system to study carbohydrate accumulation because recur-
rent selection has produced low and high fructan accumulating populations. For
example, the onion population �SouthportWhiteGlobe�was subjected to phenotypic
recurrent selection for higher fructan content, shifting the populationmean from 17
to >23%. Major QTL on chromosomes 5 and 8 are significantly (LOD > 3.5)
associated with higher fructan concentrations.

37.17
Conclusions and Prospects

Plants have evolved mechanisms to respond at the morphological, anatomical,
cellular, and molecular levels for avoidance of and/or tolerance to various abiotic
stresses. In response to stress, plants respond by gene expression leading to cellular
homeostasis and detoxification of toxins, ultimately aiming at recovery of growth.
These adaptive mechanisms can be investigated by molecular, biochemical, and
physiological studies. This chapter summarizes the recent efforts to improve abiotic
stress tolerance in crop plants by employing some of the stress-related genes and
transcription factors. Various transcription factors are involved in the regulation of
stress-inducible genes. Functional genomic studies may provide tools for dissecting
abiotic stress responses in plants throughwhich networks of stress perception, signal
transduction, and defense responses can be examined from transcriptomic through
proteomic to metabolomic profiles of stressed tissues. A well-focused approach
combining the molecular, physiological, and metabolic aspects of abiotic stress
tolerance is required for bridging the knowledge gaps between the molecular or
cellular expression of the genes and the whole-plant phenotype under stress.
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There is a clear and urgent need to introduce stress tolerance genes into crop
plants, in addition to establishing gene stacking or gene pyramiding. Transgenic
research has openedup anewopportunity in crop improvement allowing the transfer
of desirable gene(s) across species and genera for developing transgenic plants with
novel traits, such as built-in protection, improved nutritional qualities, and so on.
Efficient transformation system in Chili pepper and onion is a major limitation for
developing transgenic plants. Although progress in improving stress tolerance has
been slow, there are a number of reasons for optimism. The use of transgenes to
improve the tolerance of crops to abiotic stresses remains an attractive option.
Options targetingmultiple gene regulation appear better than targeting single genes.
This can be done by either combiningmultiple genes of a single protective pathway or
by combining key regulatory genes of different protective pathways.
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Vegetable Crops: Improvement of Tolerance to Adverse
Chemical Soil Conditions by Grafting
Giuseppe Colla, Youssef Rouphael, and Mariateresa Cardarelli

Owing to limited availability of arable land and the high market demand for
vegetables around the world, Solanaceae and Cucurbitaceae crops are frequently
cultivated under unfavorable soil conditions. These include salinity, alkalinity, heavy
metals, and excessive amount of trace elements. Plants exposed to adverse chemical
soil conditions exhibit various physiological and biochemical disorders leading to
stunted growth and severe yield loss. Oneway to avoid or reduce losses in production
caused by adverse soil chemical conditions in vegetables would be to graft them onto
rootstocks capable of reducing the effect of external stresses on the shoot. Grafting is
an integrative reciprocal process and, therefore, both scion and rootstock can
influence tolerance of grafted plants to adverse soil chemical conditions. Grafted
plants grown under adverse soil chemical conditions often exhibited greater growth
and yield, higher photosynthesis, better nutritional status, and lower accumulation of
Naþ and/or Cl�, heavymetals, and excessive amount of trace elements in shoots than
ungrafted or self-grafted plants. This chapter gives an overview of the recent literature
on the response of grafted plants to adverse soil chemical conditions and the
mechanisms of tolerance to adverse soil chemical conditions in grafted plants related
to the morphological root characteristics and the physiological and biochemical
processes. The chapter will conclude by identifying several prospects for future
research aiming to improve the role of grafting in vegetable crops grown under
abiotic stress conditions.

38.1
Introduction

Soil chemical factors suchas salinity, alkalinity, heavymetals, andexcessive amountof
traceelementsarecommonabiotic stresses limitingcropproductivity inmanypartsof
the world. At present, a third of irrigated land in the world is affected by salinity and
alkalinity problems [1, 2], while many soils are contaminated by heavy metals.
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According to the US Salinity Laboratory, when the electrical conductivity (EC) of
solution extracted from a soil at its saturation water content is greater than 4 dS m�1

and the exchangeable sodium percentage (ESP) is less than 15, the soil is considered
saline. Salinity occurs in both nonirrigated and irrigated lands as a result of
evapotranspiration of saline underground water or due to the use of irrigation water
of poor quality. Soil salinization is common especially in arid and semiarid regions
where the amount of rainfall is insufficient for leaching. The salinization process is
particularly evident under greenhouse conditions where the lack of leaching by
rainfall and the high fertilizer application rates result in a dramatic increase in the
electrical conductivity value of soils, especially when poor-quality water is used [3].
Although NaCl is usually the most abundant salt in saline soil, other elements (e.g.,
Ca2þ , Mg2þ , Kþ , SO4

2�, and NO3
�) can be presented in different combinations

depending on the source of salinity and the solubility of the salts [4]. Moreover, the
salinewatermay contain high concentrations of trace elements that can be harmful to
most vegetable crops (e.g., B > 1–2mgL�1). Under saline conditions, crop perfor-
mancemay be adversely affected by water deficit arising from the low water potential
of the soil solution (osmotic effect) and by salinity-induced nutritional disorders
associated with excessive ion uptake or nutrient imbalance by nutrient availability,
competitive uptake, and transport or partitioning within the plant (ionic effect) [5, 6].
The pHof saline soil is usually aroundneutrality or slightly alkaline.However, higher
pH values (>8) are observed in saline soils with ESP greater than 15 (saline–sodic
soils) due to the high content of sodium carbonate. Plant growth in sodic soils is
depressed mainly by high pH and bicarbonate, and often by low soil permeability to
water, poor aeration, andmechanical impedance.However, alkaline soils areoftennot
associated with salinity, especially when the source of alkalinity is CaCO3 that buffers
the soil in the pH range 7.5–8.5 (calcareous soils). Calcareous soils are generally
characterized by low bioavailability of plant nutrients, high concentrations of CaCO3

and soil solution HCO3
�, high pH, and almost no exchangeable Hþ [7, 8]. Bicar-

bonate ions reduce the plant growth by interfering negatively with the uptake of
macroelements, in particular P, K, and Mg [9]. For instance, in alkaline soils, P is
largely unavailable to plants due to the formation of metal complexes (e.g., Ca–P and
Mg–P), rendering P only sparingly soluble. Moreover, the concentration of HCO3

�

interacts strongly with the availability of severalmicronutrients, especially Fe2þ , and
it is often considered to be the primary factor responsible for chlorosis of plants
on calcareous soils [10] leading to serious yield and quality losses. Reduction in
iron availability is due to the incapacity of sensitive plants to acquire and to
transport iron toward shoots. Iron deficiency reflects upon the physiology and
biochemistry of the whole plant, as iron is an important cofactor of many enzymes,
including those involved in the biosynthetic pathway of chlorophylls [7]. Thus, under
iron deficiency conditions, the reduction in leaf iron concentration is often accom-
panied by amarked reduction of chlorophyll levels [11, 12], by a significant, although
less intense, decrease in the chlorophyll fluorescence [11, 12] and by a reduction in
photosynthesis [7].

Contamination of soil and water by heavy metals and excessive amount of trace
elements is one of themost troublesome environmental problems faced bymankind
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nowadays. Heavy metals are getting importance for their nondegradable nature and
often accumulate through tropic level causing a deleterious biological effect. Anthro-
pogenic activities such as mining, ultimate disposal of treated and untreated waste
effluents containing toxic metals as well as metal chelates [13] from different
industries, and the indiscriminate use of heavy metal-containing fertilizers (e.g.,
triple superphosphate, animal wastes, and sewage sludge) and pesticides (e.g., Cu-
containing fungicides) in agriculture resulted in contamination of soils and in
deterioration of water quality, rendering serious environmental problems posing
threat to human beings [14]. Some of the metals such as Cu, Fe, Mn, Ni, and Zn are
essential as micronutrients for plants, while many other metals such as Cd, Cr, and
Pb have no known physiological activity, but they are proved detrimental to
plant growth beyond a certain limit, which is very much narrow for some elements
such as Cd (0.01mg/L), Pb (0.10mg/L), and Cu (0.050mg/L) [15]. Inhibition of root
elongation is in many cases the most sensitive parameter of heavy metal toxicity.
Excessive levels of heavy metals in plant tissues can also cause a range of morpho-
logical and physiological disorders, such as reduction in shoot growth [16], photo-
synthetic activity [17], and uptake ofmineral nutrients [18].Moreover, it may result in
chlorosis and necrosis, and damage to plasma membrane permeability that leads to
ion leakage [19]. Finally, vegetables cultivated in contaminated soils may exhibit high
levels of heavy metals in the edible parts posing serious health risks to humans [20].
Numerous attempts have been made to overcome the problems due to adverse soil
chemical conditions by traditional breeding programs, but commercial success has
been very limited. At present, the major efforts are being directed toward the genetic
transformation of plants. Although the expression of a single gene seems to lead in
some cases to an improvement in the crop adaptation to some adverse soil chemical
factors [21], the development of tolerant genotypes normally requires the transfer of
several genes due to the multigenic trait of abiotic stress tolerance [22]. As a rapid
alternative to the relatively slow breedingmethodology aimed at increasing vegetable
crop tolerance to an abiotic stress, grafting of high-yield genotypes onto selected
rootstocks could be a promising tool.Grafting is commonly applied to vegetable crops
belong to Solanaceous crops (tomato, eggplant, and pepper) and Cucurbits (water-
melon, melon, and cucumber) in Japan, Korea, China, and several European and
American countries [23]. The main purpose of grafting is to control soil-borne
diseases and nematodes [24]; in addition, grafting may increase the nutrient and
water use efficiency (WUE), enhance plant vigor and yield, and improve tolerance to
environmental stresses such as high salinity, low and high temperatures, drought,
flooding-induced hypoxia, alkalinity, and excessive amount of heavymetals and trace
elements [23].

In this chapter, we emphasize the potentiality of vegetable grafting as a tool to
mitigate the detrimental effects of adverse soil chemical conditions such as salinity,
alkalinity, heavy metals, and excessive amount of trace elements on vegetable crop
performances. The role of grafting in the improvement of growth, yield, and product
quality under such soil abiotic stresses is reported. Various mechanisms involved in
the increased tolerance to salinity, alkalinity, heavy metals, and excessive amount of
trace elements are also discussed.
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38.2
Salinity

38.2.1
Effects on Grafted Plants

38.2.1.1 Growth and Yield
It is well established that crop growth and yield decrease with increasing salinity [25].
Reduced yield under saline treatments is attributed to a rapid, osmotic phase that
inhibits growth of young leaves, and a slower, ionic phase that accelerates senescence
of mature leaves [6]. Osmotic stress can also induce premature senescence via
stomatal closure and carbohydrate accumulation in source tissues due to decreased
demand from sink organs. Improvement of growth and yield was observed in many
grafting combinations of fruit vegetables grownunder saline conditions.Moreover, it
has been demonstrated that the level of tolerance of grafting combinations depends
on the salt type and concentration, exposure time, and growing conditions. Generally,
the positive effect induced by rootstock on shoot saline tolerance increases with the
level of stress as observed in tomato [26], where grafting �Moneymaker� onto either
�Radja� or �Pera� improved tomato fruit yield compared to self-grafted plants of
�Moneymaker� when plants were grown at 50mMNaCl, whereas there was no effect
of either rootstocks or grafting per se on fruit yield in the absence of or at 25mMNaCl.
The yield increase over self-grafted plants was around 40% whereas in the earlier
study [27] using a different scion (�Jaguar�), the increase was 80% at the same salt
concentration indicating a different salt tolerance of the genotypes. These results
suggest that the salt tolerance of the shoot depends on the root system, independent
of the genotype used as a scion, although the positive effect of rootstock may show a
different degree depending on the higher or lower exclusion ability of the shoot
genotype. Similarly, in eggplant (Solanum melongena L.) grafting cultivar �Suqiqie�
onto �Torvum Vigor� (S. torvum Swartz) improved the growth performance under
saline stress conditions [28, 29]. The better crop performance in grafted Solanaceous
crops grown under saline conditions has also been recorded on several Cucurbits
such as watermelon, melon, and cucumber. Grafting watermelon �Fantasy� cultivar
onto plants �Strongtosa� rootstock (Cucurbita maxima Duch.�C. moschata Duch.)
reduced the decrease in shootweight and leaf area caused by the increase in salinity in
comparison with ungrafted plants [30]. Moreover, other experiments demonstrated
that grafted �Crimson Tide� watermelon onto C. maxima and two Lagenaria siceraria
rootstocks had higher plant growth than ungrafted plants under saline conditions
(8.0 dSm�1, [31]). In cucumber (Cucumis sativus L.), grafting cultivar �JinchunNo. 2�
onto bottle gourd rootstock �Chaofeng 8848� (L. siceraria Standl.) alleviated the
negative effect of salinity on shoot dryweight [32]. In a similar study, cucumber plants
cultivar �JinchunNo. 2� grafted ontofigleaf gourd (C. ficifoliaBouch�e) and �Chaofeng
Kangshengwang� had higher fruit number and marketable fruit yield compared to
the self-grafted plants at all salt levels (30 and 60mM NaCl). Similarly, two melon
cultivars (C. melo L.) grafted onto three hybrids of squash (C. maxima Duch.�C.
moschata Duch.) exhibited higher yield compared to ungrafted ones when grown
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under saline conditions (4.6 dS m�1 [33]). However, other researchers [34, 35]
recorded that the sensitivity to salinity was similar between grafted and ungrafted
melon plants as a result of the different Cucurbita rootstocks used in these studies.
Salt tolerance of grafted plants can vary significantly in relation to the salt compo-
sition and growing system. For instance, cucumber plant �Jinchun No. 2� grafted
onto �Chaofeng Kangshengwang� (L. siceraria Standl.) was tolerant to salinity when
grown in hydroponics using NaCl as salt source, while �Chaofeng Kangshengwang�
failed to increase grafted plant tolerance to salinity when grown in substrate culture
using macronutrients as salinity source [36].

38.2.1.2 Photosynthesis and Water Relations
Under saline conditions, the low osmotic potential of soil solution restricts water
availability and water uptake and thus reduces the root hydraulic conductance and
causes a significant increase in the stomatal resistance and reduction in CO2

photosynthetic assimilation. Stomatal opening and photosynthesis, which are
Kþ -dependent physiological processes, can also be reduced by NaCl saline condi-
tions as a result of the decreased absorption of some nutrients (e.g., K) and the
increased content of the Naþ and Cl� in the leaves. Under saline conditions, salt-
tolerant grafted plants exhibit higher photosynthetic rate per unit area and higher leaf
area resulting in a greater photosynthetic capacity of the plant than ungrafted or self-
grafted plants. For instance, in awatermelon experiment [37], the leaf area and the net
assimilation of CO2 under saline conditions were higher in grafted plants of cultivar
Tex onto Cucurbita hybrid �Ercole� than in ungrafted �Tex� plants. Similarly, it was
demonstrated [38] that grafted cucumber plants had higher net photosynthesis,
stomatal conductance, and intercellular CO2 concentrations under NaCl stress than
self-rooted plants.Moreover, undermoderate and severe salt stresses, tomato-grafted
plants of �Hezu903� onto �Zhezhen� rootstock showed higher net CO2 assimilation
rate than nongrafted and self-grafted plants [39]. Water use efficiency, calculated as
the ratio of net assimilation of CO2 to transpiration, usually increased in moderately
salt-stressed plants, owing to the fast decrease in transpiration rate. For instance,
grafting tomato �Hezu903� onto �Zhezhen� rootstock increased the WUE under
saline conditions in comparison to the ungrafted and self-grafted plants [39]. The
higherWUE is important for salt tolerance since a highWUEmay reduce the uptake
of salt and alleviate the water deficiency induced by salinity [40, 41]. Water content
maintenance and transpiration are crucial to plants under salinity stress. Water
deficit associated with salinity can increase the leaf water content as a result of the
transpiration rate reduction due to the stomatal closure. For instance, at 100mM of
NaCl, higher leaf water content was observed in grafted tomato plants of �UC-82B�
onto �Kyndia� rootstock compared to the self-grafted plants; the better leaf water
content was associated with a lower shoot growth reduction in grafted plants [42].

38.2.1.3 Fruit Quality
In general, salinity reduces the yield of vegetable crops but in many instances
improves their quality [43]. Many investigations have shown that increased salinity
produces fruit with a higher content of sugars and organic acids, and higher dry
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matter, providing a basis for better taste and high nutritional value. Grafting can
increase or decrease the fruit quality depending on the scion–rootstock combination,
the salt composition, and the growing conditions [44]. For instance, the dry matter,
soluble solid content, and titratable acidity were lower in melon fruits (C. melo L.) of
cultivar �Cyrano� grafted onto �P360� Cucurbita hybrid rootstock than in ungrafted
ones regardless of the level of salinity [35]. In other experiments on tomato, the
soluble solid content of fruits was similar in both grafted andungrafted tomato plants
and increased with NaCl stress level. On the contrary, it has been reported that
grafting tomato cultivar �Moneymaker� onto �Radia� rootstock increased both yield
and fruit quality parameters (soluble solids and titratable acidity) in comparison to
self-grafted �Moneymaker� grown under saline conditions. Similarly, grafting
cucumber cultivar �JinchunNo. 2� onto �Figleaf Gourd� (C. ficifolia Bouch�e) and
�Chaofeng Kangshengwang� (L. siceraria Standl.) improved fruit quality under NaCl
stress owing to an increase in contents of soluble sugar and titratable acidity and a
decrease in the percentage of nonmarketable fruits [32]. It is interesting to note that in
the cucumber experiment, the detrimental effects of Cucurbita rootstocks on fruit
quality observed in the previous melon experiment was compensated by an increase
in soluble sugar under salt stress, which was probably a consequence of a lower
accumulation of saline ions (Naþ and Cl�) that led to a high accumulation of soluble
sugar involved in the osmotic adjustment.

Since saline stress activates a physiological antioxidative response [45], it has been
reported that ascorbic acid levels increase with salinity, as part of the detoxification of
free radicals, and similarlymoderate salt stress enhance the level of other antioxidants
such as carotenoids (e.g., lycopene and b-carotene), which have been recognized as
beneficial in preventing widespread human diseases, including cancer. Grafting can
enhance the content of antioxidants in fruits depending on grafting combinations
and salt concentration as observed in tomato,where the concentration of ascorbic acid
in fruit juiceof cultivar �Fanny� remainedunchangedwithgrafting at0mMNaCl [46],
whereas when NaCl was increased to 30mM a significant increase was observed for
grafted �Fanny� plants onto tomato rootstock �AR-9704.� Moreover, an increasing in
carotenoids (lycopene and b-carotene) was also observed in two tomato cultivars
(�Fanny� and �Goldmar�) grafted onto a tomato hybrid rootstock �AR-9704� under
saline conditions. Similarly, vitamin C increased by grafting cucumber cultivar
�JinchunNo.� onto �Figleaf Gourd� and �Chaofeng Kangshengwang� in comparison
to self-grafted plants, whether saline-challenged or not. Grafting can improve the
mineral content of the fruits under saline conditions, which is interesting from a
nutritional point of view because fruits and vegetables are important source of
minerals in the human diet (e.g., 35, 24, and 11%, respectively, of the total K,Mg, and
P dietary intake of humans) [47]. For instance, it has been reported that under saline
conditions fruit K content was higher in cucumber cv. �Jinchun No.� grafted onto
�Figleaf Gourd� and �Chaofeng Kangshengwang� in comparison to self-grafted
plants. Moreover, it has also been observed that salt-tolerant grafting combinations
exhibited a decrease in Na and/or Cl contents in fruits in comparison to the self-
grafted plants, which represents a positive quality aspect due to the negative effects of
high dietary intake of Na and Cl on human health.
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38.2.2
Mechanisms of Salt Tolerance in Grafted Plants

38.2.2.1 Root Characteristics
Generally, salinity induces a rapid reduction in root growth and an increase in root to
shoot dry weight ratio due to a greater reduction in shoot growth; the high root to
shoot ratio under saline conditions appears to be an adaptive strategy to increase the
nutrient uptake and the ratio of water absorption by water-transpiring organs.
Maintaining root growth under saline conditions was correlated with salt tolerance
in tomato. Salt-tolerant grafted plants often exhibit a better root growth and higher
root to shoot ratio than ungrafted or self-grafted plants. For example, grafted tomato
plants had a less decrease in root drymass at 100 and 150mMofNaCl than ungrafted
plants [39]. Similar results were observed in grafted cucumber plants [32, 48] and in
grafted watermelon plants [31, 37] exposed to salt stress. Therefore, the better growth
performance of grafted vegetable crops could be explained, at least to some extent, in
terms of root growth under salinity stress.

38.2.2.2 Salt Exclusion and Root Retention
The main long-term damage caused by salinity in glycophyte crops is the excessive
accumulation ofNaþ andCl� in leaves that causes awide variety of physiological and
biochemical alterations inhibiting plant growth and production. The increased salt
tolerance of grafted vegetables has often been associated with lower Naþ and/or Cl�

contents in the shoot. Twomechanisms could explain the decrease in shoot toxic ion
(Naþ and/or Cl�) concentrations in grafted plants: toxic ion exclusion by the roots,
and toxic ion retention and accumulation within the rootstock. Root retention
involves the storage of Naþ and/or Cl� in vacuoles, which can protect cytosolic
enzymes from the damaging effects of salt accumulation [49]. The electrochemical
Hþ gradients generated by Hþ pumps in the tonoplast (Hþ -ATPase, Hþ -PPase)
provide the energy used by tonoplast-bound Naþ /Hþ antiporters (NHX) to couple
the passive movement of Hþ to the active movement of Naþ into the vacuole [50].
The Hþ -ATPase and Hþ -PPase activities of root tonoplast membrane are less
inhibited under NaCl stress in salt-tolerant grafted plants than in self-grafted plants
as observed in tomato experiment [51]. Experiments conducted on melon plant
grafted onto different hybrids of squash (C. maxima Duch.�C. moschata Duch.)
revealed that the concentrations averaged 11.7 times those in the shoots of plants
graftedwith pumpkin rootstocks. Quantitative analysis indicated that Na exclusion of
squash hybrid roots plays amore significant role in its restricted accumulation in the
shoot of grafted plants, compared to its retention in the roots: Na exclusion was 69–
79%, while the Na root retention was only 37–54% [52].

38.2.2.3 Osmotic Adjustment
Salt tolerance and further growth in a saline soil require a reduction in internal plant
water potential below that of the soil in order tomaintain turgor and water uptake. In
fruit vegetables in which salt exclusion (glycophytes) is the principal mechanism of
salt tolerance, either the synthesis of metabolically compatible solutes (e.g., sucrose,
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proline, and glycine betaine) or the uptake of inorganic ions (e.g., Kþ , Ca2þ , and
NO3

�) must be increased (osmotic adjustment). Unlike Naþ and Cl�, these
osmotically active solutes are not harmful to enzymes and other cellular structures
even at high concentrations (hence �compatible solutes�). Although the biosynthesis
of organic compatible solutes is energetically more expensive than the accumulation
of Naþ and Cl� take-up from the soil, plants can benefit from the reduction of the
detrimental effects induced by high accumulation of Naþ and Cl�. Moreover,
compatible osmolytes may protect plants by scavenging oxygen-free radicals caused
by salt stress [53, 54]. It has been reported that salt-tolerant grafted plants of tomato
and cucumber exhibited a better osmotic adjustment under NaCl stress through a
higher accumulation of soluble sugars and proline in leaves than self-grafted
plants [32]. Moreover, grafted plants have higher leaf Kþ accumulation, which
seems related to the higher salt tolerance than self-grafted plants [32, 48].

38.2.2.4 Antioxidant Defense System
Salt stress reduces the photosynthesis rate increasing the formation of reactive
oxygen speciess (ROS) such as superoxide radicals (O2

�) and hydrogen peroxide
(H2O2). These ROS are highly reactive and can seriously disrupt normal metabolism
through oxidative damage to lipids, proteins, and nucleic acids [55]. Plants have
evolved an efficient defense system by which the ROS is scavenged by enzymatic and
nonenzymatic antioxidant defense mechanisms.

Enzymatic antioxidants include superoxide dismutase, catalase, ascorbate perox-
idase, monodehydroascorbate reductase, dehydroascorbate reductase, and glutathi-
one reductase (GR). The most commonly known nonenzymatic antioxidants are
glutathione (GSH), ascorbate (AsA), carotenoids, and tocopherols [55, 56]. An
efficient antioxidant system is an important factor for the enhanced salt tolerance
of grafted plants. For instance, the increased salt tolerance of cucumber plants grafted
onto C. ficifolia was associated with the increased superoxide dismutase and
peroxidase activities under saline conditions induced by major nutrients [36].
Similarly, the higher antioxidant capacity of grafted plants under salt stress has
been observed in other fruit-bearing vegetables such as tomato, eggplant, and
watermelon [39, 48]. Nonenzymatic antioxidants were also found to contribute to
the salinity tolerance in grafted vegetables. The glutathione and ascorbate contents in
the leaves of grafted eggplants are found to be significantly higher than those in self-
grafted plants under NaCl stress [28].

38.2.2.5 Phytohormone Biosynthesis
Changes in phytohormones or their precursors� concentrations, such as cytokinins
(CKs), abscisic acid (ABA), the ethylene precursor 1-aminocyclopropane-1-carboxylic
acid (ACC), and auxin indole 3-acetic acid (IAA), are associatedwith a responseof plants
to salinity. It has been suggested that at least part of the growth depression by salinity
was caused by inadequate phytohormone production. Generally, the levels of CKs
decrease while ABA increases in response to salinity. Abscisic acid plays a central role
both in root to shoot and cellular signaling under salt stress and in the regulation of
stomatal conductance. Under salt stress, a transient loss of leaf turgor stimulates ABA
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synthesis and causes stomatal closures stimulating leaf senescence. CKs are assumed
to be synthesized mainly in the roots and transported to the shoots via the xylem. CKs
are implicated in controlling both shoot growth and leaf senescence. Some rootstocks
exhibited a higher CKs biosynthesis that improved salt tolerance of scion by increasing
vegetative and fruit growth and by delaying leaf senescence and maintaining stomatal
conductance andPSII efficiency, thereby avoiding or delaying the accumulation of toxic
ions [57]. Moreover, the ratio between CKs and ACCwas positively correlated with leaf
growth andPSII efficiency in a grafting tomato experiments,where tomato cultivarwas
grafted onto rootstocks from a population of recombinant lines derived from
S. lycopersicum�S. cheemaniae cross and grown under moderate saline conditions
(75mM NaCl) [58]. Phytohormones also play an important role in maintaining root
growth under salt stress condition and in increasing root to shoot ratio. The greater
partitioning of assimilates to roots under saline condition has been attributed to a
decrease in CK concentrations and an induced basipetal transport of auxin from shoot
to root with a concomitant change in the activity of the sink-related enzyme cell wall
invertase. Moreover, the increase in root to shoot ratio due to a differential growth
response of root (maintenance) and shoot (inhibition) under salinity was associated
with a relative increase and decrease in the auxin IAA concentration, respectively [58].
Polyamines [putrescine (Put), spermidine (Spd), and spermine (Spm)] are small
cationic molecules that accumulate in plants under salinity stress. They are involved
in the regulation of many basic cellular processes such as DNA replication and
transcription, cell proliferation, modulation of enzyme activities, membrane rigidity,
and stabilization [59]. In grafted tomatoes and eggplants, it has been reported that the
ABA and total polyamine contents are significantly higher than those of self-grafted
plants under NaCl stress [60, 61]. In addition, the Spd and Spm contents, as well as
(Spd þ Spm)/Put value, were higher in grafted melon and cucumber plants than in
self-grafted plants under NaCl stress [62].

38.3
Alkalinity

38.3.1
Effects on Grafted Plants

38.3.1.1 Growth and Photosynthesis
Researchers have demonstrated that plants respond to elevated NaHCO3 concentra-
tions in soil or in growing medium solution with decreased shoot and root
growth [63–65]. Shoot growth inhibition is associated with a decrease in the number
of leaves, fresh and dry mass, and shoot elongation [66]. For instance, significant
depression in shoot and root biomass production was observed in bicarbonate-
treated watermelon plants, and that effect varied as a function of grafting combi-
nation [67]. Under alkaline conditions (pH 8.1), shoot and root biomass weight
reductions in comparison to control (pH 6.0) were significantly lower in watermelon
cultivar Ingrid grafted onto Cucurbita rootstocks �PS1313� and �P360� than that in
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ungrafted watermelon plants, whereas the root to shoot ratio of biomass increased in
ungrafted plants. The former study showed that the watermelon plants grafted onto
Cucurbita rootstocks had less change in root to shoot ratio than those grafted onto
bottle gourd rootstocks and the ungrafted plants under alkaline conditions. The lower
shoot reductions in grafted plants, especially in those grafted onto pumpkin root-
stocks, was related to the capacity of maintaining a higher net CO2 assimilation in
response to bicarbonate stress compared to ungrafted plants. In addition to reduced
net photosynthetic rates, leaf area decreased in response to an increase in alkalinity in
the nutrient solution especially in ungrafted watermelon plants. The restriction of
leaf area may be the result of the suppressed net photosynthetic rates since the latter
effect reduces the available assimilates for leaf growth.

38.3.1.2 Nutrient Uptake
Alkaline soils represent a serious concern for iron acquisition by plants since under
these conditions the range of inorganic iron availability is around 0.1–10% of the
normal requirement for optimal plant growth [68]. Colla et al. [67] observed that roots
of grafted and ungrafted watermelon plants accumulated larger amounts of Fe than
leaves, suggesting that the critical process leading to chlorosis in alkaline soils is Fe
uptake from the root apoplast into the symplast, which can be impaired by the
alkaline apoplastic pH due to high bicarbonate concentration [10, 69]. Grafted
watermelon onto pumpkin rootstocks enhanced the uptake and translocation of Fe
toward the shoot in comparison with ungrafted plants. The higher uptake and
accumulation of Fe in watermelon plants grafted onto pumpkins was the main
mechanism that reduced the detrimental effect of alkalinity (Fe deficiency) on plant
growth. Moreover, bicarbonate ions may interfere with the uptake and transport of
other essential nutrients (e.g., P, K, and Mg) and thereby disturbing nutrient
composition of plants [7]. On the basis of the nutrient composition of plant tissues,
it has been demonstrated that watermelon grafted and ungrafted plants responded
differently to pH level, as has been observed for growth parameters. For ungrafted
plants, the high pH level (8.1) in the nutrient solution caused significant decrease in
macronutrient leaf concentration especially for P compared to plants grafted onto
pumpkin rootstocks. Consequently, the improved crop performance of watermelon
plants grafted onto pumpkin rootstocks was attributed not only to their strong
capacity to accumulate Fe in the aerial part under alkaline conditions but also to their
ability to improve the uptake and transport of P to the shoot [67].

38.3.2
Mechanisms of Alkalinity Tolerance in Grafted Plants

38.3.2.1 Root Exudation
Plants respond to deficiency of manymacro- andmicronutrients with increased root
exudation, for example, to, P [70], K [71], Zn [72], and Cu [73]. Since organic acids
efficiently solubilize/mobilizemanymetal cations such as Ca, K, andMg [74], Al and
Fe [74, 75], andMn [76], the purpose of this increased exudation could be to increase
the solubilization of deficient nutrients. Certain rootstocks can improve the uptake of
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several macro- and micronutrients under alkaline conditions through a greater
exudation of organic acids. For instance, watermelon plants grafted onto pumpkin
rootstocks exuded more citric and malic acids than ungrafted ones especially under
bicarbonate-enriched solutions [67]. These results support the hypothesis that uptake
of nutrients (e.g., P and Fe) from the nutrient solution by pumpkin rootstocks was
facilitated by exudation of organic acids from roots. Similar results were observed in
other experiments on Cucurbita plants where the root exudation of organic acids
(especially citric acid) increased under P depletion leading to an enhanced P uptake
especially in C. pepo ssp. ovifera [70].

38.3.2.2 Root-Reducing Capacity
Higher plants have developed various specific and nonspecific mechanisms to
increase the solubility and uptake of Fe in the rhizosphere. In the root cell plasma
membrane, two different oxidoreductases capable of transferring electrons from the
cytosol to several external electron acceptors (ferricyanide or ferric chelates) are
involved in Fe acquisition. One oxidoreductase reduces only Fe(III) to ferricyanide,
and the other is capable of reducing both ferric chelates and ferricyanide. This latter
reductase, calledFe(III)-chelate reductase (FeCH-R), is induced or stimulated by iron-
deficiency stress and is responsible for generating Fe(II) prior to uptake by dicoty-
ledonous andnongraminaceousmonocotyledonous plants [77]. Therefore, Fe uptake
and thus the nutritional status of this micronutrient depends greatly on FeCH-R
activity. It has been reported that some rootstocks have the potential to improve the Fe
uptake through ahigherFeCH-Ractivity. For instance, tomato andwatermelonplants
grafted onto S. lycopersicum variety �TmKnvf2� and C. maxima variety �Dulce
maravilla� rootstocks, respectively, exhibited a higher FeCH-R activity in the roots
compared to ungrafted plants [78]. The higher FeCH-R activity in the roots of grafted
watermelon plants was associated with a higher Fe content in leaves. Increases in
FeCH-R activity is frequently observed in dicots cultivated under alkaline conditions,
and this has been assumed to arise from an inducible plasma membrane-bound
FeCH-Renzyme(s) [79–81].However,nosignificantdifferenceswereobserved in root
FeCH-R activity between grafted and ungrafted watermelon plants grown under
alkaline conditions, although the grafted watermelon plants onto Cucurbita hybrid
rootstocks exhibited a higher leaf Fe concentration than ungrafted plants [67].

38.4
Heavy Metals and Excessive Amount of Trace Elements

38.4.1
Effects on Grafted Plants

38.4.1.1 Growth and Yield
Heavy metals such as cadmium, nickel, and chrome and excessive amount of trace
minerals such as copper manganese and boron in soil and water are toxic to plants
even at very low concentrations, or may accumulate in plant tissues up to a certain
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level without visible symptoms or yield reduction [19, 82]. Rouphael et al. [19] have
demonstrated that grafting cucumber onto the commercial rootstock �Shintoza� (C.
maxima Duch.�C. moschata Duch.) mitigated the adverse effects of excessive Cu
supply on plant biomass and fruit yield. In fact, shoot and root biomass weight
reductions in control plants were clearly lower in grafted than in ungrafted plants,
whereas the root to shoot ratio increased in ungrafted plants as a result of Cu stress
conditions. Boron toxicity can also be mitigated by grafting onto suitable rootstocks,
as indicated by an experiment with melon (C. melo L.) plants, which were exposed to
five different B concentrations ranging from 0.1 to 10mgL�1 in the irrigation
water [34, 83]. The nongrafted melon plants were more sensitive to excess boron
supply than the grafted ones (C. maxima Duch.�C. moschata Duch.�TZ-148�) in
terms of fruit yield and dry weight accumulation in shoots and roots [34, 83].

38.4.1.2 Fruit Quality
Fruit vegetables are characterized by rather low rates of heavymetal and tracemineral
translocation to the fruit [84]. However, contaminated vegetables are frequent in the
market due to environmental pollution caused by human activities. For instance, a
survey in Japan showed that approximately 7% of eggplant fruits contain cadmium
concentrations above the international limit for fruiting vegetables. It was suggested
that grafted plants could be used to prevent the entry of heavy metals and excessive
amount of trace minerals into the supply chains via plants under unfavorable
conditions [44]. Arao et al. [85] conducted a study to develop a method to reduce
Cd concentration in eggplant fruits. They showed that grafting onto S. torvum
reduced eggplant fruit Cd concentration by 63–75% in Cd-polluted soil and unpol-
luted soil compared to grafting onto S. melongena and S. integrifolium. The accumu-
lation of Cu in fruit tissue of cucumber plants grownunderCu-enriched solutionwas
significantly lower in plants grafted onto the �Shintoza�-type rootstock (C. maxima
Duch.�C. moschataDuch.) in comparison to that of ungrafted plants [19]. Similarly,
the concentrations of B, Zn, Sr,Mn,Cu, Ti, Cr,Ni, andCd in the fruits ofmelonplants
irrigated with marginal water were lower in the grafted plants onto the commercial
Cucurbita rootstock �TZ-148� than in ungrafted plants [86].

38.4.2
Mechanisms of Tolerance in Grafted Plants

The enhanced tolerance of grafted vegetables to heavymetals and excessive amount of
trace element has often been associated with root exclusion and/or to the restricted
translocation from roots to shoots. Arao et al. [85] observed that grafting S. melongena
plants onto S. torvum reduced the leaf and stem Cd concentrations by 67–73% in
comparison to self-grafting or grafting onto S. integrifolium, in both Cd-polluted and
unpolluted soils. The Cd concentration in xylem sap collected from stems of S. torvum
was 22%of that in stems ofS.melongena, indicating an appreciable restriction of theCd
translocation fromroot to shoot in the former.However, the concentrations ofCd in the
roots of S. melongena and S. torvum were similar when the plants were exposed to
identical external Cd levels [20]. These results indicate that S. torvum restricts
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specifically the translocation of Cd to the shoot and not the Cd uptake by the roots.
Genotypic differences in the ability of the root to prevent Cd translocation to the shoot
have been reported also for soybean bymeans of grafting experiments [87]. According
toMori et al. [20], the restriction of Cd translocation to the fruit of eggplant grafted onto
S. torvum in comparison to self-grafted S. melongena seems to be related to the process
of xylem loading. Yamaguchi et al. [88] attempted to elucidate the molecular mechan-
isms governing the reducedCd uptake byS. torvum and found that dehydration-related
transcription factors and aquaporin isoforms are potential constituents of Cd-induced
biochemical impediments. Other results have shown that the rootstock significantly
affects gene expression in the scion, thereby indicating that some signals transported
from the root to the shoot may also influence the Cd uptake and translocation [89].
Edelstein et al. [83] recorded that grafting melon onto the commercial C. maxima
Duch.�C.moschataDuch. rootstock �TZ-148� reduced the boron concentration in the
leaves of grafted plants in comparison to ungrafted plants. The lower boron concen-
tration could be the result ofmainly the differences in the properties of the root systems
of the two plant types. Boron could accumulate and bind in the root system, which
would limit its movement toward the shoot, as reported for some fruit trees [90, 91]. It
should be noted, however, that in the current study boron concentrations in the root
systems of both grafted and ungraftedmelon plants were relatively low and,moreover,
the boron concentrations in the roots of the ungrafted plants were similar to or higher
than those in the roots of the grafted ones. Thus, it can be concluded that the lower
boron concentrations in the leaves of the grafted plants than in those of the ungrafted
ones were not the result of greater boron accumulation and attachment in the roots of
the grafted plants than in those of the ungrafted ones [83]. Grafting cucumber cv.
�Akito� onto the commercial rootstock �Shintoza� restricted the uptake and translo-
cation of Cu to the shoot [19]. The leaf Cu concentration in grafted plants treatedwith a
nutrient solution containing 47 and 94mMCu increased by 138 and181%, respectively,
in comparison toplants suppliedwith0.3mMCu,while inungraftedplants the increase
in the leaf Cu level was 235 and 392%, respectively. Rouphael et al. [19] attributed the
improved crop performance of grafted cucumber plants to the ability of the squash
rootstock to restrict the accumulation of Cu in the shoot. These results indicate that Cu
toxicity in cucumber cultivated inenvironmentswith toohighCu levels in the root zone
may be partly mitigated by grafting onto the rootstock �Shintoza.� Similarly, Savvas
et al. [92, 93] found that the transport of Cu to the leaves of tomato �Belladona� was also
restricted when the plants were grafted onto the �He-Man� rootstock (S. lycopersicum
L.�S. habrochaites S. Knapp & D.M. Spooner). However, the concentration of Cu was
significantly lower not only in the leaves but also in the roots of plants grafted onto �He-
Man� in comparison to self-grafted �Belladona� plants.

38.5
Concluding Remarks and Future Perspectives

For decades, vegetable grafting has been successfully practiced in many Asian
countries, and it is becoming increasingly popular in Europe as well. This chapter
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concludes that grafting is an effective way to mitigate the detrimental effects of
adverse soil chemical conditions such as salinity, alkalinity, heavy metals, and
excessive amount of trace elements on vegetable crop performances particularly in
Cucurbitaceae and Solanaceae. The increased tolerance of grafted plant to adverse
soil chemical conditions was due to the use of tolerant rootstocks. Several effective
rootstocks arementioned and already in practical use, or used in breeding programs.
The mechanisms involved in the advantageous response of specific stress-tolerant
rootstocks are manifold and partly still unknown. Augmentation of this knowledge
may help to select and breed appropriate rootstocks that improve the adaptability of
fruit vegetable crops to salinity, alkalinity, heavymetals, and excessive amount of trace
elements. The agronomical and physiological processes implicated in the tolerance
of grafted plants to adverse soil chemical conditions have received much attention,
but the biochemical and molecular processes involved remain relatively unknown.
So, a thorough investigation should be conducted with the aim of providing
biochemical and molecular knowledge on the metabolism of grafted plants grown
under adverse soil chemical conditions. Finally, researchers, extension specialists,
and seed companies need to work together to integrate this modernized technology
as an effective tool for producing high-quality vegetables under adverse soil chemical
conditions.
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Grain Legumes (Soybean, Chickpea, and Peanut): Omics
Approaches to Enhance Abiotic Stress Tolerance
D. Srinivas Reddy, Pooja Bhatnagar-Mathur, Vincent Vadez, and Kiran K. Sharma

Legumes rank third in world crop production, and abiotic stress is the major
constraint to crop productivity. Biotechnological applications including all �omics�
have been the direct and potential approaches for improving abiotic stress tolerance
in grain legumes and requires knowledge of stress response atmolecular level, which
includes gene expression to protein or metabolite and its phenotypic effects.
Genome-wide expression profiling studies have been carried out in the legumes to
identify the candidate genes and regulatory networks among abiotic stress responses.
Among the grain legumes, although soybean has been more intensively studied,
more recently, sensitive and tolerant varieties of chickpea and peanut have been
characterized under abiotic stress conditions. Nevertheless, proteomic studies in
response to abiotic stress in legumes are still very limited with only Medicago
truncatula and soybean protein reference maps available. Some of the major QTL
controlling abiotic stress tolerance in legumes have beenmapped for amajorQTL for
salt tolerance in soybean and drought tolerance-related traits in peanut. Although,
Agrobacterium-mediated gene transfer has been reported in all the major legume
crops, so far only one legume, that is, soybean, has been commercialized. Transgenic
technologies for improved abiotic stress tolerance involving regulatory genes have
proved more efficient than using single or multiple functional genes involved in
stress tolerance.Hence, the current advances in �omics� technologies and availability
of the genome sequences of model legumes and soybean offer great potential to
improve the stress tolerance of the legume crops. This chapter attempts to provide a
detailed discussion about the different �omics� approaches and their applications for
abiotic stress research on major legumes.

39.1
Introduction

Legumes represent themost utilized plant family with 20 000 species and are among
the most important crops worldwide, having major impacts on agriculture, the
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environment, and human/animal nutrition and health [1]. Legumes rank third
behind cereals and oilseeds in world production [2] that accounts for 27% of the
world�s primary crop production [1]. Grain legumes constitute an important dietary
constituent for humans and animals and these alone contribute 33% of the dietary
protein nitrogen (N) needs of humans [3] besides being a source of income and
livestock feed. These perfectly match the requirements of small-scale, low-income
farmers in thedeveloping countrieswhere they accounted for 61.3millionhectares in
2002, compared to 8.5 million hectares in developed countries [2]. In order of rank,
common beans (Phaseolus spp.), pea (Pisum sativum L.), chickpea (Cicer arietinum L.),
broad bean (Vicia faba L.), pigeonpea (Cajanus cajan L.), cowpea (Vigna unguiculata
L.), and lentil (Lens esculentum L.) constitute the primary dietary legumes [4].
Moreover, grain legumes, predominantly soybean (Glycine max L.) and peanut
(Arachis hypogeae L.), are also a major source for vegetable oil, providing more than
35% of the world�s processed vegetable oil.

Abiotic stress is the major constraint to crop productivity in the semiarid tropics
(SAT) that include parts of 55 developing countries, populated by about 1.4 billion
people, where grain legumes are mainly cultivated. Abiotic stress, which includes
multiple stresses such as drought, salinity, waterlogging, high temperature, chilling,
and so on are the primary causes of crop lossesworldwide, reducing average yields for
most major crop plants by over 50% [5, 6]. Only 10% of the global arable land can be
classified under the nonstress category, which implies that crops grown on the other
90%of arable lands experience one ormore environmental stresses [7]. Furthermore,
crops under abiotic stress are usually more susceptible to weeds, insects, and
diseases, which considerably increase the losses [8].

The grain legumes constitute important food and oilseed crops of the SAT, are
mostly grown in low-input, rain-fed agriculture, and suffer from drought due to
insufficient, untimely, and erratic rainfall in these climates that becomes major
constraints to crop productivity. Several of the abiotic stresses associatedwith legume
crops also directly affect symbiotic interactions and therefore limit their growth.
Water deficits continue to be themajor abiotic factor that affect crop yields globally [9]
and are likely to worsen with the projected rapid expansion of water-stressed areas of
the world encompassing 3 billion people by 2030 [10]. Moreover, in legumes such as
peanut (A. hypogaea), Brazil nuts (Bertholletia excelsa), and faba bean (V. faba),
aflatoxin contamination is a common occurrence during preharvest drought
stress [11, 12]. In addition to drought, soil salinity is anothermajor problem affecting
the total nitrogen uptake and soil nitrogen contribution [13] resulting in reduced
yields. Hence, there is a crucial need to increase the abiotic stress tolerance in
legumes, which is a major challenge in crop improvement programs for enhancing
yield stability. Although conventional plant breeding and enhanced management
strategies have addressed several constraints that limit crop productivity or quality,
there are situationswhere the existing genetic resources lack the required traits. Yield
losses due to constraints like drought are highly variable in nature depending on the
stress timing, intensity, and duration. Moreover, location-specific environmental
stress factors such as high irradiance and temperature make breeding for drought
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tolerance difficult through conventional approaches. Cutting-edge, knowledge-based
breeding practices complemented adequately by genomics and genetic transforma-
tion technologies could lead to simpler and more effective gene-based approach for
improving abiotic stress tolerance in the grain legumes. Application of biotechno-
logical approaches has a potential to contribute efficiently to solve or reduce these
problems in the grain legumes, thereby contributing to sustainable agriculture,
especially in the SAT.

39.2
�OMICS� in Legumes and Abiotic Stress

Biotechnological approaches such as tissues culture, in vitro mutagenesis, marker-
assisted breeding, and genetic transformation can speed up and overcome major
bottlenecks of classical plant breeding due to the lack of natural sources of resistance
and sexual incompatibility. However, successful application of biotechnology to
abiotic constraints requires a good biological knowledge of both the target species
and the mechanisms underlying tolerance to these stresses. Mechanisms of
responses to stress can be measured at many different levels from the whole plant
to themolecular level. The type, length, and severity of the stress havemore influence
on the plant response to stress [14]. Since responses are controlled by the plant
genome, recent efforts have focused on the molecular response of the plant to water
deficits [15]. Until a few years, the research on plant stress responses was focused on
model plants such as Arabidopsis, and not much work was done on the legumes.
However, since substantial similarities exist between the two crops, the knowledge on
stress responses of Arabidopsis were used as source of information for legume
research. Nevertheless, there are also significant fundamental differences like all
physiological processes that differ and must be exploited to unravel the specific
mechanisms involved in abiotic stress tolerance in the legumes [16]. Since the large
genome size and the polyploidy of some legumes have hampered this goal, recent
progress in legume biology has been greatly enhanced by the development of model
systems to investigate the genetics of nodulation and other important processes such
as resistance or tolerance to stresses. The two model legume plant systems, Lotus
japonicus and Medicago truncatula, due to their small and diploid genomes, autog-
amous nature, short generation times, and prolific seed production were the obvious
choices [17, 18]. Since then, powerful genetic and genomic tools have been developed
that include genome sequencing [19], isolation of expressed sequence tags (ESTs)
[20, 21], and establishment of genetic and physical maps for each model species
[22, 23]. The increasing wealth of genetic and genomic data and the high degree of
synteny between legume genomes [24, 25] make these two species valuable models
for the molecular genetic study of the biotic and abiotic constraints that hamper
legume crop yields. Furthermore, the soybean genome sequence and the high
synteny between soybean and the model legumes have a potential to facilitate
positional cloning and other genetic procedures for these studies.
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While sequence information is invaluable and a necessary starting point, it is
insufficient to answer questions concerning gene function, regulatory networks,
and the biochemical pathways activated in response to stresses. To address these
questions, more comprehensive approaches, including quantitative and qualitative
analyses of gene expression products are necessary at the transcriptomic, proteomic,
and metabolomic levels. This comprehensive knowledge about the genes involved
in stress response and tolerance will further allow a more precise use of marker-
assisted selection (MAS) and transgenics [7]. Since the �omics� involves genomics
and functional genomics, genetic engineering, transcriptome profiling, proteomics,
and metabolomics describing an organism�s genome contribution to its overall
phenotype, the recent progress made in these areas has considerably contributed
to better understanding of the molecular and genetic basis of stress response that
has been an important bottleneck for molecular and transgenic breeding. So far, a
significant progress has been made in research on the abiotic stress tolerance of
major legumes including soybean, chickpea, and peanut as discussed in the
following sections.

39.3
Transcript �OMICS�

A eukaryotic cell contains �15 000–30 000 distinct mRNAs with a prevalence
ranging from one to several thousands in a total mass of �100 000 mRNAs [26].
About 50%of the transcript population ismadeup of a relatively small number (some
hundreds) of abundant transcripts representing only 1% of the different mRNA
species, and the other half contains the �rare� mRNAs [27]. The set of all the
messenger RNAs (mRNAs) in a cell/tissue/organism is referred to as the transcrip-
tome and investigation of populations of mRNAs is thus called �transcriptomics.�
A genome-wide expression profiling is a powerful tool for studying genes
involved in various biological phenomena, identifying the candidate genes, and
revealing the molecular crosstalk of gene regulatory networks among abiotic
stress responses.

Plants undergoing abiotic stresses in general face dehydration at the cellular level
and hence almost 50% of the genes activated by these stresses including drought,
salinity, orABA treatment are common.Cellularwater deficit in a plant stress triggers
many changes in gene expression that in turn define its response to a particular
environmental condition. The induced genes in response to cellular water deficit
stress constitute different functional categories such as metabolism, transport,
signaling, transcription, hydrophilic proteins, and the unknown, including the
repression of genes involved in plant growth and development, such as photosyn-
thesis-related genes. Broadly, the genes responding to abiotic stress can be catego-
rized into two classes based on their response in terms of timescale or based on their
involvement in tolerance; some respond immediately within seconds or minutes,
while others respond later, in hours, days, or even weeks [28]. This allows for the
speculation that the early responsive genes may provide initial protection and
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regulate gene expression by being involved in amplification of signals and signal
transduction. These include various protein kinases and genes encoding transcrip-
tion factors, whereas the genes that respond later may be involved in adaptation to
stress conditions, such as heat shock proteins, LEAproteins, ROS scavenger proteins,
and so on [14, 28].

The genomic approaches allow changes induced by abiotic stresses on a global
scale to be analyzed at the level of the whole organism. Much more extensive gene
expression studies have been performed inArabidopsis, and the resulting knowledge
can also be used in legumes through comparative genomics. For example, Ishitani
et al. [29] selected 100–200 genes from the Arabidopsis database and showed that at
least 3 DREB-like genes, thought to be key transcriptional regulators of drought and/
or cold tolerance, were present in common bean. Similarly, inArabidopsis, analysis of
the transcriptome changes occurring during cold, drought, and salt stress in a survey
of 7000 genes showed a shared response for a majority of cold and drought stress-
regulated genes, supporting the hypothesis that a common set of signal transduction
pathways are triggered during different stress responses [30]. Around 11% of the
stress-inducible genes are potential transcription factors further confirming the
relevance of gene regulation in stress adaptation [31].

The Arabidopsis model is likely to be very different from legumes in terms of
responses to stress in relation to grain filling, nitrogen utilization, fixation, and
transport, root architecture, and interactions, all physiological processes that are
fundamentally different in legumes. Hence, the usefulness of developing a
legume model has become increasingly relevant in recent years. Moreover, the
induction of gene expression by environmental stress must be exploited to unravel
mechanisms dealing with abiotic stress tolerance in the agriculturally important
grain legumes. In legumes, the gene expression patterns following biotic stresses
have been more extensively studied than those following abiotic stresses. With
respect to abiotic stress, gene expression analyses have beenmainly based on studies
with cloned genes [32]. Significant progress is beingmade at the genetic and genomic
levels using the model legume M. truncatula through macro- and microarray
analysis, reverse genetics, genome sequencing, and other high-throughput techni-
ques [33, 34]. The analysis of almost 200 000 ESTs of M. truncatula, isolated from
many different libraries constructed from diverse stages and treatments, was
facilitated by searchable databases such as MtDB2 [35] and the TIGR Gene Index
(http://www.tigr.org).

The advent of next-generation sequencing platforms [36], most recently the �third
generation� (also called �next–next generation� or NGS) sequencing systems will
enable plant genome to be sequenced within hours. The NGS approaches allow
deciphering the cell�s transcripts on the sequence level, whichwill truly revolutionize
the research of organisms that are not now in line for genomic sequencing. This
approach could circumvent the problems posed by extremely large genomes such as
legumes. The next-generation sequencing not only is a dramatic advance over
capillary-based sequencing but also presents significant challenges in assembly and
sequence accuracy due to short read lengths,method-specific sequencing errors, and
the absence of physical clones. However, the promise ofmuch lower sequencing cost
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with the now proven concept of next-generation expressed sequence tag sequencing
will allow assessment of plant genomes at least at the functional level [37]. At
ICRISAT, these NGS approaches are being used to develop EST-based markers to
map the QTL for stress response in grain legumes. Recent reports have also shown
that transcriptomic tools are a good option for legume breeding to environmental
stresses as discussed in the next sections.

39.3.1
Soybean

Among the grain legumes, soybean has beenmore intensively studied and according
to the legume information system data, over 1.3 million ESTs were developed from
different cDNA libraries, which is the largest in number among the individual grain
legumeESTs. The availability of a large number of ESTandBAC sequences facilitated
the discovery of new SNP and SSR markers in soybean toward the construction of
high-resolution genetic maps. Besides, using a modified cDNA-AFLP technique in
soybean, 140 differentially expressed cDNA fragments were obtained by comparing
control and isoosmotic treated plants where some of the responsive genes encoded
for ion transporters, transcription factors (TFs), and redox enzymes [38].

39.3.2
Chickpea

Chickpea is the most important food legume of semiarid tropics (SAT) and taxo-
nomically one of the closest crops to the model legume Medicago. Sensitive
and tolerant varieties of chickpea have been characterized under abiotic stress
conditions, although very little is known about the genes involved in these responses.
However, the characterization of genes involved in the differential behavior of these
cultivars may constitute a good basis to extrapolate these results to other grain
legumes. Five differentially expressed cDNAs were identified using differential
display reverse transcriptase PCR (DDRT-PCR) under drought conditions with
drought-tolerant cv. ICCV2 and drought-susceptible cv. ILC3279 of chickpea [39].
Moreover, 319 unique ESTs available from different libraries have been analyzed for
differences in transcript profiling during drought stress treatment in two chickpea
varieties having contrasting levels of drought tolerance (C. arietinum cv.
PUSABGD72 and ICCV2). These ESTs were clustered in four groups according to
their expression patterns [40].

A transcriptional profiling study in chickpea under drought, cold, and high salinity
was carried out using cDNAmicroarray approach to look at the gene expression in the
leaf, root, and/or flower tissues in tolerant and susceptible genotypes [41]. The
differentially expressed transcripts in response to the particular stress were analyzed
and a transcriptional change of over twofoldwas observed for 109, 210, and 386 genes
after drought, cold, and high-salinity treatments, respectively. Among these, 2, 15,
and 30 genes were consensually differentially expressed between tolerant and
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susceptible genotypes studied for drought, cold, and high salinity, respectively.
The differentially expressed genes coded for various functional and regulatory
proteins, highlighting the multiple gene control and complexity of abiotic stress
response mechanism in chickpea.

Two nonnormalized cDNA libraries from the seedling leaves of a drought-tolerant
chickpea cultivar under PEG-treated and nontreated conditions have been con-
structed where 92 differentially expressed genes were identified [42]. Most of the
upregulated genes were related to drought tolerance, while the downregulated genes
were mainly involved in the photosynthesis. A set of over 2800 chickpea ESTs have
been generated froma library constructed after subtractive suppressive hybridization
(SSH) of root tissue from two closely related chickpea genotypes possessing different
sources of drought avoidance and tolerance, ICC4958 (tester) and Annigeri (driver),
respectively [43]. A total of 106 EST-based markers were designed from 477
sequences with functional annotations that were tested on C. arietinum. Forty-four
ESTmarkers were polymorphic when screened across nine Cicer species (including
the cultigen) [44]. The chickpea root ESTdatabase developed in these studies provide
researchers with amajor new resource for datamining associated with root traits and
drought tolerance [43]. More recently, a total of 20 162 drought- and salinity-
responsive ESTs were generated from 10 different root tissue cDNA libraries of
chickpea and 177 new EST-based SSR markers were developed [45].

Besides, SuperSAGE analysis for gene expression in chickpea roots in response to
drought was carried out resulting in sequencing of 80 238 of 26 bp tags [46]. Among
these tags, 7532 (43%) UniTags were more than 2.7-fold differentially expressed and
880 (5.0%) were regulated more than 8-fold upon stress resulting in unambiguous
annotation of 22% (3858) of these tags. Microarray analysis of these 3000 annotated
UniTags confirmed 79% of the tag-based results, whereas RT-PCR confirmed the
SuperSAGE data in all cases. This is the first study to prove the potential of
SuperSAGE technology for molecular breeding in the nonmodel crops. However,
lack of availability of a chickpea reference genome limits the value of SuperSAGE
tags, as only a fraction of them could be annotated.

39.3.3
Peanut

In peanut, differential DDRT-PCR has been used to identify differentially expressed
genes in peanut grownunder drought stress versus irrigation conditionswhere some
drought-responsive mRNA transcripts were identified based on expression pat-
tern [47, 48]. Besides, DDRT-PCR studies have been carried out with transgenic
peanut events overexpressing rd29A:DREB1A to detect the differentially expressed
transcripts under abiotic stress [49].Here, 51 differentially expressed transcriptswere
identified under stress treatments; among them35 transcripts were newly expressed,
11were upregulated, and 5were downregulated. In theBLASTsearch of differentially
expressed partial cDNAs, only 17 clones showed a significant similarity to the ESTs in
the database, indicating that the majority of the cDNAs cloned in this study may be
novel and needs further research to identify their role in stress response. These
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results also suggested that the increased plant tolerance against drought stress in
transgenic peanutmay not be attributable only to the expression of DREB1A-targeted
cold-responsive (COR) genes identified in Arabidopsis [49].

In a recent study, six different cDNA libraries were constructed from developing
peanut seeds at three reproduction stages (R5, R6, and R7) from a resistant and a
susceptible cultivated peanut genotype, �Tifrunner� that is susceptible to Aspergillus
infectionwith higher aflatoxin contamination and resistant to tomato spotted wilt virus
(TSWV) and �GT-C20� that is resistant to Aspergillus with reduced aflatoxin contam-
ination and susceptible to TSWV. The developing peanut seed tissues of these
genotypes were challenged by Aspergillus parasiticus and drought stress in the field
and 21 777 high-quality EST sequences were generated from cDNA clones of 6
libraries [50]. Similarly, EST libraries for cultivated peanut were developed from
leaves of peanut line C34-24 (resistant to leaf spots and TSVW) and immature pods of
peanut line A13 (tolerant to drought stress and preharvest aflatoxin contamination).
A total of 1825ESTs, 769 from theC34-24 and 1056 from the ESTswere identified and
44 EST-derived simple sequence repeat (SSR) markers have been characterized for
cultivated peanut [51]. A total of 6264 high-quality ESTs were generated from leaves
and roots of a wild peanut Arachis stenosperma, and 188 microsatellite markers have
developed form these ESTs [52].

More recently, nearly 700 genes were identified in subtractive cDNA library from
gradual process of drought stress adaptation in peanut. This study also showed the
functional importance ofHSP70 gene and key regulators such as Jumonji in drought
stress response [53]. A high-density oligonucleotide microarray for peanut has also
been developed using 49 205 publicly available ESTs and tested the utility of this array
for expression profiling in a variety of peanut tissues [54]. Over 108 putatively pod-
specific/abundant genes, as well as transcripts, whose expression was low or
undetected in pod compared to peg, leaf, stem, or root were detected. Several
transcripts that significantly overrepresented in the peanut pod included genes
responsible for seed storage proteins and desiccation (e.g., late-embryogenesis
abundant proteins, aquaporins, legumin B), oil production, and cellular defense [54].

39.4
Prote�omics�

Since the 1990s, genomics has been the most active research field in biological
science generating a huge amount of information, while structural genomics has
emerged at the methodological level to understand gene expression and function. A
complete knowledge of the proteins expressed by the genome of a cell, tissue, or
organismat a specific time point (proteome) is necessary to understand the biology of
a cell or an organism. The proteome reflects the actual state of the cell or the organism
and is an essential bridge between the transcriptome and the metabolome. Proteins
act directly on biochemical processes, and thus must be closer to the phenotype,
compared to DNA-basedmarkers. Although research on plant responses to stress on
the DNA or RNA level provided an important insight into stress tolerance, the
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proteomics approach is very important in evaluating stress responses since the
mRNA levels may not always correlate with protein accumulation [55]. In addition,
many proteins are modified by posttranslational modifications such as phosphor-
ylation, glucosylation, and ubiquitinylation, which significantly influence protein
functions. Proteomics, understood as protein biochemistry on anunprecedented and
high-throughput scale, is becoming a promising and active approach in this post-
genomic period. However, its application to plants is rather limited compared to
other biological systems [56].

Compared to analysis of the transcriptome, analysis of the plant proteome in
response to abiotic and biotic stresses is still limited, although good technical
progress has been achieved in the separation of proteins and their identification
by mass spectrometry. Studies have evaluated changes in protein levels in plant
tissues in response to stresses [57, 58]. However, these studies have mainly focused
on nonlegume species such as Arabidopsis and rice [57] and some legumes recent-
ly [56]. As a result, only a handful of studies have been carried out in legumes,
although in the next few years there should be a significant increase in the number of
legume species and stresses analyzed. So far, pea has beenmore intensively studied,
with the analysis of induced protein expression in roots in response to salt [59] and to
cadmiumstress [60]. Recently,M. truncatilahas been the subject of several proteomic
studies that represent the most extensive proteomic description of M. truncatula
suspension cells to date and provide a reference map for future comparative
proteomics and functional genomics studies of biotic and abiotic stress
responses [61].

39.4.1
Soybean

Some reference maps of soybean that are available in the proteomics database
provide a starting point for ongoing functional genomics studies associated with
biotic/abiotic stress in soybean. The SoybeanProteomeDatabase is aimed to be a data
repository for functional analyses of soybean responses to flooding injury that is
recognized as a major constraint for the establishment and production of this plant.
The latest release contains 21 reference maps of soybean (G. max cv. Enrei) proteins
electrophoresized on two-dimensional polyacrylamide gels of which the samples
were collected from several organs, tissues, and organelles. These reference maps
included 7311 detected proteins and 532 identified proteins, or proteins for which a
sequence or peptide peak has been determined. The Soybean Proteome Database
also integratesmultiple �omes,� where an �omics� table reveals relationships among
106 mRNAs, 51 proteins, and 89 metabolites that vary over time under flooding
stress. The tabulated metabolites are anchored to a metabolome network. A unified
temporal profile tag attached to the mRNAs, proteins, and metabolites facilitates
retrieval of the data based on the temporal expression profiles. A graphical user
interface based on dynamic HTML facilitates viewing of both the metabolome
network and the profiles of multiple �omes� in a uniform manner. The entire
database is available at http://proteome.dc.affrc.go.jp/soybean/ [62].
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39.4.2
Chickpea

Most of the earlier understanding of dehydration-responsive cellular adaptation in
chickpea has evolved from transcriptome analysis and the comparative analysis of
dehydration-responsive proteins, particularly proteins in the subcellular fraction, is
limited. Bhushan et al. [63] have initiated a proteomics approach to identify dehy-
dration-responsive ECM proteins in JG-62, a drought-tolerant variety of chickpea
where the dehydration-responsive temporal changes in ECM proteins revealed 186
proteins with variance at a 95% significance level. The comparative proteomics
analysis led to the identification of 134 differentially expressed proteins that include
predicted and novel dehydration-responsive proteins. This study, for the first time,
demonstrated that over a 100 ECM proteins are presumably involved in a variety of
cellular functions, namely, cell wall modification, signal transduction, metabolism,
and cell defense and rescue, and impinge on the molecular mechanism of dehy-
dration tolerance in plants. Since the nuclear proteins constitute a highly organized,
complex network that plays diverse roles during cellular development and other
physiological processes. Another study provided insights into the complexmetabolic
network operating in the nucleus during dehydration in chickpea [64]. Approximate-
ly, 205 protein spots were found to be differentially regulated under dehydration;
mass spectrometry analysis allowed the identification of 147 differentially expressed
proteins, presumably involved in a variety of functions including gene transcription
and replication, molecular chaperones, cell signaling, and chromatin remodeling.
The dehydration-responsive nuclear proteome of chickpea revealed a coordinated
response, which involves both the regulatory and the functional proteins.

39.4.3
Peanut

In peanut very few proteomic studies were conducted on stress response; in a recent
study with selected tolerant and susceptible peanut genotypes from the USminicore
collection were analyzed for changes in leaf proteins under water deficit stress [65]. A
total of 102 protein bands/spots were analyzed by matrix-assisted laser desorption/
ionization–time-of-flight mass spectrometry (MALDI-TOF MS) and by quadrupole
time-of-flight tandem mass spectrometry (Q-TOF MS/MS) analysis. Forty-nine
nonredundant proteins were identified that implicated a variety of stress response
mechanisms in peanut. It was observed that lipoxygenase and 1L-myo-inositol-1-
phosphate synthase, which aid in inter- and intracellular stress signaling, were more
abundant in tolerant genotypes under water deficit stress. Here, the acetyl-CoA
carboxylase, a key enzyme of lipid biosynthesis, increased in relative abundance
along with a corresponding increase in epicuticular wax content in the tolerant
genotypes suggesting an additional mechanism for water conservation and stress
tolerance. In addition, there was a marked decrease in the abundance of several
photosynthetic proteins in the tolerant genotype along with a concomitant decrease
in net photosynthesis in response to water deficit stress.
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39.5
Metabol�omics�

Undoubtedly, transcriptomic and proteomic data are important steps in deciphering
a complex biological process, but they are still insufficient since most biological
processes are ultimatelymediated by cell metabolites. Metabolomics is considered to
provide a direct �functional readout of the physiological state� of an organism.
Besides, alternative mRNA splicing, protein turnover rates, and posttranslational
modifications that modulate protein activity imply that changes in the transcriptome
or proteome do not always correspond to alterations in the cell metabolome [66].
Target analysis, metabolite profiling, and metabolic fingerprinting are different
conceptual approaches in metabolomics that can be used for a large range of
applications, including phenotyping of genetically modified plants, substantial
equivalence testing, determining gene function, and monitoring responses to biotic
and abiotic stresses.Metabolomics can therefore be seen as bridging the gap between
genotype and phenotype. Metabolic changes underpin plant development and
responses to applied stresses, and that metabolic information reflects biological
endpointsmore accurately than transcript or protein analysis. Hence, the only way to
the complete understanding of both gene function and molecular events controlling
complex plant processes is to analyze the transcriptome, the proteome, and the
metabolome in an integrative manner [67].

In legumes, themetabolomic approach has been used inM. truncatula suspension
cells to determine the responses to various stimuli [68]. Although, large-scale
comprehensive metabolomic studies are difficult, a number of targeted analyses
have been performed to assess the involvement of subsets of metabolites in various
stresses. Although the preliminary results from combining metabolic approaches
with transgenics indicates the potential of increasing intrinsic stress resistance levels
in legume crops and strengthens the potential role of biotechnology in crop
improvement [69, 70], it must be emphasized that most metabolic pathways are
interconnected in highly complex networks. Thus, modulating one metabolic
pathway may have negative impacts on another, leading to concomitant deleterious
traits in the modified crop. Large-scale metabolic analyses are therefore necessary to
observe themetabolic networks important for plant growth and development under a
range of environmental conditions.

39.6
Gen�omics�

Genomics involves the development of molecular markers for genetic diversity
analysis and it provides novel opportunities to manipulate QTL through marker-
assisted selection to develop improved cultivars. The use of genetic and genomic
analysis to help identify DNA regions tightly linked to agronomic traits in crops, the
so-called �molecular markers, can facilitate breeding strategies for crop improve-
ment. The use of molecular markers for the indirect selection of improved crops can
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speed up the selection process by alleviating time-consuming approaches of direct
screening under greenhouse and field conditions.

39.6.1
Soybean

The availability of the soybean genome sequence in combination with the integrated
genetic and physical maps are valuable resources providing soybean researchers
powerful and efficient genomic tools to identify and characterize genes or QTL for
agronomic traits of soybean, facilitating marker-assisted breeding and soybean
improvement. In soybean, G. max (L.) Merr., substantial genetic variation exists for
salt response. In order to identify QTL associated with salt tolerance in soybean, lines
from the cross of �S-100� (salt tolerant)� �Tokyo� (salt sensitive) were evaluated in
salinefieldswhere each linewas characterizedwith RFLPmarkers and an initial QTL
single-factor analysis was completed. These results were used to identify genomic
regions associated with the trait and to saturate the selected genomic regions with
SSR markers to improve mapping precision. Subsequently, a major QTL for salt
tolerance was discovered near the Sat_091 SSRmarker on linkage group (LG) N. The
strong relationship between the SSRmarker alleles and salt tolerance suggested that
these markers could be used for marker-assisted selection in commercial breed-
ing [71] (Table 39.1).

Table 39.1 List of major identified QTL associated with abiotic stress in important legume crops.

Legume Abiotic stress Marker type References

L. culinaris Cold RAPD [156]
Winter hardiness SSR
Winter hardiness SSR, RAPD AFLP [157]

G. max Manganese toxicity SSR, RAPD [158]
Salt stress SSR [71]
Waterlogging SSR [159]
Phosphorus deficiency SSR, RFLP, EST
Phosphorus deficiency SSR [160]

Medicago sativa Aluminum toxicity RFLP [161]

A. hypogaea Transpiration SSR [74]
Transpiration efficiency SSR
Specific leaf area (SLA) SSR
SPAD chlorophyll meter reading (SCMR) SSR
SPAD at stage of harvest SSR

SPAD: chlorophyll content; RAPD: random amplified polymorphism DNA; RFLP: restriction
fragment length polymorphism; AFLP: amplified fragment length polymorphism; SSR: simple
sequence repeat; EST: expressed sequence tag.
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39.6.2
Chickpea

MAS is being deployed in chickpea at ICRISAT to introgress QTL alleles associated
with a large root size into elite germplasm [72]. Terminal drought can curtail chickpea
yield from 20% to more than 50%. Hence, a deep root system capable of extracting
additional soil moisture should positively impact yield in drought-prone areas [73].

39.6.3
Peanut

At ICRISAT, the first genetic map for cultivated peanut (A. hypogaea), an amphi-
diploid (4X) species, was developed that its utility demonstrated for molecular
mapping of QTL controlling drought tolerance-related traits and establishing rela-
tionships with diploid AA genome of groundnut andmodel legume genome species.
In order to develop a genetic linkage map for tetraploid cultivated groundnut, 1145
microsatellite or simple sequence repeat (SSR)markers available in public domain as
well as unpublished markers from several sources were screened on two genotypes,
TAG 24 and ICGV 86031, which are parents of a recombinant inbred line mapping
population. As a result, 144 (12.6%) polymorphic markers were identified that
amplified 150 loci. A total of 135 SSR loci could be mapped into 22 linkage groups
(LGs) [74] (Table 39.1).

39.7
Functional Genomics

Large-scale analysis by using different �omics� technologies are providing extensive
data sets that will help identify potential candidate genes for an increase in intrinsic
resistance and/or tolerance levels in important legume crops. Identification of these
candidate genes may allow their direct application in crop improvement through
MAS or genetic engineering. However, in most cases, the roles of these candidate
genes remain unknown and it will be important to carry out functional studies as a
preliminary step toward their use in genetic improvement. To date, the Arabidopsis,
rice,M. truncatula, and L. japonicus genomes have been sequenced and the genome
sequencing projects of some other plants is underway. The traditional pursuit of a
gene starting with a phenotype (forward genetics) has paved the way for the opposite
situation where the gene sequences are known but not their functions. The challenge
is to decipher the function of thousands of genes identified by genomeprojectswhere
reverse geneticsmethodologies will be the key tools. The ability to knockout genes or
suppress their expression are powerful tools to determine the function of a gene. This
can be done by antisense RNA suppression, targeted gene replacement, insertional
mutagenesis, gene silencing through RNAi, and targeted induced local lesion in
genome (TILLING) approaches.
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39.7.1
Gene Silencing Approaches

Antisense RNA suppression requires considerable effort for any given target gene
before even knowing whether it will be successful [75]. In Arabidopsis, collections of
random T-DNA (over 225 000 independent Agrobacterium T-DNA insertions) or
transposable element insertion mutants are available [76]; such a collection does not
exist yet for the legumes. Targeted gene replacement via homologous recombination
has not yet been reproducibly achieved for higher plants. Although collections of T-
DNAmutants may be very useful, they produce a limited range of allele types and do
not alwaysproducenull alleles [77, 78].Recently, theuse of the tobacco retrotransposon
Tnt1 has been successfully applied for large-scale insertional mutagenesis in M.
truncatula that promises to be a useful tool for functional genomics [79].

The termRNA silencing broadly has been adopted to describe phenomena such as
posttranscriptional gene silencing (PTGS) in plants, quelling in fungi, and RNA
interference in animals [80]. Researchers have developed different RNA silencing
strategies as tools for selective knockout of targeted genes. Virus-induced gene
silencing (VIGS) has been developed to suppress plant gene expression through
infection with virus vectors that harbor a target region of the host gene [80, 81]. There
are vectors available that have the ability to support VIGS in plants [82, 83]; these have
not yet been used extensively in legumes.

Since VIGS in peanut is not yet feasible, 25 peanut water deficit stress-induced
cDNAs were characterized in a heterologous species Nicotiana benthamiana [84].
Increased membrane damage was seen under water deficit stress in most of the
silenced plants signifying thatmany of these stress-induced genes were important to
confer drought tolerance. Under water stress, silencing of homologue of flavonol 3-
O-glucosyltransferase (F3OGT), a homologue of alcohol dehydrogenase, a homo-
logue of salt-inducible protein, and a homologue of heat shock protein 70 showed
more visible wilting symptoms compared to the controls. Interestingly, downregula-
tion of two genes, homologous to aspartic proteinase 2, and Jumonji class of
transcription factor showed relative drought-tolerant phenotypes. Moreover,
F3OGT-silenced plants showed more wilting symptoms, membrane damage, and
chlorophyll degradation than any other type during water deficit. These results
demonstrated that VIGS approach can be used to characterize and assess the
functional relevance ofwater-deficit-stress-induced cDNAs in a heterologous species.

39.7.2
TILLING

The limitations of RNA silencing or insertational mutagenesis can be overcome by
TILLINGthat combines chemicalmutagenesiswith a powerful screeningmethod for
potential mutations [75, 85, 86]. The generation of phenotypic variants without
introducing foreign DNA in the plant makes TILLING very suitable not only for
functional analysis but also for agricultural applications. The TILLING facility for
collection of mutants is available for L. japonicus [87] andM. truncatula (U.C. Davis,
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USA; CNRS, Gif-Sur-Yvette, France). TILLING facilities are also being extended to a
wider variety of legumes including soybean and peanuts.

39.8
Transgenomics

The use of transgenic technology or �transgenomics� potentially offers a more
targeted gene-based approach for gaining valuable information to understand the
mechanisms governing stress tolerance, providing a complementary means for the
genetic enhancement offield crops, thereby alleviating some of themajor constraints
to crop productivity in developing countries [88]. Tissue culture has been repeatedly
described as difficult in grain legumes. Regeneration from both organogenesis and
embryogenesis has been reported to be recalcitrant in this plant group [89, 90] and
has been attributed as a major constraint in transgenic development for many
legumes. Since advances in molecular genetics, for example, gene overexpression,
gene suppression, promoter analysis, and T-DNA tagging require efficient transfor-
mation systems [91]. Implementation of robust protocols for regeneration in
legumes is therefore a necessary condition for genetic transformation.

In plants, upon exposure to abiotic stress, a number of genes are turned on
resulting in increased levels of several osmolytes and proteins that may be respon-
sible for conferring a certain degree of protection from these stresses. Therefore, it
may be necessary to transfer several potentially useful genes into the same plant in
order to obtain a high degree of tolerance to drought or salt stress. Novel genes
accessed from exotic sources of plants, animals, bacteria, and even viruses can be
introduced into the crop through various genetic transformationmethods [9] with the
possibility of controlling the timing, tissue specificity, and expression level of
transferred genes for their optimal function.

The feasibility of usingAgrobacterium tumefaciens-mediated gene transfer has been
an important breakthrough in legume transgenic research although the rate of
recovery of transgenic lines is still low in many cases [90, 91]. To date, genetic
transformation has been reported in all themajor legume crops such asVigna species,
C. arietinum,C. cajan,Phaseolus spp.,Lupinus spp.,Vicia spp.,P. sativum, and soybean.
Despite being crucial to tropical agriculture, transgenic grain legumes with an
exception of soybean have not moved out from laboratories to large farm lands
compared to their counterparts, �cereals� [92]. For example, the increase in tolerance
to aluminum toxicity in transgenic alfalfa [93] and cyanamide toxicity in transgenic
soybean [94] demonstrates the potential of this approach in legumes (Table 39.2). At
ICRISAT, efficient transformation protocols have been developed for legume crops
including groundnut, pigeonpea, and chickpea. A more exhaustive review of the
applicationof transgenesis toovercomeabiotic stresses inplants is provided inRef. [9].

Various transgenic technologies for improved stress tolerance have been devel-
oped involving the expression of functional genes including those encoding for
enzymes required for the biosynthesis of osmoprotectants [95–97] or modifying
membrane lipids [98, 99], late embryogenesis proteins [100], and detoxification
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enzymes [101]. A widely adopted strategy has been to engineer certain osmolytes for
their overexpression in plants to develop stress-tolerant crops [102–107]. However,
the approaches involving the transfer of a single functional gene have not proven very
effective in improving plant tolerance beyond the short-term effects that have been
reported [108, 109]. Hence, multiple mechanisms to engineer water stress tolerance
have been utilized and studies involving regulatory genes have been more effi-
cient [108–112].

39.8.1
Soybean

The first report of soybean (G. max) transformation was published in 1988 where
bothAgrobacterium-mediated transformation [113] and particle bombardmentmeth-
od were used [114]. At present, soybean is the only transgenic legume crop that is
under commercial cultivation. Roundup ready soybean was the first transgenic
soybean resistant to herbicide, commercially released in theUnited States in 1996 by
Monsanto company (http://www.monsanto.com/history.asp), which was grown
commercially in seven countries, the United States of America, Argentina, Canada,
Mexico, Romania, Uruguay, and South Africa in 2001 [115]. Globally, herbicide-
tolerant soybean occupied 33.3 million hectares, representing 63% of the global
transgenic crop area of 52.6 million hectares for all crops by 2001 [115]. There have
been numerous excellent reviews on gene technology applications in soybean [91,
116–118]. Recent reports on transgenic soybean for abiotic stress tolerance include
transformationwith coding sequence for cyanamide hydratase (Cah), an enzyme that
converts toxic cyanamide to urea, from the soil fungusMyrothecium. Cah expression
detoxified cyanamide in leaf callus and embryogenic cultures of soybean as well as in
whole plants as shown by cyanamide resistance [94]. Another study on the consti-
tutive expression of nectarin1 (ntr1) gene from Brassica campestris in transgenic
soybean resulted in enhanced accumulation ofmethyl jasmonate (MeJA).NTR1 gene
encodes jasmonic acid carboxyl methyl transferase, which is an important plant
regulator involved in plant development that regulates the expression of plant
defense genes in response to various stresses such as wounding, drought, and
pathogens. The higher levels of MeJA in the transgenic soybean plants conferred
tolerance to dehydration during seed germination and seedling growth as reflected by
the percentage of the fresh weight of seedlings. In addition, the transgenic soybean
plants also conferred better capacity to retain water than wild-type plants when
drought tolerance was tested using detached leaves [119, 120].

39.8.2
Chickpea

Since it is believed that osmoregulation is one of the best strategies for abiotic stress
tolerance, especially if osmoregulatory genes could be triggered in response to
drought, salinity, and high temperature. A prokaryotic osmoregulatory choline
oxidase gene (codA) has been targeted at the chloroplasts to enhance the potential
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of photosynthetic machinery of chickpea to withstand oxidative damage. Chloro-
plasts from plants of transgenic lines were evaluated for their efficacy to withstand
photoinhibitory damage where the loss in PS II activity in chloroplasts of wild-type
plants exposed to high light intensity was significantly higher than that in chlor-
oplasts of transgenic chickpea. The results indicated thatH2O2 produced by codA as a
by-product during synthesis of glycine-betaine is responsible for building stronger
antioxidant system in chloroplasts of transgenic chickpea plants [121]. Similarly at
ICRISAT, the P5CSF129A gene encoding themutagenizedD1-pyrroline-5-carboxylate
synthetase (P5CS) for the overproduction of proline was introduced in chickpea. The
accumulation of proline in several of these transgenic events was more pronounced
and increased significantly in the leaves when exposed to water stress along with a
decrease in free radicals as measured by a decrease in the malonaldehyde (MDA)
levels, a lipid peroxidation product [122]. However, the overexpression of proline
appeared tohavenobeneficial effect onbiomass accumulation since only a few events
showed a significant increase in the biomass production toward the end of the
progressive drying period. In any case, the overexpression of P5CSF129A gene
resulted only in a modest increase in the transpiration efficiency (TE), thereby
indicating that the enhanced proline had little bearing on the components of yield
architecture that are significant in overcoming the negative effects of drought stress
in chickpea. These results agree with the previous reports in other crops [123–125])
and, in our own assessment, the gene affecting single protein might be less efficient
in coping with water-limiting conditions [122].

To address the multigenicity of the plant response to stress, a strategy to target
transcription factors that regulate the expression of several genes related to abiotic
stress was considered. Regulatory genes or transcription factors, more specifically
those belonging to the AP2/ERF family, have previously been shown to improve
stress tolerance under lab conditions by regulating the coordinated expression of
several stress-related genes in heterologous transgenic plants [111, 112, 126]. Hence,
a large number of transgenic plants of chickpea carrying the DREB1A transcription
factor from Arabidopsis thalianna, driven by a stress-inducible promoter from rd29A
gene fromA. thaliana, have been developed [Development of transgenic chickpea for
drought tolerance (ICRISAT unpublished data).].

39.8.3
Peanut

The transfer of individual genes to plants, for acquiring higher stress tolerance, has
so far had only a limited impact. However, the simultaneous transcriptional activa-
tion of a subset of those genes, by transferring transcription factors, has been revealed
as a promising strategy [127, 128]. Using transgenic plants carrying regulatory genes,
specifically those belonging to the AP2/EREBP family (DREB1A), proved an efficient
method to improve the abiotic stress tolerance of crop plants [111, 112, 126]. The
overexpression of DREB1A under the control of a constitutive promoter was
detrimental when stress was not applied, although it had a positive effect on plants
under stress. The use of the stress-inducible promoter from rd29A, instead of the
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CaMV35S promoter, to overexpress DREB1A minimized the negative effects on
plant growth [111]. Since improving the water use efficiency (WUE) of a plant is a
complex issue, efforts to breed groundnut genotypes for high TE and stomatal
conductance have obtained limited success. At ICRISAT, the transgenic groundnut
plants carrying DREB1A transcription factor from A. thaliana driven by a stress-
inducible promoter from rd29A gene also from A. thaliana have been shown to
improve drought tolerance under greenhouse conditions [112]. A few transgenic
events with contrasting responses have been selected for further detailed studies on
the gas exchange characteristics of leaves. Besides, the biochemical responses of
plants under identical conditions of water stress have been examined critically to
further understand the mechanisms underlying environmental stress resistance in
these transgenic events [109].

39.8.4
Candidate Genes from Legumes

There are several reports on candidate genes being cloned from legumes and tested
inmodel plants for abiotic stress tolerance (Table 39.3). These advances suggest good
prospects for developing transgenic legumes with enhanced tolerance to abiotic
stress in the near future. There have been reports onmanipulating the expression of
pea DNA helicase45 or the glyoxalate pathways conferring high salinity tolerance in
tobacco [129, 130]. Similarly, ectopic expression of theAhNCED1 gene (which results
in oxidative cleavage of cis-epoxycarotenoids) inArabidopsis improved thewater stress
tolerance levels by causing accumulation of endogenous ABA [131]. Besides, a
CarNAC1 gene (for NAM, ATAF1,2, and CUC2) was isolated from a cDNA library
constructed from chickpea (C. arietinum L.) seedling leaves treated by polyethylene
glycol and has been found to play important roles in plant development and stress
responses [132]. Another cDNAclone encoding a dehydrin gene, cpdhn1, was isolated
from a cDNA bank prepared from ripening seeds of C. pinnatifidum [133]. Since the
gene expression was induced not only during seed development but also in leaves in
response to drought, chilling, and salinity and to treatment with ABA or methyl
jasmonate, the CpDHN1 protein may have a role in tolerance to a variety of
environmental stresses, both abiotic and biotic. In another effort, a CAP2 gene from
chickpea encoding a novel AP2 family transcription factor that increased under
dehydration has been characterized [134]. The CaMV35S promoter-driven expres-
sion of CAP2 in tobacco resulted in increased tolerance to dehydration and salt stress
than the wild-type plants. Besides, transgenic plants expressed higher steady-state
transcript levels of abiotic stress response genes NtERD10B and NtERD10C and
auxin response genes IAA4.2 and IAA2.5, indicating a mutual interrelation between
plant growth and development and abiotic stress response pathways and a probable
involvement of CAP2 in both the signaling pathways.

Several transcription factors of AP2 family including DREB homologue and ERF
transcription factors have been isolated fromsoybean andwere characterized by their
expression in transgenic plants. GmDREB2 [135]GmDREB3 [136] from soybeanwas
expressed inArabidopsis and has shown tolerance to drought and salt stress, whereas
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GmDREB1 enhanced salt tolerance in transgenicmedicago [137]. Besides, threemore
DREB homologues were identified in soybean, namely, GmDREBa, GmDREBb, and
GmDREBc. While GmDREBa and GmDREBb genes were induced by salt, drought,
and cold stresses in the leaves of soybean seedlings, the expression ofGmDREBcwas
apparently induced in roots by salt, drought, and abscisic acid treatments [138]. In
another study, expression analysis of ERF transcription factors in soybean showed
that nine unigenes belonging to six ERF family subgroups were induced by both
biotic/abiotic stresses and hormone treatment, suggesting that they were involved in
crosstalk between biotic and abiotic stress-responsive signaling pathways. Over-
expression of two full-length soybean genes GmERF057 and GmERF089 from two
different subgroups enhanced the tolerances to drought, salt stresses, and/or
pathogen infection of the tobacco plants [139]. Moreover, transcription factors of
MYB.family GmMYB76, GmMYB177, and GmMYB92 [140] and of bZIP family
GmbZIP44, GmbZIP62, and GmbZIP78 were isolated from soybean and tested in
transgenicArabidopsis for their role in stress tolerance [141].Over 64GmWRKYgenes
from soybean were identified that expressed differentially under various abiotic
stresses. For example, GmWRKY21 responded to cold stress, while GmWRKY54
conferred salt anddrought tolerance, possibly through the regulation ofDREB2A and
STZ/Zat10 [142]. Also, six GmPHDgenes encoding Alfin1-type PHD finger proteins
were identified in soybean and their expressions responded differentially to drought,
salt, cold, and ABA treatments. Another gene GmCHI (chilling inducible) has been
assumed to be regulated by ABA-dependent signal transduction pathway during cold
acclimation in soybean. Overexpression of GMCHI in Arabidopsis under the control
of CaMV35S promoter enhanced the tolerance to cold, drought, and NaCl stres-
ses [143]. In another report, GmGT-2A and GmGT-2B, �GT� element binding
transcription factors belonging to the trihelix family genes,were cloned fromsoybean
and their overexpression improved plant tolerance to salt, freezing, and drought
stress in transgenic Arabidopsis plants [144]. Transgenic Arabidopsis plants over-
expressing the GmPHD2 showed salt tolerance compared to the wild-type plants by
diminishing the oxidative stress through regulation of downstream genes [145].
Similarly, an ectopic expression of a soybean antiquitin homologue gene GmTP55
(closely related to the stress-induced plant antiquitin-like proteins belonging to the
ALDH7 family) in bothArabidopsis and tobacco has been shown to confer tolerance to
salinity during germination and to water deficit during plant growth [146].

39.9
Phen�omics�

Although occupying the last position in a long and wide array of gene-based �omics�
approaches, phenomics, which can be viewed as a �modern phenotyping counter-
part,� is critical to the gene-�omics� approach. Indeed, it is often and wisely
considered that unless the phenotypic expression of plants displaying different
genomic/metabolomic/proteomic/transcriptomic/transgenomic content is properly
understood and characterized, and then accurately and precisely measured, there is
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little chance that any of the approaches above can be successful. There is unfortu-
nately an increasing gap between the knowledge on the genotype and that on the
phenotype [147] that urgently needs to be tackled. What is often viewed in the
phenomics is the possibility to harness new technology to increase the throughput of
�traditional� phenotypic assessments.While this has indeed a tremendous potential,
it also bears the risk of making phenotyping a technology-driven activity generating
(many) numbers, rather than a question/hypothesis-driven approach to the under-
standing of plant response to stress. In what follows, we attempt to lay out the basic
principles that should be considered when attempting �phenomics� characterization
for focusing on the type of abiotic stress (e.g., drought, salinity, etc.).

39.9.1
Relevant Protocols to Assess Plant Response to Stress: Drought as a Case

There have been a number of studies that explain the importance of using relevant
protocols to assess drought stress response [108] or in the approach to look at specific
traits that are likely to be beneficial under water limitation, like root systems [148]. In
short, the principle of exposing plants to stress is about ensuring that the kinetics of
stress impositions are relevant to those that plants would face in natural environ-
ments. The use of rapid stress imposition (uprooting, exposure to PEG, growth in
very small pots, etc.) is not suitable to properly characterize plant response to stress,
and especially to acquire knowledge on the genes involved in the plant response, as
these are likely to be different from the genes that would be expressed under natural
conditions. Therefore, while applying water stress, it is essential to have a rigorous
control and record of the stress intensity and the kinetics of stress imposition. One
school of thought proposes to look at stress intensity from the angle of the soil
moisture available for transpiration [149], as it has the great and powerful advantage
of allowing comparison across all plant species, across environments. Unfortunately,
rarely care is taken for this index in many gene-based studies. The other school of
thought is tomeasure leaf water potential as an indicator for stress intensity. It has the
drawback of beingmore labor intensive and less sensible than simple gravimetrics of
soil moisturemeasurement [150, 151], but has the value of providing information on
leaf water status that can be useful for understanding the other �omics� responses. In
any case, any of these two �stress indicators� is a key requirement to make any sense
of �omics� responses to water deficit. Equally important is the need to measure the
environmental conditions under which plants are assessed. Much of the gene-based
�omic� work takes place in glasshouse or growth chamber environment, where it is
essential to assess air temperature, humidity, and light intensity to understand the
physical drivers of plant water use.

39.9.2
Relevant Protocols Used to Extract �Omics� Products in Grain Legumes

In recent past, a large number of studies have attempted to identify genes responsible
for stress response. Besides the fact that there are often thousands of genes that are
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expressed, making the choice of key ones, if any, the conditions under which the
plants are challenged to stress are often questionable. One such example is a recent
study [40] that reports 319 unique ESTs from two contrasting lines of chickpea, with
70% of these beingmore than twofold abundant in the tolerant cultivar. The protocol
used to challenge the plant was withdrawal of irrigation at 12 days after sowing, for a
period of 3, 6, and 12 days. Here, the plants were grown in pots (3L) containing a
composite soil, without any indication of the soil water capacity. Besides, no
measurement of soil moisture was done and only relative water content was
measured, putatively as a control for moisture stress. In another study on chick-
pea [45], attempts weremade to expose plants to stress conditions that were similar to
those of the natural conditions. Here, a dry-down technique was used to expose the
plants to a progressive water stress, similar to the one in the field conditions, by
partially compensating the daily water loss and ensuring that water stress symptoms
(apparent from a decrease in plant transpiration) do not occur until at least 10 days
after stress imposition, that is, similar to the field conditions. In such experiments,
the soilmoisture, which indicates the level of stress, is kept rigorously constant across
genotypes tested. It allows replication of the experiment across environments or plant
materials. Moreover, the contrasting materials were also challenged for salinity
tolerance. The protocol used here was the very same protocol as used to screen
genotypes for seed yield under salt stress. Since the physiological analysis also
indicates that reproduction is likely the most sensitive process under salt stress, the
flower tissue samples collected during the study for genotyping.

Similarly, work has been carried out in peanut to identify ESTs involved in the
contrasting drought response in two genotypes (TAG24 and ICGV86031) (unpub-
lished – EST sequence posted in Genbank). While TAG24 appears to have a high
threshold of soil moisture where its transpiration declines, ICGV86031 clearly
declines transpiration at lower soil moisture (dryer soil). Such differences are
expected to play a causal role in the transpiration efficiency differences between
these two lines. To identify possible genes responsible for that response, a standard
dry-down protocol was used [153, 154], where tissue sampling was performed
precisely when genotypes displayed phenotypic differences (differences in the
transpiration relative to the control) during the stress. These two examples illustrate
that relevant protocols are needed to mimic as closely as possible the natural
conditions, to extract genes that are most likely to be involved in the response under
natural conditions.

39.9.3
Adaptive versus Constitutive Genes

Inmost of the cases, the gene-based �omic� approaches tend to be influenced a lot by
the idea that stress tolerance �results� from different stress-responsive genes
intervening in the case of tolerant entries and being absent/unexpressed in sensitive
lines. However, as far as water limitation is concerned, plants exposed to water deficit
usually behave like fully irrigated plants until about 60% ormore of the soil moisture
has been depleted [152]. So, understanding how plants control plant water use before
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stress symptoms appear is even more important than understanding how plants
respond when they are left with only 40% or less of the soil water. A recent study on
pearl millet shows this is critical for the terminal drought tolerance [153, 154]. Here,
differences in leaf conductance under fully irrigated conditions were identified and
related to the yield-based differences under stress. So, thismeans that genotypes have
an array of development and functioning characteristics displayed under nonstressed
conditions that can determine howwell they would be adapted to a situation of stress.
In the example of pearl millet cited above, a lower leaf conductance under fully
irrigated conditions would simply limit water use whenwater is available andmake it
available for the grainfilling period, a timewhen soilmoisture has receded and plants
are under stress. Therefore, constitutive traits become critical to consider in the
�omic� approaches, including phenomics, to first identify their mechanisms (e.g., a
slower leaf expansion rate or smaller leaf size) and then the related genes involved in
development or functioning processes (e.g., a limited leaf conductance) that predis-
pose particular genotypes to be better equipped to face a forthcoming water
limitation.

39.9.4
Physiology Integration in a Novel Context of Environment-Specific Breeding

The growing genotype–phenotype gap is in part explained by a generational change
in plant biologists, who have turned away from disciplines of physiology–biochem-
istry tomolecular genetics, and by the belief that a single gene approach of �tolerance
gene� identification would solve all problems. Rather, there is a clear need to have the
phenotypic information guiding the gene-based �omics� work. Hence, phenomics
should in part include a reductionist approach to break down integrated measure-
ment of traits such as yield or biomass into smaller, more heritable components or
traits, closer to the identification of cell- or organ-based mechanisms responsible for
the integrated response differences. Again, molecular �omics� offer the potential for
easier andmore reliable way of predicting phenotypes with the condition that robust
phenotype–genotype relationships have first been demonstrated. In any case, a
reductionist approach to understand the mechanisms of tolerance to abiotic stress
is needed to progress toward the identification of genes involved. It also fits the likely
evolution of breeding approach from a one-variety-to-fit-all-situation to environment-
specific breeding where it will be critical to understand/identify particular character-
istics making a genotype adapted to particular environments.

Physiology as a discipline is an integral component of such a breeding perspective.
The approaches and protocols that are developed by �phenomists� need to be
adapted, or adaptable, to the requirement of a breeding program: these need to be
large scale, simple, and applicable to a large number of entries,which is a prerequisite
for QTL mapping, either through RIL population or through association panels. At
the same time, these need to be capable of assessing cell- or organ-basedmechanisms
having potential importance. For instance, recent work in pearl millet indicates that
lower leaf conductance leads to having water left in the soil profile to support seed
filling, and this is attributed to differences in root hydraulics [154], for which precise

1020j 39 Grain Legumes (Soybean, Chickpea, and Peanut): Omics Approaches to Enhance Abiotic Stress



protocols are needed. This is a prerequisite to identify the genes involved in a cell- or
organ-based mechanism.

39.9.5
Addressing Complexity of Plant Response to Abiotic Stress

Phenomics is also about addressing the complexity of plant response to stress. For
instance, crop success under terminal drought could be explained by genotype�s
capacity to extract water deeper from the soil profile andmake this water available for
critical periods. In parallel, having water available for critical periods could be
explained by differences in the pattern of water use (less water use) before reaching
such critical development stages. The later could lead to less water use, while the
former could lead to earlier/more water use. So, while this small example illustrates
the need to target specificmechanisms, it also stresses on the need to look at different
traits in a comprehensive manner. The difficulty lies in having an experimental
approach that is enough reductionist to accurately phenotype cell- or organ-based
actions, while being sufficiently integrated to have such reductionist measurements
coupled to �integrated� measurements that have a meaning for the breeding
community. At ICRISAT, work is ongoing where the initial target is to unravel the
functionality of rooting traits in a way that their actual combination with terminal
water deficit can be understood [148, 155]. As thework progresses, the initial focus on
roots, root functionality, and water capture is getting complemented by a component
of understanding of the regulation of water use by the crop canopy. Hence,modeling
is surely a critical component of the breeding program, to reintegrate the pieces of the
phenomics puzzle in a comprehensive and relevant framework. With the present
phenomics development, allowing formeasuringmore andmore,modeling remains
a sort of safeguard that helps target what phenotype matters more than those that
matter less. At the same time, the combination of phenomics and modeling offers a
great potential of rapidly assessing the value of certain phenotypes on plant
performance.

39.10
Conclusions

Over the years, biotechnology has emerged as a promising tool to overcome stresses
in plants; but to date progress has been limited in legumes. Biotechnological
applications, including all �omics,� were direct and potential approaches for improv-
ing abiotic stress tolerance in grain legumes where the existing germplasm lacks the
required traits for conventional breeding.However, successful application of �omics�
to abiotic constraints requires knowledge of stress response atmolecular level, which
includes gene expression to protein or metabolite and its phenotypic effects.
Availability of genome sequence of model legumes and soybean has a potential to
facilitate positional cloning and other approaches and their applications for abiotic
stress research on legumes. A genome-wide expression profiling with next-gener-
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ation sequencing approaches could circumvent the problems posed by extremely
large genomes like legumes.

Compared to analysis of the transcriptome, analysis of the plant proteome and
metabolome in response to abiotic stresses is still limited toM. truncatula and protein
referencemaps of soybean to stress responses are now available.More recently, there
are few proteomics studies on peanut and chickpea available, and they have to be
extensively carried out in all grain legumes for abiotic stress tolerance. Moreover, the
recent progress in the mass-scale profiling of the genome, transcriptome, proteome,
and metabolome (i.e., �omics�) offers the possibility of investigating the concerted
response of thousands of genes to drought and other abiotic stresses. Hence, the
research dealing with other strategies such asMAS or even classical breeding will be
able to take advantage of the results being gathered from these �omics� technologies.

The mapping of abiotic stress QTL in legume is still at an early stage and gene
pyramiding has not been applied yet. Nevertheless, with the establishment of the
model legumes,M. truncatula and L. japonicus, there is now applicable information
on legumes. Among the grain legumes, soybean has been more intensively studied,
and the availability of more numbers of ESTs and genome sequences will facilitate
mapping of major QTL in other legumes. The use of transgenic technology
potentially offers a more targeted gene-based approach not only for gaining valuable
information but also improving stress tolerance in legumes. However, the genetic
engineering options addressing plant resistance to abiotic stress,mainly in relation to
drought, have been confined to experimental laboratory work and to single gene
approaches, lead tomarginal stress improvement in grain legumes. Hence, there is a
need for identification of candidate genes for abiotic stress tolerance in legumes that
will allow their direct application in genetic engineering. Hence, multiple mechan-
isms to engineer abiotic stress tolerance and studies involving regulatory genes
under the control of stress-inducible promoters have a potential to improve stress
tolerance in grain legumes. Also, since only transgenic soybean has been commer-
cialized in developed countries, there is a need to address the regulatory issues for
transgenics� deployment in developing countries. Needless to point out that the
current advances in tissue-derived techniques, genetic transformation and MAS,
together with the advances in powerful new �omics� technologies offer a great
potential to improve this situation. Besides, a thorough and meaningful assessment
of phenotypic expression to understand the mechanisms of adaptation to stress is
needed before genes responsible for thesemechanisms can be identified and tagged.
Indeed, it is now possible to target almost all legume crops with a variety of
biotechnological approaches for genetic improvement.
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Fruit Crops: Omic Approaches toward Elucidation
of Abiotic Stress Tolerance
Pravendra Nath, Vidhu A. Sane, Mehar Hasan Asif, Aniruddha P. Sane,
and Prabodh K. Trivedi

Abiotic stresses are likely to affect yield potential of crop plants greatly and globally in
next 50–100 years by way of inevitable increment in atmospheric CO2 concentration,
salinity, drought, heat,flooding, chemicals in soil, and so on. These stresses affect the
whole plant resulting in a stress response wherein plants divert their resources
toward adapting to changed environment. This entails a major change in their gene
expression, proteins, metabolites, and so on. There is an urgent need to understand
how plants respond to these stresses and adapt for their survival. In order to address
this problem, it is imperative to understand the global changes occurring in plants at
all levels during stress condition. Omics approaches offer such tools that can analyze
changes at genomic, transcriptomic, proteomic, and metabolomic levels. Such
studies have primarily been carried out in model plants such as Arabidopsis, rice,
Populus, and so on whereas information on fruit crop is lacking. We review here the
progress made in understanding various stress responses in fruit crops using one or
the other omics approaches. With the availability of whole-genome sequences of
tomato, papaya, and grape, and whole transcriptome of tomato, grape berries,
grapefruit, apple, and peach initiated, it should be possible to decipher gene
regulation during stress response in fruit crops. Proteome andmetabolome analyses
of few fruits are also in progress, which should help answer several important
questions regarding stress response in fruit plants.With the availability of these data,
efforts are being made to identify genes and pathways that can be engineered to
produce transgenic fruit crops resistant to abiotic stress.

40.1
Introduction

Plants have much higher genetic potential for yield than we realize. This unrealized
potential could be attributed mainly due to environmental conditions that do not
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support their full yield potential. This has been substantiated time and again by
examining native or wild cultivars against domesticated ones [1]. Abiotic stresses are
one of the major causative factors that affect plant yield. Drought, salinity, cold, heat,
flooding, and chemicals are themost common abiotic stresses that affect plant growth,
development, and its yield potential. These stresses have been shown to either bring
about osmotic stress or oxidative stress or both that disrupts functional and/or
structural proteins and membranes [2]. Salinization of arable land is increasing and
expected to result in 50% land loss by 2050; greenhouse effect that is contributing to
global warming is expected to increase temperature by 3–5 �C in the next 50–100 years
resulting in higher frequencies of heat waves, tropical cyclones, floods, and prolonged
drought conditions [3]. These climate changes are surely to affect crop nutrition,
efficient water uptake, and finally the yield [4]. In order to address these issues vis-�a-vis
yield potential, a careful combination of various approaches need to be applied to
improve significantly the abiotic stress tolerance in crop plants. Molecular biology has
deciphered several fundamental questions and we are now beginning to understand
that acclimatization of plants to abiotic stress conditions is a highly complex and
coordinated process involving recruitment of several hundred genes and a strong
signaling system. Strategic use of novel genes for transfer could be one of the key
factors in developing crop plants resistant to abiotic stress. Recently, many plant
genomes have been sequenced and others are in progress. Interestingly, 20–40%
genes have been accounted for no known functions [5]. Many of these are species
specific making them potential candidates for stress adaptability [6]. Omic
approaches have now become inevitable not only in elucidating the regulation of
various pathways and gene functions but also in assigning a specific role to a gene,
its possible usage, and its biotechnological feasibility. Genomics, transcriptomics,
proteomics, and metabolomics are some of the modern tools in biology that have
been introduced recently and utilize high-end equipment to carry out these
analyses in a short period of time with high accuracy. How plants respond to
various abiotic stresses by way of their expression at genome, transcriptome,
proteome, andmetabolome levels has been depicted in Figure 40.1. The application
of these omic approaches either singly or in combination has answered several
questions of plant biology paving the way for future research.

Most omic approaches have so far been applied to major crop plants both cereals
and legumes or model plants likeArabidopsis. In this chapter, we have tried to review
the recent progress in omic approaches that have been applied to understand the
mechanism of stress tolerance in fruit crops including tomato. Though exact data are
not available, substantial losses in fruit crops occur due to abiotic stress conditions
the world over. For example, deficit irrigation (DI) to mandarin plants could reduce
fruit yield up to 40% in some cultivars, whereas only 27% reduction was observed in
some other cultivars depending upon their rootstock [7]. Not only yield but also the
quality of fruit may be affected due to abiotic stress condition. When strawberry
plantswere irrigated differentlywith various concentrations of saline, they differed in
their antioxidant capacity and other biochemical contents such as glutathione,
phenol, anthocyanin, and so on [8]. There are many other studies as well indicating
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that yield loss in fruit crop due to abiotic stress conditions could be very high. In the
following sections, we have reviewed the recent status of omic approaches in
elucidating stress-related response of fruit plants.

40.2
Genomics and Transcriptomics of Fruit Crops

The depiction of entire genome of at least papaya, grape, and tomato has been
completed and it is likely that the genomes of banana and apple will be available
soon. The project on citrus fruit genome has already been initiated by the USDA
and will be a part of Tree Fruit GenomeDatabase. Work on identifying various QTL
including those related to stress is in progress. Genes that are involved in
chromatin modeling and epigenetic control are also being identified [9]. However,
except in the case of tomato [10], not much progress has been made in other fruits
with respect to identification of various QTL related to stress. This could be due to
the fact that the sequences became available only recently and mostly as draft
sequences. The annotations are still being carried out andwehope to see some good
progress in coming years. However, with the advent of high-throughput technol-
ogies, the global analysis of the transcriptome is possible and being carried out in
some cases. Out of that, the microarray analysis is one such technique that gives us
an idea of the global transcriptome profile during any event/treatment. At the
moment, the microarray chips for fruit species are available only for tomato, Vitis
vinifera, and citrus fruits. Other techniques such as differential display, subtractive
hybridization, and now transcriptome sequencing are being employed to study
whole transcriptome profiles of species for which the genome sequence is not
known. In this chapter, we have reviewed how certain genes that are related to
abiotic stress have been identified by various researchers utilizing one or the other
available technique.

The response to abiotic stresses such as heat, cold, drought, salinity, and so on in
fruit crops is mediated by several genes and proteins. Prominent among these are
transcription factors of the AP2 domain/ERF family that are activated in these
stresses. Studies in recent years have led to identification of ERFs in tomato such as
DREB3 that was shown to be activated by salinity, heat, and cold [11]. Another ERF,
the JERF3, showed early response to both cold and salt within 10min of respective
treatments [12]. The tomato TERF1 gene was also identified as a salt-responsive
gene [13]. The pepper ERF gene CaERFLP1 is induced by salt and in tomato the
LeCBF1 gene, another AP2/DREB-type gene and a homologue of Arabidopsis CBF1
gene, was induced within 30min of cold treatment although overexpression of the
gene in tomato did not impart cold tolerance to plants [14]. Another transcription
factor, SlAREB1 encoding a bZIP transcription factor, was induced in response to
salt, cold, drought, and ABA [15]. The phenylalanine ammonia lyase gene (SlPAL5)
was also shown to be expressed in response to salinity, cold, and osmotic stress.
Besides transcription factors, several other genes have been identified that respond to
one or the other stresses.
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Cold stress is one of the commonly endured stresses by fruit plants, either during
development or during storage. Many of the commercially available fruits are
susceptible to cold stress resulting in major economic losses. Whole-transcriptome
analysis in tomato, grape berries, grapefruit, apple, and peach has shown the
involvement of genes related to various metabolic pathways to be regulating cold
stress. Weiss and Egea-Cortines [16] characterized the effect of cold stress (6 �C for
48 h) in tomato fruits (MicroTom) during ripening using subtractive PCR. In this
study, they identified many housekeeping genes that were upregulated during cold
stress, such as genes involved in protein synthesis (25S ribosomal RNA, ribosomal
proteins L10, L27, S11, S13, and an rRNA-encoded homing endonuclease), actins,
senescence-associated protein (SGN-U43780), and genes related to carbohydrate
metabolism (starch phosphorylase (SGN-U148218), triosephosphate isomerase
(SGN-U145276), oraldo/keto reductase (SGN-U179653)). Several chloroplast (chlo-
rophyll A–B binding protein SGN-U69362) and mitochondrial encoded genes
(ATPsynthase beta chain SGN-U106411) were also upregulated by the cold stress.
Among the known genes, dehydrin was found to be upregulated in cold stress; this
dehydrin clustered with cold-induced dehydrin genes from other species. A study on
the chilling effect on grapefruit during storage [17] showed a large number of genes
and many pathways to be affected. Chilling stress (5 �C) for 2 weeks resulted in
differential expression of 7500 genes with significant p values (�0.005), and
induction or repression of transcript levels to at least fourfold. They also studied
the effect of preconditioning of chilling at 16 �Cbefore transferring to 5 �C.This led to
the identification of a chilling regulon. This group of transcripts defined the basic
transcripts involved in natural responses of citrus to low temperature. In the chilling
regulon, a massive downregulation of transcripts related to cell wall and defense
against pathogens, photosynthesis, respiration, protein metabolism, DNA and RNA
metabolism, secondary metabolism, water channels, and senescence was identified.
They also found that chilling activated various adaptation processes resulting in
significant changes in transcripts encoding membrane proteins, lipid, and sterol
metabolism, carbohydrate metabolism, stress stimulus, hormone biosynthesis, and
DNA binding and transcription factors. Study of leaf, bark, xylem, and root tissue
cDNA libraries from Royal Gala apples in control, drought, and cold stress showed
significant changes in gene expression [18]. In the case of cold stress libraries,
changes in gene expression were observed in dehydrin and metallothionein-like
proteins, ubiquitin proteins, a dormancy-associated protein, a plasma membrane
intrinsic protein, and an RNA binding protein. A large number of unique genes
expressed in the leaf in response to cold were also observed in this study.

A recent study on transcriptome profiling of banana during drought stress was
done by cross hybridization using rice Affymetrix gene chip [19]. A total of 2910
transcripts, with amore than twofold differential expression, were observed.Many of
the differentially regulated genes identified in this study have been known to be
involved in biotic and abiotic stresses in other plant species as well. The differentially
regulated transcription factors were from DREB, ERF, MYB, BZIP, and bHLH
families. Fifty-two drought-sensitive transcripts were homologous for QTL associ-
ated with drought tolerance in rice too. The categories of differentially regulated
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genes belong to cellular metabolism, response to biotic and abiotic stresses, protein
metabolism, transcription, transport signal transduction, and so on. In a study on
anthocyanin biosynthesis during drought stress in grapevines (V. vinifera L.), it was
found that therewas a strong correlation between the gene expression of anthocyanin
pathway and the anthocyanin content [20]. The expression of the genes encoding
enzymes of the flavonoid pathway and related transcription factors were studied. The
authors noted that at least 84% of the total variation in anthocyanin content was
explained by the linear relationship between the integral of mRNA accumulation of
the specific anthocyanin biosynthetic gene UDP-glucose:flavonoid 3-O-glucosyl-
transferase (UFGT) and the metabolite content during time series from v�eraison
through ripening. The genes of the flavonoid pathway chalcone synthase (CHS2,
CHS3) and flavanone 3-hydroxylase (F3H) also showed high correlation. The genes
coding for flavonoid 30,50-hydroxylase (F3050H) andO-methyltransferase (OMT) were
also upregulated in berries from dehydrated plants. The authors suggested that the
interrelationship betweendevelopmental and environmental signaling pathwayswas
magnified during water deficit. In this case, water stress induced genes of flavonoid
andbrassinosteroid pathway that actively promotes fruitmaturation and anthocyanin
biosynthesis. The whole-transcriptome analysis of Royal Gala apple fruit tree also
suggests the upregulation of genes related to stress categories such as heat shock,
dehydrins, peroxidases, and lipid transfer protein photosynthesis [18].

40.3
Proteomics of Fruit Crops

Proteomic studies of plant response to abiotic stress include analyses of the effects of
high light, extreme temperatures, water deficit, salinity, and the presence of heavy
metals or toxic chemicals in the environment. Study of proteomics has allowed the
identification of novel genes and the characterization of their regulation and
function. Some of the high-end techniques have made proteomic studies possible
with a high degree of accuracy. Mass spectrometry (MS) is one powerful method for
the characterization of proteins. Intact proteins are ionized by electrospray ionization
(ESI) ormatrix-assisted laser desorption/ionization (MALDI) and then introduced to
a mass analyzer using either time-of-flight (TOF) MS or Fourier transform ion
cyclotron resonance (FT-ICR). These two types of instruments are preferable because
of their widemass range andmass accuracy. Shotgun proteomics is another method
of identifying proteins in complexmixtures using a combination ofHPLCwithmass
spectrometry. In shotgunproteomics, the proteins in themixture are digested and the
resulting peptides are separated by liquid chromatography (LC). Tandem mass
spectrometry is then used to identify the peptides. Prior to mass spectrometry,
proteins are fractionated by 2D electrophoresis.

In recent years, proteomics has been proven to be a powerfulmethod to explore the
protein changes in fruit during development and ripening [21–23]. On the other
hand, there is still a lack of information about harvested fruit senescence and fruits
under abiotic stress using proteomic analysis. Proteomic analysis is difficult in fruits
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where protein content is less and carbohydrates are in abundance. In addition,
studies in fruits are also restricted due to annual reproductive cycle of most plants.
Also, proteomics relies on availability of genomic sequence data for use in protein
identification and this information is lacking for most of the fruits [24].
Despite various difficulties, good work on fruit proteomics has been published in
recent years.

A comparative proteomic approach has been adopted in combination with
physiological and biochemical analysis of tomato leaves responding to waterlogging
stress. Waterlogging resulted in increases in relative ion leakage, lipid peroxidation
and in vivoH2O2 content, whereas the chlorophyll content was decreased [25]. A total
of 52 protein spots were differentially expressed, wherein 33 spots were identified by
matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) mass spec-
trometry or electrospray ionization tandem mass spectrometry (ESI-MS/MS) anal-
ysis. A number of novel proteinswere differentially expressed or appeared only in the
PEG-fractionated protein samples, indicating that PEG fractionation system can be
used as a versatile protein fractionation technique in proteomic analysis to identify
novel or low-abundant proteins from all kinds of plant species. The identified
proteins are involved in several processes, namely, photosynthesis, disease resis-
tance, stress anddefensemechanisms, andprotein biosynthesis.On the basis of their
results, Ahsan et al. [25] suggested that transcription levels are not always concom-
itant to the translation level.

Growth inhibition in acid soils due to Al stress affects crop production worldwide.
To understand mechanisms in sensitive crops that are affected by Al stress, a
proteomic analysis of primary tomato root tissue, grown in Al-amended and non-
amended liquid cultures, was performed by Zhou et al. [26]. DIGE-SDS-MALDI-
TOF-TOF analysis of these tissues resulted in the identification of 49 proteins that
were differentially accumulated. Most of these proteins were of defense and
detoxification category. Proteomic analysis of shade-avoidance response in tomato
leaves was carried out by Hattrup et al. [27]. Protein expression differences were
investigated using two-dimensional differential in-gel electrophoresis and nanoflow
high-performance liquid chromatography–tandem mass spectrometry. A large
group of proteins related to metabolism and respiration were greatly reduced in
accumulation in shade-grown plants, and there was also evidence of significant
proteolysis occurring. Four stress-related proteins appeared to be constitutively
expressed as a result of heat acclimatization, while three distinct stress-related
proteins accumulated as part of the shade-avoidance response.

The characterization of proteins isolated from skin tissue is apparently an essential
parameter for understanding grape ripening. Therefore, proteome profile of grape
skin during maturation was developed by Lucker et al. [28]. Three different stages of
ripening were taken to assess protein distribution in grape skin during ripening.
Proteome analysis revealed that proteins involved in photosynthesis, carbohydrate
metabolisms, and stress responsewere being overexpressed at the beginning of color
change; however, at the end of color change, proteins involved in anthocyanin
synthesis were overexpressed. Proteins involved in defense mechanisms like chit-
inase and b-1,3-glucanase isoforms were prevalent at the time of fruit harvest. The
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differences observed in proteome maps showed that significant metabolic changes
occur in grape skin during this crucial phase of ripening.

Grimplet et al. [29] studied the changes in protein expression in grape berry tissues
during drought. The authors carried out comparative 2D-PAGE analysis on grape
pulp, skin, and seed under well-watered and water deficit conditions. Water deficit
condition altered the levels of approximately 7% of skin and pulp proteins, but no
significant change was observed on seed protein expression. In skin, high levels of
peptidases and a and b subunits of proteasome indicated that drought stress
increases protein turnover in grape. Selected enzymes for flavonoid biosynthesis
and reactive oxygen detoxification enzymes were alsomore abundant in berry skin of
grapes grownunderwater deficient condition, whereas grapeflesh showed increased
levels of enzymes such as isoflavone reductase, glutamate decaroxylase, and endo-
chitinase. Comparison of mRNA levels and protein expression patterns suggested
that posttranscriptional processes govern protein accumulation.

Lara et al. [30] studied the effect of high temperature both on peach quality and on
carbon metabolism. A comparative analysis of the peach mesocarp proteome
variations was carried out using 2D differential gel electrophoresis (2D-DIGE) and
several candidate proteins were identified that might be correlated with chilling
injury symptoms. Lara et al. [30] detected 57 differentially expressed proteins; 67% of
these were of defense and stress response categories. High temperature repressed
polyphenol oxidase and ascorbate peroxidase. These enzymes are involved in
browningprocess during chilling injury in peach,which reduces taste andnutritional
value of the fruit. Qin et al. [31] worked on mitochondrial proteome during fruit
senescence. On the basis of their studies on apple, they concluded that fruit
senescence is correlatedwith the dynamic alterations in themitochondrial proteome.
Mitochondrial proteins involved in carbon metabolism, and stress response, tricar-
boxylic acid cycle, and electron transport chain were found differentially expressed
during fruit senescence. The levels of many mitochondrial proteins were signifi-
cantly reduced during oxidative stress. The group analyzed the mitochondrial
proteome variations upon exposure to high oxygen (100%) to understand the
regulatory effect of ROS in senescence. Activity of manganese superoxide dismutase
was reduced after high oxygen exposure, accompanied by an increase in oxidative
protein carbonylation (damaged proteins). A novel protein,mitochondrial porin, was
downregulated during oxidative stress and its dysfunction was directly correlated
with impairment of mitochondrial function. Proteome data obtained for apple
senescence suggested that ROS might regulate fruit senescence by changing
expression profiles of specific mitochondrial proteins and impairing the biological
function of these proteins.

Wang et al. [32] worked on climacteric fruit Jujube common in China. They found
that oxalic acid (OA) at the concentration of 5mMcould delay Jujube fruit senescence
by reducing ethylene production, repressing fruit reddening, and reducing alcohol
content. They used a proteomics approach to compare soluble proteome of Jujube
fruits treated with water or 5mMOA for 10min. A total of 25 differentially expressed
proteins were identified by using electrospray ionization quadrupole time-of-flight
tandem mass spectrometry (ESI-Q-TOF-MS/MS). Analyses of differentially
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expressed proteins suggested that OA treatment might affect ethanol and ethylene
metabolism, resulting in delay in senescence and increase in resistance of Jujube
fruits against fungal pathogen as alcohol dehydrogenase and 1-aminocyclopropane-
1-carboxylic acid synthase were significantly suppressed in OA-treated Jujube fruit.

40.4
Metabolomics of Fruit Crops

The constituents of the metabolome reflect the cellular processes that control the
biochemical phenotype of the cell, tissue, or whole organism. Metabolomics, which
denotes the study of all metabolites produced in an organism, can be treated as the
ultimate level of postgenomic analysis because it can revealmodulation inmetabolite
fluxes controlled by changeswithin gene expressionmeasured using transcriptomics
and/or by analyzing the proteome that elucidates posttranslational control over
enzyme activity. Metabolic changes are a major feature of plant genetic modification
during plant development as well as biotic and abiotic stress [33, 34]. Therefore,
measurements of intracellular metabolites, whether qualitative or quantitative, can
reveal the biochemical status of an organismand in turn canbeused tomonitor stress
response [35]. Metabolomics could contribute significantly to the study of stress
biology in plants and other organisms by identifying different compounds, such as
the by-products of stress metabolism, stress signal transduction molecules, or
molecules that are part of the acclimation response of plants.

Metabolomics is complicated by the huge diversity of metabolites in any given
species especially in the case of plants that encompass approximately 100 000–200 000
metabolites [36]. Though a number of metabolomic approaches are being used to
characterize metabolome of organisms, at present it is impossible to quantitate all the
metabolites within a cell, tissue, or organismof any kingdom in any system. This could
bedue to the fact thatno single extraction techniqueor analytical instrument can isolate
and detect every metabolite within a biological sample [37, 38]. It is assumed that a
comprehensive plant metabolic profile should include a minimum of carbohydrates,
amino acids, organic acids, lipids/fatty acids, vitamins, and various other compound
classes such as phenylpropanoids, terpenoids, alkaloids, and glucosinolates alongwith
secondary metabolites that vary according to the species under study [37]. A combi-
nation of several different analytical methods, encompassing different separation
methods such as gas chromatography (GC) or liquid chromatography and other
analytical instruments are required. Mass spectrometry is most widely used because
of its high sensitivity and propensity for generating structural information. Nuclear
magnetic resonance (NMR) is also a powerful technology because of its reproducibility
and robust quantification ability, despite the fact that it has low sensitivity compared to
MS. Major approaches used in plant metabolomics research include metabolic
fingerprinting, metabolite profiling, and targeted analysis [38, 39]. Metabolomics data
handling, analysis, and mining and its integration with other omics platforms have
been dramatically improved in recent years because of the development of an array of
publicly available bioinformatics tools.
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Alterations in the metabolome of a wide number of species in response to a broad
range of stresses have been analyzed [40–44]. However, most of these studies have
been carried out on nonfruit crops. In fruit crops, very few studies have been carried
out formetabolite profiling for the purpose of breeding and stress response. Schauer
et al. [45] carried out metabolic profiling of leaves and fruit of wild species tomato to
survey genetic variation in Solanum lycopersicum. Subsequently, metabolite profiling
was applied for identification of pericarp metabolite QTL [39] using a set of well-
characterized tomato introgression lines [46]. This study resulted in the identification
of over 880 metabolite QTL that were stable over two independent harvests, thus
highlighting the power ofmetabolite profiling as a tool for dissecting the genetic basis
of metabolism. The same tomato introgression line population was also recently
phenotyped at the level of fruit volatiles, which are believed to be key determinants of
taste, resulting in the identification of 25 QTL for 23 compounds [47]. Moreover, a
detailed analysis of one of the introgression lines (IL8–2-1), which contained massive
increases in the volatiles phenylacetaldehyde and phenylethanol, enabled the eluci-
dation of the biosynthesis pathway of phenylethanol [47]. Tikunov et al. [48] used
nontargetedmetabolite profiling using comparative multivariate analysis of a set of 94
contrasting tomato (Lycopersicon esculentumMill.) genotypes covering the variation in
the germplasm of commercial tomato varieties. The analysis was based on the profiles
of all volatiles that could be detected by the analytical method SPME-GC-MS, which
revealed 322 different compounds in the entire genotype set. This covers approxi-
mately 80%of the 400 tomato volatile compounds,whichhave beendetected in tomato
fruit using different analyticalmethods.Mintz-Oron et al. [49] studied gene expression
and metabolism in tomato fruit surface tissues, cuticle, which plays a key role in the
survival of plants by serving as the interface between plants and their biotic and abiotic
environment. The study revealed unique sets of genes and metabolic pathways
consisting of a diverse range of metabolites that are active in the peel at various stages
of fruit development and may play an important role in stress response.

A metabolomics approach combining (1)H NMR and gas chromatography–
electrospray ionization–time-of-flight mass spectrometry (GC-EI-TOFMS) profiling
was employed to characterize melon (Cucumis melo L.) fruit [50]. Data analyses
revealed several gradients of metabolites in fruit flesh that can be related to
differences in metabolism and indicated the suitability of multiblock HPCA for
correlation of data from two (or potentiallymore)metabolomics platforms. The same
group also studiedmetabolic acclimation of melon to hypoxia [51]. Direct (1)H NMR
profiling of juice of fruit flesh collected from different locations revealed several
gradients of metabolites, for example, sucrose, alanine, valine, GABA, and ethanol,
with increase in concentrations from the periphery to the center of the fruit. GC-MS
profiling of ground samples revealed gradients formetabolites not detected using (1)
H NMR, including pyruvic and fumaric acids. The quantification of adenine
nucleotides highlighted a strong decrease in both ATP and ADP ratios and the
adenylate energy charge from the periphery to the center of the fruit. These
concentration patterns are consistent with an increase in ethanol fermentation due
to oxygen limitation and were confirmed by observed changes in alanine and GABA
concentrations, as well as other markers of hypoxia in plants.
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Global metabolic profiling of �Granny Smith� apple peel was employed for
evaluating metabolomic alterations resulting from prestorage UV-white light irra-
diation [52]. Apples were bagged midseason to restrict sunlight, harvested at the
preclimacteric stage prior to bag removal, and treatedwithfluorescentUV-white light
for different time points. Analysis ofmethanolic extracts from peel samples collected
immediately after irradiation or following cold storage were evaluated using GC-MS
and LC-UV/vis-MS, respectively. The profile including more than 200 components,
78 of which were identified, revealed changes in the metabolome provoked by UV-
white light irradiation and cold storage. Analyses of individual components selected
using principal component analysis (PCA) models showed distinct temporal
changes, before and after cold storage, related to prestorage irradiation in a diverse
set of primary and secondarymetabolic pathways. The results demonstratemetabolic
pathways associated with ethylene synthesis, acid metabolism, flavonoid pigment
synthesis, and fruit texture are altered by prestorage irradiation, and many of the
alterations are detectable after 6 months of cold storage in air.

Metabolic fingerprinting of salt stress in tomato was used to identify metabolic
changes in fruits under salinity stress [53]. The authors studied two tomato
varieties subjected to salinity stress. Whole fruit flesh extracts were fingerprinted
using FT-IR spectroscopy. Metabolic fingerprints were analyzed using unsuper-
vised (PCA) and supervised (DFA) algorithms. PCA was not able to discriminate
between control and salt-treated groups in any variety, while DFA was able to
classify control and salt-treated groups in both varieties [53]. The authors also
employed aGA to identify the regionswithin the FT-IR spectrum that are important
for classification. These regions corresponded to saturated and unsaturated nitrile
compounds, cyanide-containing compounds, and other nitrogen-containing com-
pounds. In a recent study, it has been shown that salinity stress improves fruit
quality of tomato by increasing assimilable metabolism through accumulation of
sucrose, citrate, malate, and glutamate in red fruit [54]. To elucidate the mechan-
isms underlying this phenomenon, Yin et al., [55] studied transport of carbohy-
drates into tomato fruits and the regulation of starch synthesis during fruit
development in plants exposed to high levels of salinity stress. Growth with
160mM NaCl doubled starch accumulation in tomato fruits compared to control
plants during the early stages of development, and soluble sugars increased as the
fruit matured. Tracer analysis confirmed that elevated carbohydrate accumulation
in fruits exposed to salinity stress was confined to the early development stages and
did not occur after ripening. Salinity stress also upregulated sucrose transporter
expression in source leaves and increased activity of ADP-glucose pyrophosphor-
ylase (AGPase) in fruits during early developmental stages. The results indicated
that salinity stress enhanced carbohydrate accumulation in the form of starch
during the early fruit development and is responsible for the increased soluble
sugars in ripe fruit.

An integrated study of the early and late changes in transcript and metabolite
profiles revealed differences in the dynamics of grapevine response to water and
salinity stress [56] and also exhibited differences in molecular response to water
deficit and salinity. GC-MS profiling and anion-exchange chromatography with UV
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detection revealed that concentration of glucose, malate, and proline is higher in
water deficit-treated plants than in salt-stressed plants. These differences in metab-
olite levels were correlated with differences in transcript levels of many genes
involved in energy metabolism and nitrogen assimilation, suggesting a higher
demand in water-deficit-treated plants to adjust osmotically, detoxify ROS, and cope
with photoinhibition than in salt-stressed plants [56].

All omic-related studies have similar objective of either identifying specificQTL for
a set of characters and use it for generating suitable hybrid or identifying a gene/
transcription factor that can control/exhibit desired character. In the following
section,wehave tried to review someof the fruit transgenics that have been generated
out of the genes shown to be involved in abiotic stress.

40.5
Stress-Related Fruit Transgenics

Various omic approaches have paved the way for identification of target genes/
molecules that are associated with abiotic stress in fruit plants. In an effort to
genetically engineer fruit crops for enhanced abiotic stress tolerance, several genes
have been used. Because of the relative ease of tomato transformation, most of the
studies have been carried out on tomato. Various plants such asArabidopsis, rice, and
so on have been used as the source of genes. Arabidopsis CBF1 gene encoding a
drought responsive transcription factor was used to generate transgenic tomato
plants that showed tolerance to cold stress, salinity, and drought [58]. However, the
use of the CaMV35S promoter for driving expression of the CBF1 gene caused
retarded growth.When the CaMV35 S promoter was replaced by the ABA responsive
HAV22 gene promoter, the transgenic tomato plants showed normal growth but
enhanced tolerance to the stresses such as salinity, cold, and drought. Many reports
have shown that drought tolerance is associated with increased accumulation of
trehalose. The engineering of the trehalose-6-phosphate synthase gene from yeast
into tomato under the 35S promoter to increase levels of trehalose indeed led to
tolerance to water stress in tomato [58], although there were several developmental
changes in the plant morphology. Expression of the Capsicum anuum PIF1 gene
encoding the pathogenesis-induced factor in tomato caused upregulation of several
genes from different metabolic pathways and stress responses as deduced by
microarray that included genes involved in cold stress. Transgenic plants were
tolerant not only to Pseudomonas syringae pv. tomato DC 3000 but also to cold
stress [59]. Expression of the rice Myb transcription factor gene OsMYB4 in tomato
led to tolerance to drought stress although not to cold stress unlike in rice [60]. The
expression of the same gene in apple led to plants being tolerant to both drought and
cold stresses. The stress responsewas associatedwith higher levels of osmolytes such
as glucose, fructose, sucrose, and proline under unstressed conditions as well as
during early stages of cold exposure [61]. Transgenic plants, however, were shorter in
height compared to control plants. Recently, a detailed insight was obtained into the
functioning of the ABA-induced Myb1 gene in tomato, SlAIM1, in abiotic stress
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(salinity) and oxidative stress, and responses to ABA. RNAi plants with lower levels of
SlAIM1 showed increased susceptibility to salt and oxidative stress, while ectopic
expression of SlAIM1 led to tolerance to these stresses [62]. The mechanism
underlying these responses appeared to be through changes in sensitivity to ABA
and regulation of ion fluxes such that higher expression levels of the gene caused
decreased accumulation of Naþ , while downregulation of the gene caused
increased accumulation of Naþ in tissues. Overexpression of another transcription
factor from capsicum CaKR1 (encoding an ankyrin repeat Zn finger domain
protein) in transgenic tomato generated plants that showed enhanced tolerance
to salinity and oxidative stress through increased activity of LeSOD2 and LeAPX2
and LeAPX3. Salt tolerance in tomato was engineered by expressing theArabidopsis
AtNHX1 gene that encodes a vacuolar Naþ /Hþ antiporter [63]. Tomato plants
expressing the Arabidopsis AtIpk2 beta gene, encoding an inositol polyphosphate
6-/3-kinase, showed tolerance to cold, drought, and oxidative stress [64]. Other
stress-associated compounds such as glycine-betaine have also been enhanced by
engineering tomato plants with plastid-directed expression of choline oxidase
genes. Transgenic plants showed higher levels of tolerance to oxidative stress [65].
In an interesting study, Orsini et al. [66] recently showed that constitutive expres-
sion of prosystemin, a wound-inducible polypeptide, decreased stomatal conduc-
tance and reduced growth under normal growth conditions, but under conditions
of high salt, plants maintained higher stomatal conductance and were tolerant to
salt. This indicated that activation of wound responses could counter salt stress.
Another gene encoding the Arabidopsis tryptophan synthase beta1 (AtTSB1) con-
ferred tolerance to Cd stress in transgenic tomato plants through higher levels of
tryptophan [67]. Other genes, such as wheat vacuolar pyrophosphatase gene (TVP1)
and the wheat vacuolar sodium antiporter gene (TNHX1), were introduced into
tomato and shown to confer salt tolerance [68]. The plants, besides showing higher
chlorophyll levels under saline conditions, showed a well-developed root system in
TVP1 overexpressing plants.

Apart from tomato, other fruit crops have also been used for manipulation of
abiotic stress response. The apple spermidine synthase gene MaSPD1 was intro-
duced into pear (Pyrus communis). The transgenic pear showed enhanced tolerance
to salinity, osmotic stress, and increased copper stress. Part of the tolerance was
explained by altered polyamine levels, especially higher spermidine levels in
transgenic plants, and a greater capacity to withstand oxidative stress as observed
by increased SOD and glutathione reductase levels [69, 70]. The increased sper-
midine levelswere responsible for tolerance to increased aluminumconcentrations
in soil [71] and other heavy metals due to an effect on relieving oxidative stress [72].
An increase in polyamine levels (spermine and spermidine) and tolerance to heat
stress due to enhanced antioxidant enzyme activity and reduced lipid peroxidation
was also achieved in transgenic tomato by introduction of the yeast SAM decar-
boxylase gene [73]. In another study, constitutive expression of the heat shock gene
HSP21 in tomato resulted in greater protection to PSII from temperature-depen-
dent oxidative stress. In addition, plants showed earlier accumulation of
carotenoids [74].
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40.6
Conclusions

The yield potential of all crop plants including fruit plants is greatly affected by the
abiotic stress conditions such as drought, water deficit, cold, heat, flooding, and
chemicals. These abiotic stresses bring about osmotic stress and/or oxidative stress
that disrupt functional and/or structural proteins and membranes. In many cases, it
has been observed that wild relatives of the cultivated crops could withstand these
stresses and survive. This indicates that these plants acclimatize by altering their
physiology through differential expression of genes that results in accumulation of
certain proteins and metabolites. In order to identify those genes, proteins, and
metabolites, it is important to look into global changes in transcripts, proteins, and
metabolite profiles during abiotic stress conditions.Omic approaches offer such kind
of analyses where entire transcriptome, proteome, and metabolome can be studied
under one set of conditions. Several high-end equipments are available that either
singly or in combination can give accurate measurements of transcripts, proteins,
and metabolites. Abiotic stress and fruit yield and quality are relatively newer areas
where not much study has been done. Though whole-genome sequences are
available for papaya, grape, and tomato, and for other fruits such as banana, apple,
and citrus will be available shortly, most studies have so far been done with respect to
identifying genes that are expressed differentially during different kinds of abiotic
stresses. Only in some cases, global transcriptome, proteome, or metabolome have
been analyzed. Transgenic tomato, apple, and pear plants have been raised with one
or the other genes that conferred resistant to abiotic stresses. The whole-genome
sequencing of various fruit and other plants has indicated that 20–40% of genes
account for no known functions. We make an optimistic assumption that at least
some of these genes are involved in stress tolerance andmanipulation of these genes
may lead to transgenics resistant to abiotic stress.
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41
Cassava Genetic Improvement: Omics Approaches
for Facing Global Challenges
Yoshimi Umemura, Rane Jagadish, Motoaki Seki, Yoshinori Utsumi,
Jarunya Narangajavana, and Manabu Ishitani

Cassava is a staple food crop that ensures food security and is a source of income
generation for poor farmers in the tropics of many Asian and African countries that
are highly prone to harsh and unfavorable environments especially in the context of
climate changes. Improving tolerance to abiotic stresses such as drought in this crop
is a big challenge as it has substantial tolerance to drought compared to other crops.
There has been little investment in employing advanced breeding technology for
genetic improvement of cassava, though we have now an increased access to
emerging advanced tools in genomics, transcriptomics, phenomics, proteomics,
and metabolomics for that can enhance our capacity to understand stress responses
and tolerance in plants.

In this chapter, we have reviewed challenges and opportunities for improving
productivity of cassava by integrating omics with conventional breeding. The chapter
highlights efforts and vision of International Center for Tropical Agriculture (CIAT;
http://www.ciat.cgiar.org/) toward a comprehensive evaluation of germplasm, estab-
lishment of the transformation and phenotyping platform, and development of
genomic tools for deriving the requisite information for developing effective strat-
egies for molecular breeding for high-yield and high-value cassava under stress
conditions. The chapter also deals with possible strategies to accelerate development
of elite cassava cultivars by integration of the advanced technologies.

41.1
Introduction

Cassava is an important tropical crop both for food security and for income
generation for poor farmers in many Asian and African countries, where its
production is more than 240 million ton a year [1]. This crop serves as the primary
food source for more than 750 million people across the world. Cassava is well
adapted to semiarid conditions and it needs adequate soil moisture mainly during
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planting. After establishment, it can withstand several months of drought.
Generally, it is not irrigated, but in some areas responds markedly to irrigation [2].
However, severe limitation of soil moisture can bring down the cassava yield
significantly [3–5]. So, the task of improving the productivity of this drought-
tolerant crop under soil moisture stress environments is more challenging than
for other crops.

In several investigations supported by the Generation Challenge Programme
(GCP: http://www.generationcp.org/), in Brazil, Colombia, Tanzania and Ghana,
contrasting cassava varieties have been screened and evaluated under drought
environments and physiological traits associated with drought tolerance have been
identified [6–8]. Among these, there are traits related to developmental regulation
that permits the most drought-tolerant lines to optimally partition resources for
storage root initiation and maintenance during drought. However, despite substan-
tial accumulation of basic knowledge of cellular and molecular level, there is no
significant progress toward development of drought-tolerant varieties mainly
because of limited success in dissecting the complex mechanisms underlying
tolerance to drought.

Recent remarkable innovations in omics-based research such as phenomics,
genomics, transcriptomics, and application development can provide us new oppor-
tunities to resolve the complexities associated with drought tolerance. Furthermore,
these advances in science can also provide us crucial resources to promote research
both in crop plants and inmodel plants [9–12]. All kinds of �omics,� arrays, and high-
throughput technologies can now make it possible to carry out genetic and genomic
analysis for the investigation of gene function associatedwith phenotypic changes on
a larger scale to accelerate crop breeding.

In this chapter, we have reviewed the recent efforts to improve cassava
especially for drought tolerance and have presented perspectives for integrating
the knowledge that has been accumulated through the traditional research and the
current advanced technologies to improve cassava genotypes with an efficient and
targeted approach.

41.2
What Makes the Cassava More Tolerant to Drought?

Cassava tolerates prolonged drought that often exceeds 5 months. This has been
attributed to partial closure of stomata, deep rooting systems, and small leaf canopy.
These traits make cassava a desirable and adaptable crop, as a source for food and
feed, in the hot and dry tropics that are highly prone to predicted adverse global
climate changes [13, 14].

Recent review by El-Sharkawy [8] reveals several attempts made at understanding
the mechanisms involved in the drought tolerance in cassava and its possible
application in breeding programs for enhancing its productivity [8]. Some of the
traits relevant to drought tolerance have been listed in Table 41.1. The challenge of
further improving cassava for the productivity of harvestable roots now largely lies in
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our efforts to phenotype known and unknown traits of drought tolerance. This can
be accomplished through optimized and novel phenotyping techniques that can
generate highly reliable data on plant response and stress environments for com-
plementing genomic information.

Table 41.1 Plant traits contributing to drought tolerance in cassava.

Trait Contribution to drought and
productivity

Conditions under which it is
useful

Photosynthesis High rate of photosynthesis
under favorable conditions and
maintenance even under pro-
longed drought conditions and
recovery

General

Tight stomatal control Protection from both low soil
moisture and high evaporative
demand

Hot environment with no soil
moisture in deeper soil profile

Plant vigor High vegetative vigor enables
plants to recover from drought

Intermediate drought conditions

C3–C4 intermediate
mechanisms

These characteristics, collective-
ly, underpinned the high photo-
synthetic rate (Pn) in normal air
(Pn> 40mmolCO2m

�2 s�1) in
high irradiances (>1800mmol
m�2 s�1 of photosynthetic active
radiation), high leaf temperature
from 30 to 40 �C, and in high
atmospheric humidities
observed in cassava grown in
favorable environments [6, 15]

Environments where high evap-
orative demand exist

Shoot morphological
adjustments

During prolonged water deficits,
cassava reduces its canopy by
shedding older leaves and form-
ing smaller new leaves leading to
less light interception

Intermediate drought

Leaf area index Optimum leaf area for longer
period during the drought and
after recovery

Normal and intermediate
drought conditions

Deep roots Cassava slowly extracts soil
moisture from deeper layers of
soil

Drought environments with
moisture stored in deeper layers
of soil

Predawn leaf water
potential

Relative to unstressed plants Intermediate drought
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41.3
Phenomics for Trait Discovery

Breeders� eye approach with large dependence on empirical selection for yield,
disease, and pest resistance has significantly contributed to historical jump in food
production during the Green Revolution in the past. However, scope for continuing
this approach is gradually diminishing as evident from the recent yield plateau in
many of the staple foods such as rice, wheat, and maize. The rapidly developing
genomic knowledge and genotyping capacity can offer us opportunities to improve
crop varieties in a much more targeted way to grow them in harsh environments, for
more productivity with fewer inputs. Genomics and transcriptomics in combination
with bioinformatics can offer great opportunity to generate knowledge about the
function of the genome, unraveling genomic pathways, but more importantly, to
identify useful diversity, genes, and alleles and transfer these rapidly into adapted
varieties. However, these new approaches and tools need to be sufficiently comple-
mented by screening protocols that can facilitate generation of high-quality data on
plant phenotypes under given stress environment. This necessarily should include
understanding and management of stress environment and rapid and noninvasive
procedures to measure response of the large number of genetically diverse genotypes
created through conventional breeding or genetic engineering approaches. These
efforts with new terminology, �phenomics,� have now become the focal point ofmuch
of the agricultural research aiming to get benefits from advances in genomics.

One of the major tasks in phenomics is the determination of plant responses to
stress in well-defined environment that can clearly reveal the genetic variation. This
will lead to trait discovery that can be eventually associated with gene(s) through
quantitative trait locus (QTL) cloning or/and transgenic approach. In addition, the
phenomics should focus on inherent gaps in understanding the magnitude of
drought stress in terms of duration of soil moisture stress and level of soil moisture
during a specific growth period in crops such as cassava.

In a classical example of a field evaluation, it was shown that the reduction in root
yield in response to 120 days of drought imposed 60 days after planting could reduce
the yield marginally compared to the control in which soil moisture level was
maintained at field capacity. In this experiment, some of the genotypes had more
grain yield compared to control even after exposure to the drought [8]. Furthermore,
compared to the control, water stress across all varieties caused a reduction in total
biomass by 12%, no change in fresh root yields, a reduction in dried root yields by
3.4%, a reduction in drymatter contents by 3.3%, and an increase in the harvest index
by 10%.Without any doubt, these data clearly demonstrate cassava�s ability to tolerate
prolonged water stress when it is induced gradually at an early stage of growth and
also its ability to recover fromdrought.However, themagnitude of drought stress, the
duration, and critical phase of growth in such experiments need a review as possibly
the soil moisture deficit was not sufficient enough to cause substantial impact on
productivity of cassava genotypes, to elucidate genetic variation in the response,
which is fundamental to further genetic improvement. Alternatively, control plants
did not have sufficient scope to express their yield potential. Hence, we suggest that
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the challenge of further improving the productivity of cassava under moisture stress
should consider a reoriented phenotyping protocol.

1) To dissect traits contributing to components of crop productivity under soil
moisture deficit [16].

2) Cassava root yield¼water uptake�water use efficiency� partitioning to roots
that can be harvested.

3) To impose drought at critical stage of growth that determines productivity of crop.
4) The time when number of productive roots determined.
5) Root bulking.
6) To reduce the influence of phenological variation in understanding genetic

variation in drought response, through staggered sowing.
7) To differentiate genetic variation in recovery from drought stress.
8) To understand the yield gap in the target environment that needs to be covered by

genetic improvement of traits associated with high root yield. The traits listed in
Table 41.2 may be considered depending on the nature of drought stress.

41.4
How Cassava Genomics Tool will help Develop Drought-Tolerant Variety

In 2007,CIATandRIKEN initiated an international collaborative research project and
since 2009, a 3-year cassava research project, between RIKEN (Japan, PI: Dr.Motoaki
Seki), CIAT (Colombia, PI: Dr. Manabu Ishitani), andMahidol University (Thailand,
PI: Dr. Jarunya Narangajavana), which is supported by the Japanese government, has
started to develop an integrated cassava genome analysis platform for the global
cassava research community and to apply it to molecular breeding for cassava
improvement. In the collaborative work, the following cassava genomics tools are
being developed: (1) large-scale collection of full-length cDNAs ([17], unpublished
data), (2) cassava oligoarray analysis platform containing more than 30 000 genes,
and (3) cassava database of international standard. For the collection of full-
length cDNA clones, we have selected three genetically diverse varieties, namely,
KU50 (Manihot esculenta Crantz), MEcu-72 (M. esculenta Crantz), and MPer 417-003
(M. esculenta peruviana). KU50 is a commercial cultivar developed in Thailand,
which is extensively grown in Southeast Asia. MEcu-72 is one of the naturally
occurringwild landraces inEcuador reported to be resistant towhiteflies byCIAT [18].
MPer 417-003 is a wild species from Brazil, which is probably involved in the
evolution of cassava cultivar, M. esculenta Crantz. The MPer 417-003 has strong
resistance to insects such as mealybugs, mites, and whiteflies [19]. One of the
objectives to choose these varieties is to understand common mechanisms of
drought tolerance in cassava and use this knowledge for the improvement of other
cropsmainly because cassava has some features that allow it to copewith stress better
than other crops, for example, high stomatal sensitivity to environmental humid-
ity [20] and quick recovery after stress [21]. Another objective is to identify novel traits
and superior genes using genetic diversity existing in cultivated and wild species of
cassava. So far, we have obtained 19 968, 29 952, and 19 968 end sequences of full-
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length cDNAclones fromKU50,MEcu-72, andMPer 417-003, respectively and some
of the sequences are not present on Phytozome Web site (www.phytozome.net/
cassava), the cassava genome database. Using a set of unique genes from the
expressed sequence tag (EST) collections, an oligoarray analysis platform is being
developed with more than 30 000 genes. These genomic and transcriptomic tools
enable us to dissect traits of importance for cassava improvement in a comprehensive
way. We believe that the platform could be applied for any cassava variety including
wild cassava species and will be useful to cassava research community globally.

In 2009, the first annotated draft cassava genome sequence became available at the
PhytozomeWeb site (www.phytozome.net/cassava). The genome sequencing project
has been initiated through theDOE-JGICommunity SequencingProgram (CSP) by a
14-member consortium including DanForth Plant Center and CIAT. Furthermore,
theUniversity ofArizonahas started a newproject funded by theBill &MelindaGates
Foundation in collaboration with DOE-JGI, 454 Life Sciences, and the University of
Maryland, Baltimore, to develop a genome variation database that will provide
breeding tools such asmarkers. This variation databasewith comprehensive genome
information from different cassava genotypes will help make breeding schemes
more efficient throughmarker-assisted selection (MAS) (http://www.bio5.org/news/
news_release/13-million-grant-ua-bill-melinda-gates-foundation-will-fund-next-
phase-cassava-res). The full-length cassava cDNA sequence information derived
from different cassava varieties will significantly contribute to cassava genome
sequence annotation and help know the source of genetic variation in different
cassava species. The high quality and correct annotation of the genome sequence can
further accelerate identification of useful genes and promoters associated with traits
contributing to drought tolerance in cassava throughQTL, transcriptomic analysis (e.
g., DNAmicroarrays), and transgenic approaches. In Arabidopsis and rice, molecular
responses to drought stress have been intensively analyzed and several key genes
involved in the drought stress response and tolerance have been identified [22]. As
most of the knowledge that has been obtained so far in Arabidopsis and rice can be
applied to other plants [23, 24], cassava homologues of the drought stress-related
genes in Arabidopsis and rice can allow us to look at genetic difference in terms of
gene and gene duplication betweenArabidopsis, rice, and cassava in terms of drought
stress response and its tolerance among the plant species.

41.5
Gene Discovery for Drought Tolerance in Cassava

QTLmapping becomes a standard procedure in quantitative genetics [25] and recent
technical progress in the area of molecular biology and genomics have allowed us to
identifyQTL gene. There are twomajor strategies for theQTL cloning: one is through
positional cloning and another is through association mapping. Because of a long
growth cycle and complex genetic nature of cassava, gene discovery through QTL
cloning was not an easy task in the past and this will drastically change once all the
genomic sequences and genomics tools become available through current global
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efforts as described above. The tools will help develop fine geneticmapping, physical
mapping, or markers, which are strongly associated with trait of interest for cassava
improvement [26–28]. In addition, plant comparative genomics and transcriptomics
approach will largely benefit from research advances described above to discover key
genes associated with traits of interest [29–32]. Especially, sequence homology or
similarity can serve as a strong evidence for detecting functional elements in genomic
sequences. Here, we give an example to identify cassava genes, which may have
molecular and physiological functions similar to those of genes in other plants.

It was recently reported that transgenic cassava expressing IPT gene, which
encodes isopentenyl transferase from Agrobacterium tumefaciens, under the control
of the Arabidopsis promoter of the senescence-induced SAG12 gene, could trigger a
series of metabolic changes such as cytokinin metabolism that increased drought
resistance [33]. This study not only could prove the feasibility of delayed leaf
senescence of woody cassava but also could reveal mechanisms underlying the
control of cytokinin homeostasis in cassava leaves. However, the origin of the IPT
gene used in this study was A. tumefaciens, a bacterium. Therefore, we carried out
homologue search by BLAST program and phylogenetic analysis by NJ method to
identify orthologue genes of IPT in cassava, and nine sequences were identified from
cassava genome database as shown in Figure 41.1. Generally, IPTgenes are classified
into bacterial type or plant type according to their amino acid sequences [34].
Interestingly, plant-type IPT genes in Arabidopsis are strongly involved in the
cytokinin metabolism in contrast to bacterial-type IPT genes [34–36]. As shown in
Figures 41.1 and 41.2, all the nine genes identified as cassava IPTgenes belong to the
plant-type IPT group. Furthermore, some cassava EST sequences, which partially
encode the plant-type IPTgenes, are now available.We are trying to isolate full-length
cassava cDNAs encoding plant-type IPT genes for developing drought-tolerant
cassava cultivars using transgenic approach.

It is recognized that traditional breeding ismost unlikely to provide all solutions for
improving the crop to meet the varying needs of small farmers and commercial
production in the tropics [39, 40]. The transgenic technologies can accelerate
integration of desired traits into farmer preferred cultivars and landraces, as well
as elite breeding lines. Hence, this technique is one of the options to get maximum
benefit frommajor advances occurring in the genomics for improvement of cassava,
which is a long-duration crop. Transgenic technologies allow beneficial traits to be
transferred from one cassava cultivar to another and from wild relatives to cultivated
Manihot, circumventing species boundaries and the problems of outcrossing and
inbreeding depression, inherent to this vegetatively propagated crop.

The first series of cassava transgenic technologies were reported in 1996 [41–43].
Since then, the transgenic technologies have been improved [44, 45] and utilized to
produce genetically transformed cassava expressing traits such as reduced cyano-
genic content [46–48], enhanced starch production [49, 50], insect resistance [51],
virus resistance [52–56], and herbicide resistance [57, 58]. Recently, it has been
reported that transgenic cassava expressing IPT gene from Agrobacterium increased
drought resistance as mentioned in the previous section [33]. The transgenic plants
were useful both to investigate drought resistance in cassava and to increase storage
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root production in semiarid regions and leaf biomass as vegetable and animal feed.
Furthermore, Saelim et al. [59] have established amarker-free cassava transformation
protocol using a cassava cultivar, KU50, which is extensively grown in Southeast Asia.
This is the first demonstration of the efficacy of the system in promoting excision of
iptmarker gene in cassava species, with the consequent rapid production of marker-
free transgenic plants [59]. The high efficiency of this system should facilitate
pyramiding a number of transgenes by repeated transformation without having to
undergo laborious, expensive, and time-consuming processes of sexual crossing and
seed production. The generation of marker-free, thus environmentally safe, genet-
ically modified cassava clones should also ease the public concerns regarding the use
of transgenic cassava in both food and nonfood industries. Technologies for
transformation of plants are in high demand and are being increasingly employed
by large seed and agrochemical sectors. Most of the academic research groups lack

Figure 41.1 Phylogenetic tree of IPT genes.
The amino acid sequences of the IPT genes (9
identified IPThomologous genes inM. esculenta
(cassava), 19 IPT homologous genes in G. max
(Gm) and 9 genes in A. thaliana (At) [34], 9
genes in O. sativa (Os) [37], and 7 genes in Z.
maiz (Zm) [38] were aligned by ClustalX2 and

the phylogenetic tree was constructed using the
NJmethod. IPT gene in A. tumefaciens is a query
for the BLAST search. Asterisks show the plant
type putative IPT genes identified from cassava
genome database (phytozome). IPT genes are
classified into bacteria type or plant type
according to their amino acid sequences [34].
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infrastructure, logistics and human resources necessary to establish middle to high-
throughput transformation pipeline for their own target crop. CIAT has been
working in transgenic research on cassava and rice for more than a decade and
has scaled up its facilities to include confined fields for field evaluation, and it has
been uniquely placed to evaluate the gene technology with a generic permission from
National Biosafety Committee of Colombia. The CIAT has now established the
Transformation Platform to host all the in-house or collaborative research projects
that aim to evaluate transgenic technology for important crops such as rice and
cassava. The strategy is to accelerate evaluation of gene technology through trans-
formation and phenotyping platforms by employing scaled up infrastructure,
expertise, and knowledgewith the ultimate objective of complementing conventional
crop improvement technology for cassava.

41.6
Proteomics and Metabolomics Approach in Cassava

Several groups have shown the profiles of protein pattern of a storage root [60], fibrous
and tuberous root [61], plant–pathogen interactions [62], and secondary somatic embryo-
genesis [63] in cassava by using a technology of two-dimensional gel electrophoresis.
Recently, Li et al. [64] provided a new insight into the proteomic patterns in the somatic
embryos, plantlets, and tuberous roots [64]. These investigations have paved theway for a
comprehensive, system-wide analysis of cassava. Large-scale proteome data sets are an
important resource for a better understanding of protein functions in terms of not only
growth and development but also response to environmental changes.

Metabolomics aims to understand metabolic systems based on comprehensive
and integrated approaches that take advantage of recent advances in instrumentation
to characterizemetabolites.Metabolomic approaches can allow us to conduct parallel
assessments of multiple metabolites and can facilitate quantitative analysis of
particular metabolites with major advantages over chemical-level phenotyping and
diagnostic analysis. The plant metabolome represents an enormous chemical
diversity due to the complex set of metabolites produced in each plant species
[65, 66]. Various sources of information onmetabolomics have played a crucial role in
metabolome research and its synergistic integration with other omics approaches.
Metabolomics information for cassava has not been launched yet, but for other
plants, there are Web sites on metabolome resources such as TAIR (http://www.
arabidopsis.org/portals/metabolome/index.jsp), the KEGG PATHWAY Database
(http://www.genome.jp/kegg/pathway.html) [67–69], the Plant Metabolic Network
(PMN) (http://www.plantcyc.org/), PlantCyc including AraCyc and PoplarCyc
(http://www.plantcyc.org:1555/PLANT/server.html) [70], KaPPA-View (http://kpv.
kazusa.or.jp/kappa-view/) [71, 72], and PRIMe (http://prime.psc.riken.jp/) [73].
However, the analysis of the ESTs for full-length cDNAs from abiotic and biotic
stress-treated cassava tissues mentioned in the previous section has revealed that
some of EST sequences encode novel plant genes and they do not belong to any
pathways that are already known in plants (unpublished data). It indicates a
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possibility of the existence of some novel pathways related to stress tolerance in
cassava. Therefore, cassava metabolomics, which is a great analytical challenge, can
serve as an immensely important tool to design molecular breeding strategies for
improvement of the productivity and value of cassava in the near future.

41.7
Future Perspectives

Earlier investigationshaveoften indicated the relationshipof someof thephysiological
traits with root yield of cassava underwater deficit environment. The concepts evolved
so far need to be validated and transformed into crop improvement tools to ensure
precise phenotyping for trait discovery and gene identification. Phenomics platform
with tools and techniques that are emerging out of advances in digital imaging and
image analysis can significantly help in phenotyping long duration plants such as
cassava with reduced cost. These noninvasive rapid methods can greatly complement

Genetic diversity in cassava
Parental lines/breeding population

Omics tools
• Phenomics

PhenotypingGenotypingOmics tools
• Genomics

• Proteomics
• MetabolomicsMarker development

• High-density map
Trait discovery
• Novel trait

QTL

•Transcriptomics 

• QTL

Trait evaluation and 
validation

Gene discovery
Synteny

• Phenotypic marker

• Gene marker 

Other crops
• Candidate 
genes

Elite lines

Transgenics
• GM cassava

Figure 41.2 Gene discovery for a particular
trait is the key to accelerating genetic
improvement of cassava; however, genotyping
and phenotyping tools are the major
prerequisites that can determine the success.
Recent advances in genomics can ensure high-
density genetic maps, while precision
phenotyping is essential for identifying the key
traits associated with desired phenotype of
plants. This will also determine the precision of
association between the trait of interest and the
QTL. Omics tools such as genomics and

transcriptomics can facilitate both high-quality
genotyping and discovery of candidate genes by
assessing synteny with other crops. Phenomics,
proteomics, and metabolomics can improve
efficiency of trait discovery. Thus, the gene
discovery will be the product of integration
between efficient genotyping and phenotyping.
It is necessary to further carry out trait
evaluation and identify precise phenotypic
marker to carry forward the gene discovery into
useful genemarker and to supportmarker-aided
selection in the cassava breeding program.
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research efforts of both the genomic analysis platform and the transformation
platform to enhance our understanding about molecular mechanisms of drought
tolerance in cassava. However, these technologies and knowledge that can save time
and money in developing elite cultivars have not been effectively integrated into
cassava breeding programs. This can be partially because of heterozygosity and long
growth cycle, which are the major constraints in cassava breeding programs. Fur-
thermore, as shown in Figure 41.2, the key lies in integration of genomics, tran-
scriptomics, metabolomics, proteomics, and other large-scale �omics� data with
systems biology approaches, and it can open new avenues for engineering cassava
to enhance yields, improve nutritional value, and overcome the problems of posthar-
vest physiological deterioration as well as biotic and abiotic stresses.

Through integrated omics approach, gene markers can be identified rapidly and
at low cost in the near future. Furthermore, MAS that focuses on key traits
contributing to drought tolerance can become more robust for accelerating genetic
improvement of cassava. Since drought tolerance is a highly complex trait, pyr-
amiding multiple sources of genes for drought tolerance into a set of new
progenitors can lead to a much desirable impact. CIAT will increasingly adopt
technologies evolving from recent developments in single-nucleotide polymorph-
isms (SNPs) to accelerate the application of MAS strategies in cassava breeding
programs. Marker genotyping based on SNP resources are being developed by
using next-generation sequencers (NGS) such as 454 DNA sequencer and Illumina
genome analyzer. The computational discovery of EST-based SNPs and/or EST-SNP
markers is now in progress for numerous species [74–82]. EST data sets for full-
length cDNA, which we have obtained (see Section 41.5), will serve as an important
resource for discovery of SNPs, especially for locating expressed genes onto a
genetic map. This will lead topositional cloning of genes of interest that can be
useful as efficient markers for accelerating improvement of cassava for tolerance
against abiotic and biotic stresses.
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Tomato: Grafting to Improve Salt Tolerance
Paloma Sanchez-Bel, Isabel Egea, Francisco B. Flores, and Maria C. Bolarin

Salinity is considered one of the main factors that limit crop productivity, and
development of crop species tolerant to this abiotic stress is vital to meet the growing
food demand through sustainable agriculture. Therefore, the greatest challenge in
the coming years is to increase crop production in such abiotic stress-affected lands as
occur in areas affected by salinity. Tomato is considered one of themost economically
important vegetable crops in the world, but unfortunately it is salt sensitive. The
commercial success obtained through traditional breeding programs with regard to
salinity tolerance has been very scarce because of the complexity of the plant response
to the stress. One way of avoiding or reducing losses in production caused by salinity
in high-yield genotypes would be to graft them onto rootstocks capable of reducing
the effect of external salt on the shoot. This strategy could also provide the plant
breeder with the possibility of combining good shoot characteristics with good root
characteristics and of studying the contribution of genes transcribed in the roots to
their performance on the shoot. This chapter gives an overview on the main
physiological processes involved in the salt tolerance response of grafted tomato
plants and illustrates how grafting can enhance salt tolerance in tomato, determined
by fruit yield, a key agronomic parameter. Moreover, it is important to highlight that
the salt tolerance conferred by the rootstock to the shoot genotype in terms of fruit
yield seems to be a heritable trait. However, it is still necessary to conduct a good deal
of research work in order to simplify the process of rootstock selection, as different
resultsmay be obtained depending on the shoot and root genotypes, aswell as the salt
levels and exposure times of the grafted plants.

42.1
Introduction

Tomato is considered one of the most economically important vegetable crops in the
world. Abiotic stresses, like those caused by soil salinity, have a huge impact on
tomato production and mainly affect arid and semiarid regions. Development of
tomato plants tolerant to stress is vital to meet the growing food demand through
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sustainable agriculture. Therefore, the greatest challenge for the coming years will be
to increase crop production in abiotic stress-affected lands [1].

In traditional breeding programs, commercial success has been very limited due to
the complexity of the trait: salt tolerance is complex genetically and physiologically [2].
Even when halophytic species exist in the gene pool, as it is the case of tomato, the
development of salt-resistant cultivars has been slow [3]. Two major problems are
encountered in breeding for salt tolerance: the definition, or selection criteria, for salt
tolerance and the efficient use of the wild germplasm to increase the salt tolerance of
the crop [4]. The selection of appropriate genes to obtain salt-tolerant varieties is a
difficult task because salt resistance is a complex character controlled by a number of
genes or groups of genes and involves a number of component traits that are likely to
be quantitative in nature. Thus, in the Solanum genus, the existence of accessions of
halotolerant wild species (e.g., Solanum pennellii, S. cheesmaniae, and S. pimpinelli-
folium), and their sexual compatibility with the cultivated species (S. lycopersicum),
should have permitted the genetic dissection of the tolerance character by traditional
methods. The studies carried out to date have provided valuable information
(reviewed by Cuartero et al. [5]). Unfortunately, despite the wealth of genetic variation
within the pool of tomato wild-related species, it is still not known which are the key
genes determining the high tolerance level in those plants, and it is not possible to
conclude that true halotolerant cultivars have been obtained. Moreover, both the
distortion of the segregation, a common fact in interspecific crosses, and the
difficulties inherent to the evaluation of plants under saline conditions have made
the analysis difficult. As a consequence, we still do not know which are the main
genes determining salt tolerance in the wild species of tomato. The problem arising
while obtaining salt-tolerant varieties is the choice of the genetic material to
introduce, taking into account that new cultivars bred for salt tolerance not only
have to be salt tolerant but also have to achieve the same attributes of productivity and
quality as observed in modern cultivars [6, 7]. Given the rapid increase in molecular
biology techniques, a key question is whether such techniques can aid the develop-
ment of salt resistance in plants.

The introduction of genes conferring salt tolerance to elite cultivars or elite parents
of current hybrids, by transformation, is a very attractive idea because, hypothetically,
susceptible but productive cultivars should be converted into tolerant cultivars while
maintaining all the very valuable traits present cultivars possess. In recent years,
transgenic approaches have been employed to produce plants with enhanced salinity
tolerance by overexpression of genes controlling different tolerance-related physi-
ological mechanisms [1]. However, given the nature of the genetically complex
mechanisms of abiotic stress tolerance and the potential detrimental effects,
approaching this strategy with reasonably successful possibilities is extremely
difficult [2, 8]. Therefore, more efforts are needed in developing transgenic tomato
with overexpression/silencing of specific genes in order to evaluate their putative
positive effect in enhancing drought and salt tolerance, with the final goal of
circumventing the increasing problem of scarcity of water of good quality in tomato
cultivation [9].
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But solving a problem as complex as the profitable use of saline water in irrigated
agriculture requiresmore than one strategy. For generating tolerant cultivars, a set of
cultural techniques, each contributing to a certain degree to developing plant
tolerance to the deleterious effects of salt, need to be assessed to verify the positive
effects of their application [3]. Some of those strategies, such as the application of
chemical fertilizers at levels somewhat above the optimum for freshwater irrigation,
the application on the nutrition solution of chemical adjustment, or leaching salts to
deeper soil layers have doubtful compatibility with preservation of the environment,
seed priming, or seedling conditioning.

Finally, another possible cultural practice in order to avoid or reduce yield losses
caused by salinity would be to graft cultivars onto rootstocks able to reduce the effect
of external salt on the shoot. This strategy of grafting could also provide growers the
opportunity to combine the best shoot characters with the best root characters and
researchers the possibility of studying the contribution to the shoot performance of
genes expressed in the roots and vice versa, and their interaction. In this respect,
grafting provides an experimental means to juxtapose diverse genotypes, to test for
transport of hormones, signals, or metabolites [10], and to demonstrate the mobility
of RNAs and proteins through the phloem. It is important to point out that growers
would exploit immediately a technique like this if that allows them to use saline
conditions in the culture, while retaining the yield and quality of crop varieties for
which they already have established markets.

42.2
Formation of the Rootstock–Scion Union

Grafting of two plants so that they grow as a single individual is an ancient
horticultural technique that can combine valuable traits of different genotypes.
Grafting is an established method of vegetative propagation for many forest trees
and iswidely used in horticulture to propagate ornamentals. Grafting is not limited to
woody species, but it is also used for some vegetables crops [11, 12]. Among themost
grafted horticultural species are the cucurbits (watermelon, melon, and cucumber)
and the Solanaceae (tomato, eggplant, and pepper).

The agricultural use of grafting is considerably restricted to closely related taxa
because of incompatibility. Grafting partnersmay belong to the same species, genus,
or family. For successful grafting to take place, the vascular cambium tissues of the
rootstock and scion plants must be placed physically in contact with each other. Both
tissuesmust be kept alive until the graft has takenplace, usuallywithin a period of few
weeks [13, 14].

Several authors have defined the sequence of structural events during the healing
of the graft in herbaceous plants. An overview of this sequencewould be as follows: (i)
the scion tissuewithmeristematic activity is placed in intimate contact with rootstock
tissue in such a manner that the cambial regions of both are able to interconnect
through the callus bridge. Thus, new parenchymatous cells proliferate from both
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rootstock and scion producing the callus tissue and filling up the spaces between the
two components connecting the scion and the rootstock. (ii) New cambial cells
differentiate from the newly formed callus, forming a continuous cambial connec-
tion between rootstock and scion. Furthermore, prior to the binding of vascular
cambium across the callus bridge, initial xylem and phloem may be differentiated.
The wound-repair xylem is generally the first differentiated tissue to bridge the graft
union, followed by wound repair phloem. (iii) In the last step of the graft process, the
newly formed cambial layer in the callus bridge begins typical cambial activity
forming new vascular tissues. Production of new xylem and phloem thus permits the
vascular connection between the scion and the rootstock [13, 15]. Although the time
in which each process of grafting occurs depends on various factors such as the
grafted species and variety, many authors observed that the differentiation of callus
parenchyma to form new cambial cells begins between days 4 and 8 and is fully
developed after 15 days [14, 16].

Observation of the structure of the graft union in tomato showed formation of
xylem and phloem vessels through the scion–rootstock union 8 days after graft-
ing [14]. In addition, root hydraulic conductance, L0, indicates that the graft bond is
fully functional 8 days after grafting.

Many studies have suggested that peroxidases play a role in lignification [17, 18].
Fernandez-Garcia et al. [14] showed that total peroxidase activity increased during
developmentofcontrolandgraftedtomatoplants.However,graftedplantsshowedmore
activity thancontrols,whichis inaccordancewiththe increased lignificationobservedin
the graft union by histochemical analysis. Moreover, grafted tomato plants showed a
significant increase inH2O2 at day 8 [14]. Lignification is a process that requires H2O2

andcellwallperoxidases tobringaboutpolymerizationof lignin. Inaddition,H2O2may
serveasanimmediatemechanismfordiseaseresistance inresponse topathogensandit
could play an important role in wound response and cell apoptosis [19–21].

Graft incompatibility includes failure to unite into a strong scion–rootstock
connection, failure of the grafted plant to grow in a healthy manner, or premature
death following grafting. Physiological incompatibility may be either due to lack of
cellular recognition, wounding responses, and growth regulators or due to incom-
patible toxins, but the ultimate biological nature of this grafting incompatibility is
not known [22]. In tomato, our group observed in one graft combination between
two cultivars, P73 as scion and Pera as rootstock, that although grafting was
successful leaf morphological alterations began to appear after a certain period of
time (between 20–25 days after grafting), which seemed to be associated with
hormonal imbalance (Figure 42.1). Thus, Aloni et al. [23] found that the disruption
of rootstock–scion connections in incompatible grafting occurred approximately 25
days after grafting and proposed that the main cause of incompatibility is the
occurrence of hormonal imbalance, primarily of auxins and ethylene in the root
system following the establishment of grafting connections. Recently, Aloni
et al. [13] showed a schematic presentation of a possible mechanism for grafting
incompatibility in melon plants, indicating that incompatibility may result from
basipetal auxin transport to the rootstock where it induces ethylene production and
oxidative stress. This oxidative stress may be activated also in compatible grafting.
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These authors suggested that exogenous application of indole acetic acid (IAA)
transport blockers, abscisic acid (ABA), ethylene antagonist agents, or antioxidants
may reduce grafting incompatibility by reducing oxidative stress in the root and
therefore enabling its growth.

42.3
The Use of Grafting in Tomato

The application of grafting began in the 1920s, initially to limit the effects of soil
pathogens such as Fusarium oxysorum [24]. Application and use of grafting in diverse
plant species of horticultural importance have risenwith the increaseduse of improved
soil mix or substrate, farmer�s preferences for better seedlings, efficient management
of nursery systems, lower prices of grafted seedlings, and efficient nationwide delivery,
and/or transportation system [25]. This technique has been widely used to enhance
nutrient uptake [26, 27], to induce resistance against drought [28, 29], to boost
resistance to low and high temperatures [29–31], to bring about resistance against
heavymetal contamination [27, 32], to improve alkalinity tolerance [33], and to increase
synthesis of endogenous hormones [13, 34]. Grafting has also been used as a tool to
study various aspects of plant biology including apical dominance [35], nodulation [36],
flowering [37], dwarfing [38], and characterization of mutants [39].

Inrelationtosalttolerance,itispossibletofindseveralstudiesthatusegraftingasatool
to improve salinity tolerance of tomato either through its direct application or indirectly
through the detection of QTL in support of conventional breeding [14, 40–47]. These

Figure 42.1 Leaf and apex alterations observed in tomato-grafted plants (cv. P73 used as scion and
cv. Pera used as rootstock) (b–e), compared to nongrafted plants of both cultivars that showed no
abnormal characteristics on such vegetative organs (a and f).
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studies suggest that grafting provides an alternative way to improve salt tolerance by
reducing the ionic stress [41, 43, 44, 48, 49] and by improving the photosynthesis
performanceandtheantioxidantsystems[47].Cultivatedtomatospecies isaglycophyte,
thus screening for rootstocks that confer resistance to salinity to the scion is mainly
directed to combinationsof interspecificgrafts. Tomato is compatiblewith awide range
of genera and species. For example, it has been grafted on potato (S. tuberosum)
producing tomato fruits and potato tubers [50]. Although intergeneric, interspecific,
and intervarietal combinations are possible, the use of halophytes as rootstocks show
major problems due to the different sizes and growth rates and the compatibility
between the genotypes used. Therefore, the use of interspecific hybrids as rootstocks
maybeabetter strategy to studyand integrate theagronomic,physiological, andgenetic
components of salt tolerance conferred by the rootstock to the scion [46]. Furthermore,
graftingprovidesadirectwaytotransfersalttolerancetraitsfromthewildspeciesintothe
domestic tomato by using recombinant inbred lines (RILs) derived from interspecific
crossesasrootstocks[43].Previousstudieswithtomatosuggestthatgraftingdidimprove
plant adaptation to salt stress [40, 41].

Grafting could be a promising tool to raise fruit quality under both nonsaline and
saline conditions [32, 51, 52]. Althoughmore studies are necessary, the results obtained
by our group on this aspect are remarkable. Results obtained with tomato-grafted
plants showed that grafting may be an effective agricultural approach to improve fruit
quality under both control growth conditions and salinity, but careful screening for
optimal rootstocks is a key question, as the fruit quality of the shoot depends, at least
partially, on the root system [53]. These results are very interesting, as it is known that
simultaneous increase inboth fruit yield and soluble solids content, amain fruit quality
parameter in tomato, in commercial tomato cultivars is a difficult task [6]. This is due to
the inverse relationship generally found between both parameters, which seems to
become stronger under saline conditions [54]. In this study, however, the beneficial
effect induced by the rootstock on the fruit quality of the shoot genotype was not
associated with any negative effect on the fruit yield under saline conditions. But the
rootstock was even able to induce significant increases in fruit soluble solids content
and titratable acidity not only under saline conditions but also when the grafted plants
were grown under unstressful conditions [53]. These results suggest that graftingmay
be a valid strategy to improve fruit quality.

42.4
Physiological Processes Involved in Salt Tolerance of Grafted Tomato Plants

The salinity response of grafted plants may be different depending on the main
predominant effect induced by salinity as this abiotic stress acts onplants in twoways:
high concentrations of salts in soil make it harder for roots to absorb water, resulting
in an osmotic stress the main symptom of which is dehydration; and high con-
centrations of salts within the plant can be toxic, causing an ionic stress the main
symptom of which is leaf chlorosis and swelling due to the excess of sodium ion.
Moreover, if the plant is not able to reach homeostasis and adapt to these salinity
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conditions, oxidative stress arises as a result of the excessive production of reactive
oxygen species in cells, leading to senescence and death. In a recent review of the role
of grafting in plant crops under saline conditions, it was shown that grafted plants
deploy numerous and diverse physiological and biochemicalmechanisms in order to
cope with salt stress [33].

The first phase of the plant growth response results from the effect of salt outside
the plant. The immediate effect on the plant of the high concentrations of saline
solutes in soil is the loss of turgor, and the main plant morphological process
depending on turgor is cellular expansion. Therefore, leaf expansion and root
elongation are the morphological processes that are more sensitive to the osmotic
stress caused by salinity in plants. The cellular and metabolic processes involved are
common to drought-affected plants. To cope with this situation, one key mechanism
displayed by stressed plants with the aim of restoring thewater uptake and cell turgor
is osmotic adjustment. The plant needs to accumulate solutes tomaintain cell volume
and turgor, so the response to turgor reduction is osmotic adjustment, a major
component of the response to salt stress in affected plants. The main solutes
contributing to osmotic adjustment are inorganic solutes, which are taken up from
the substrate and transported to the shoot, and organic solutes, which are synthesized
by the plant. Naþ and Cl� are energetically efficient osmolytes for osmotic adjust-
ment, but they must be compartmentalized into the vacuole to minimize ion
cytotoxicity. Within the cytoplasm, osmotic adjustment is achieved by accumulation
of the so-called compatible osmolytes. Some compatible osmolytes are essential
elemental ions, such as Kþ , but the majority of these are organic solutes, especially
sugars (mainly fructose and glucose), organic acids, and other metabolites such as
trehalose, proline, inositol, glycine, and betaine that have an osmoprotector role,
too [55–57].

Since the long-term damage caused in cultivated tomato by salinity is ionic toxicity
due to the excessive accumulation of Naþ and Cl� in leaves [3], it is a reasonable
supposition that useful rootstocks should be able to reduce the uptake and transport
rates of saline ions to the shoot (a trait often termed �salt exclusion�). The enhanced
salt tolerance of grafted plants has often been associated with lower Naþ and/or Cl�

content in the shoot [33], as has been observed in tomato [41, 43]. This indicates that
tolerance induced by rootstock is related to the ionic stress rather than to the osmotic
stress. However, in contrast to the cultivated species S. lycopersicum that generally
excludes toxic ions [44, 58], most wild accessions seem to have an ionic inclusion
mechanism because they accumulate higher concentrations of Naþ and Cl� in their
leaves [59]. It is necessary to keep in mind that the use of organic solutes for osmotic
adjustment is energetically much more expensive than the use of saline ions
proceeding from the substrate [60]. The ATP requirement for the biosynthesis
and/or transport for accumulation of solutes in leaves was assessed by Ravens [61]
at 3.5 units for Naþ , 34 formannitol, 41 for proline, 50 for glycine-betaine, and about
52 for sucrose. In this respect, salt tolerance may always be associated not only with
low Naþ concentration in the leaves but also with the capability of the tissue to
tolerateNaþ .While themost tolerant genotypes ofmany species are thosewith better
abilities to prevent excessive ion accumulation, the leaves of halophytes do contain
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high salt concentrations [62], which are necessary to adjust the leaf water relation-
shipswith low external potentials, and halophyte plants use the cheapest solutes from
an energetic point of view [63]. Tissue tolerance toNaþ involves the storage ofNaþ in
vacuoles, to avoid its accumulation in cytosol, preventing alterations in the activities
of cytosolic enzymes [64]. Electrochemical Hþ gradients, generated by Hþ -pumps
located at the plasma membrane (Hþ -ATPase) and the tonoplast (Hþ -ATPase,
Hþ -PPase), provide the energy used by the plasmamembrane- and tonoplast-bound
Naþ /Hþ antiporters to couple the passivemovement ofHþ to the activemovement
of Naþ out of the cell and into the vacuole, respectively [65]. Such a situation seems
also to occur in grafted tomato plants when grown at low-mid levels of salt, as the
higher the fruit yield, the higher the contribution of inorganic solutes, including the
saline ions, to the osmotic potential [43, 44]. Then, breeding for Naþ accumulation,
rather than exclusion, could be a more effective strategy for improving salt tolerance
of conventional crop plants.

In addition to its known components of osmotic effect and ion toxicity, salt stress is
manifested by an oxidative stress, all of which contribute to its deleterious effects [66,
67].When plants are not able to adapt or to tolerate salinity conditions, the availability
of CO2 within the leaf is restricted and fixation of it is inhibited. This short supply of
CO2 is due to the high density of closed stomata of stressed plants. Plants tend to close
stomas in response to drought and salt stress in order to avoid losing water by
evaporation. The alteration inCO2fixation induces the impairment of ATP synthesis.
Under these conditions, the concentration of the final electron acceptor NADPþ is
generally very low, which leads to an excess of excitation energy in the photosystems.
High-energy states may be dissipated by either nonphotochemical quenching (e.g.,
xanthophyll cycle) or alternative processes, such as photorespiration [68]. If not
dissipated, electrons accumulate in the electron transport chain and are transferred to
oxygen (Mehler reaction), generating reactive oxygen species (ROS). Because of their
high reactive potential, ROS are harmful tomany cellular componentswhen a certain
threshold is exceeded (e.g., proteins, DNA, and lipids). This abnormal accumulation
of ROS constitutes the starting point of oxidative stress. With regard to photosyn-
thesis, under stressful conditions the electronic flow ceases and as a consequence
photoinhibition is favored, but ROS accumulation also induces the photooxidation of
photosystems I and II [69]. Plants have defensive mechanisms and utilize several
strategies to overcome salt-mediated oxidative stress. Plant enzymatic defenses
against oxidative stress include antioxidant enzymes promoting ROS scavenging
such as catalases, superoxide dismutases, and peroxidases participating in the
glutathione and ascorbate cycles [66, 70]. The biochemical defense system also
includes nonenzymatic components such as carotenoids, ascorbate, glutathione, and
tocopherols. A correlation between antioxidant capacity and salinity tolerance has
been reported in tomato through comparative studies between cultivated and wild
species [67, 71, 72]. According to Colla et al. [33], antioxidants can be used asmarkers
of salinity tolerance in grafted vegetables. In tomato, the alleviation of oxidative
damage in grafted tomato plants under NaCl stress originated from the increase in
activities of catalases and enzymes involved in the ascorbate–glutathione cycle such
as ascorbate peroxidase, dehydroascorbic reductase, and glutathione reductase [47].
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Therefore, an efficient antioxidant system is an advantage for enhancing salt
tolerance of grafted plants. Nevertheless, in contrast to the negative significance
given to the increased ROS production, implying a harmful process, recent studies
have shown that ROS play a key role in plants as signal transduction molecules
involved in mediating adaptive responses to abiotic stress, suggesting that ROS
signaling is an integral part of the response of plants to salinity [73, 74].

42.5
The Rootstock Improves Salinity Tolerance at Agronomical Level

In most studies on the role of grafting in salinity tolerance of crop plants, the salinity
responses of the grafted plants have been studiedmainly on the basis of plant growth
but not on the basis of fruit yield [29]. Only in some cases, such as melon and
cucumber, there are studies showing the salinity effect in grafted plants on fruit
yield [33].However, to our knowledge, the only results on the grafting effect in salinity
tolerance of tomato on the basis of fruit yield have been obtained by our research
group [40, 43, 44]. The most important question to elucidate is whether fruit yield
may be increased in grafted plants grown under salinity. For example, when a
commercial tomato hybrid like Jaguar was grafted onto the roots of several tomato
genotypes, the positive effect of grafting on the fruit yield was found when electrical
conductivity (EC) levels in the irrigationwater increased (because of its increasing salt
contents), with fruit yield significantly higher in all grafted combinations than that of
the self-grafted cultivar (Figure 42.2). It is interesting to note that the important effect
induced by some rootstocks on the salt tolerance of the shoot genotype was
determined by means of fruit yield, as occurred in the plants grafted onto two of
the four tomato cultivars assayed as rootstocks, Radja and Pera. Thus, while the self-
grafted commercial hybrid plants reduced their fruit yield by 50% at 7.5 dS m�1, the
graft combinations onto Radja and Pera were able to maintain their yields around
90%at this salt level, compared to the plants grown at 2.5 dSm�1 (control conditions).

As we said elsewhere, although intergeneric, interspecific, and intervarietal com-
binations in grafting are possible, the use of halophytes as rootstocks show major
problemsdue to the different sizes and growth rates and the compatibility between the
genotypes used. Therefore, the use of interspecific hybrids as rootstocks may be a
better strategy for investigating the agronomic, physiological, and genetic components
of salt tolerance conferred by the rootstock to the scion. Different studies have been
carried out by using a commercial tomato hybrid S. lycopersicum cv. Boludo as scion
and as rootstock twoRIL populations developed from a cross between a genotype of S.
lycopersicum var. cerasiforme, as female parent, and as male parents two salt-tolerant
lines belonging to the wild tomato species S. pimpinellifolium (123 lines) and S.
cheesmaniae (100 lines). In these studies, our group corroborated the positive effect of
the rootstockon fruit yield, as inboth populations therewere rootstock lines that raised
the fruit yield of the commercial hybrid under saline conditions [46]. Taken together,
the set of results obtainedbyour researchwork anddiscussed in this sectionhighlights
the effectiveness of grafting to enhance fruit yield in tomato.
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42.6
Genetic Basis of Salinity-Tolerant Rootstocks

The grafting strategy could also provide the plant breeder with the possibility of
combining good shoot characters with good root characters and studying the
contribution of genes transcribed in the roots to their performance in the shoot.
An interesting approach to clarify how genes govern the tolerance to salt is the
combination of segregation analysis of markers and phenotyping of lines to detect
QTL. If it were possible to reveal molecular markers tightly linked to the genes
governing salt tolerance, their favorable alleles could be selected in segregating
populations by those markers and eventually incorporated into salt-tolerant
cultivars. These markers closely linked to QTL alleles may reveal masked alleles
and facilitate the introduction of genetic material without the disadvantages
associated with traditional methods. The prospects of modifying a phenotype
through conventional breeding have more possibilities of succeeding if it is
incorporated with one or few defined regions of crucial importance than if
generating a desired phenotype depends upon changes in a large number of
genes, each with a small effect and scattered all over the genome. The identifi-
cation of QTL has, therefore, practical importance to attempts to enhance stress
tolerance.
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Figure 42.2 Tomato plants grafted onto
different rootstocks when grafting was
established (a) and at the end of growth cycle
(b). Relative fruit yield comparison between self-
grafted plants of a commercial tomato hybrid
(cv. Jaguar, J) and Jaguar grafted onto different
cultivars used as rootstocks (R, cv. Radja; V cv.
Volgogradskij; P, cv. Pera; and C, commercial

rootstock) at increasing levels of electrical
conductivity of the irrigation solution. At the first
level, the EC resulted from the sum of irrigation
water EC (1.0 dS m�1) plus the nutrient
solution; in the following levels (5.0, 7.5, and
10.0 dS m�1), the EC was increased because of
the addition of 25, 50, and 75mM NaCl,
respectively, to the irrigation solution.
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Efforts on salt tolerance dissection using tomato experimental populations have
been made taking into account different kinds of traits; however, in the case of crop
plants, it is ultimately the yield under specific field conditions that will determine
whether or not a gene or combination of genes (or QTL) is of agronomic importance.
Experimental populations and the assays performed with them using grafting have
already been discussed in the previous section, when these were used to test grafted
plants with tolerance to salinity [46]. As already mentioned, salt tolerance in terms of
fruit yield was studied by QTL analysis using the same RIL populations of F9 lines
developed from a salt-sensitive genotype ofS. lycopersicum var. cerasiforme, as female
parent, and two salt-tolerant lines, as male parents, from S. pimpinellifolium and S.
cheesmaniae [4]. Contrary to the expected, it was found that the wild allele (i.e., from
the wild salt-tolerant genotype) was advantageous only at one total fruit yield QTL on
chromosome 10 (tw10.1, near the salt-specific fn10.1). In fact, it was found that the
advantageous allele at all fruit yield QTL came from the cultivated, salt-sensitive
species. Therefore, other approaches in raising tolerance to salt using wild germ-
plasm need to be considered.

Next, the rootstock effect on the fruit yield of a grafted tomato variety was
genetically analyzed under salinity using as rootstock the previous RIL popula-
tions [46]. It is shown that the fruit yield increase induced by rootstock under salinity
is a heritable trait governed by at least eight QTL. The most relevant component was
the number of fruits. Thus, most of the detected QTL involved in salinity tolerance
correspond to this component. In general, QTL genetic effects have a rather low
degree, with contributions from 8.5 to 15.9% at most, and the advantageous allele
comes from the wild, salt-tolerant species. To our knowledge, this is the first QTL
analysis of the rootstock effect on the scion fruit yield. It is shown that the salt
tolerance alleles from wild species can be more easily used to improve salt tolerance
of the cultivated species through their utilization in tomato rootstock breeding
programs [46].

42.7
Conclusions and Future Perspectives

There are rootstocks able to induce salt tolerance in tomato-grafted plants, an
observationmade on the basis of the determination of fruit yield, a most important
agronomical trait. As discussed in this chapter, grafting practices offer the possi-
bility of avoiding or reducing yield losses caused by salinity by means of grafting
cultivars onto rootstocks able to reduce the effect of salt on the shoot. What is more,
at the same time, is that it induces the development of salt tolerance to be conferred
by a suitable rootstock and it allows to retain desired features of the shoot, such as
fruit production and quality, which are essential parameters from the agrofood
industry perspective. Themain challenge here is the selection of the right rootstock,
that is, the one that counteracts the negative effects of salt on the scion without
affecting the levels of production and quality of the shoot. However, in order to
simplify the process of rootstock selection, it would be very interesting to identify
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the main rootstock characteristics able to reduce the negative effects of salinity on
the shoot genotype in shorter time, in order to avoid crop losses in the grafted plants
at the initial period of stress. Moreover, screening for a trait associated with a
specific mechanism of the plant response to salinity is preferable to the screening
for salt tolerance itself, as measuring the effect of salt on crop yield of a large
number of lines is very difficult and complex. However, it is very important to take
into account that the salinity response of tomato varies not only with genotype but
also with salt levels and exposure times. Probably, the different and even contra-
dictory results found in the literature may be, at least partially, due to either the
stress level or the exposure time applied was not sufficient to show net differences
among distinct grafted plants. Finally, the importance of osmotic tolerance mech-
anism to salt tolerance must be considered, which has not received as much
attention as the ion exclusionmechanism, as it could be equally crucial in providing
salt tolerance to tomato plants. From this perspective, more studies are required in
order to arrive at the selection of the rootstock traits able to induce salt tolerance in
the osmotic phase of this abiotic stress.
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Tomato: Genomic Approaches for Salt
and Drought Stress Tolerance
Benito Pineda, José Osvaldo García-Abellán, Teresa Antón, Fernando Pérez,
Elena Moyano, Begoña García Sogo, Juan francisco Campos, Trinidad Angosto,
Belén Morales, Juan Capel, Vicente Moreno, Rafael Lozano, Mari Carmen Bolarín, and
Alejandro Atarés

Tomato is considered one of the most economically important vegetable crops in the
world, particularly in temperate areas. Abiotic stresses as those promoted by salt
accumulation and water deficiency entail significant losses of productivity. Despite
the great efforts for increasing tolerance in such species of agronomic interest as
tomato, the results so far obtained both with conventional breeding methods and
with somebiotechnological approaches have been rather scarce due to the complexity
of the response to salt and drought stress. Moreover, only a small number of genes
playing important roles in tolerance mechanisms to drought and/or salinity have
been identified so far. Thus, novel tomato genes involved in abiotic stress tolerance
need to be isolated and functionally characterized to help increase the level of salt and
drought tolerance by means of gene transformation. This chapter focuses on the
applications of genomic tools to the genetic dissection of those complex traits in
tomato and related halotolerant wild species. First, the opportunities and limitations
of the genome-wide expression profiling approaches to identify the genes associated
with the stress response are discussed. Likewise, the advances achieved through
forward and reverse genetics approaches such as insertional and chemical muta-
genesis, TILLING, and other gene tagging approaches are reviewed. Hopefully, the
combined use of all these genomics tools will lead to important advances in the
genetic and physiologicalmechanisms of tolerance to drought and salinity in tomato,
thus allowing the proper design of future breeding programs.

43.1
Introduction

Tomato is considered one of the most economically important vegetable crops in the
world. Abiotic stresses, like those promoted by soil salinity andwater deficiency, have
a huge impact on tomato production and mainly affect arid and semiarid zones.
Although production losses are very difficult to estimate, it is considered that drought
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is a major abiotic stress that affects agriculture in 45% of the world�s geography,
where 38% of the world population resides [1]. Moreover, 20% of the irrigated
agricultural lands are considered saline, yet production losses are higher due to the
continuously increasing secondary salinization brought about by the low-quality
water used for irrigation [2]. This risk will increase as the population increases
because cities and industry will pay for the best quality water, leaving the worst to
agriculture. Development of crop plants tolerant to stress is vital to meet the growing
food demand through sustainable agriculture. Therefore, the greatest challenge for
the coming years will be to increase crop production in abiotic stress-affected lands.

Despite the economic relevance of tomato, themechanisms that govern responses
to these abiotic stresses in this horticultural species are not well characterized, and
only a very small number of genes playing a role in tomato tolerance to salinity and
drought have so far been identified. Similarly, despite the existence of a great wealth
of sources of variation in salinity and drought tolerance in accessions of tomato wild
species, we still do not know the main physiological processes determining their
ability to grow and reproduce in stressed lands and still less about the key genes
controlling the high level of tolerance. Results from several laboratories have shown
that it is possible to increase the level of salt and/or drought tolerance through a
transgenic approach; however, it is not possible to conclude for the moment that
cultivars with a sufficient level of tolerance from an agronomic point of view have
been obtained via genetic transformation. In order to overcome the present limita-
tions, it would first be necessary to perform the genetic dissection of those complex
traits in tomato and related halotolerant wild species, which in turn would enable the
identification of the targets for future breeding programs. In this respect, large-scale
programs based on the use of genomic approaches should usher in a new era in the
knowledge of the genetic and physiological bases of the response andmechanisms of
tolerance to salinity and drought, thus allowing the design ofmore effective strategies
for breeding for abiotic stress tolerance in tomato.

43.2
Tolerance Mechanisms to Drought and Salinity in Tomato and Related Wild Species

Tolerance to drought and salt stress is a complex phenomenon at both thewhole-plant
level and the cellular level, and intense research efforts have focused on under-
standing the physiological basis of tolerance in higher plants [3–7]. In physiological
terms, drought and salinity share osmotic stress, such as a decrease in soil water
availability under drought or a decrease in water potential of soil solution under
salinity, causing osmotic stress, which leads to decreased water uptake and loss of
turgor [8]. Drought and salt stresses also provoke oxidative stress, which leads to the
acceleration of reactive oxygen species (ROS) scavenging systems [9]. The differential
effect induced by salinity is the toxic effect of the salt induced by the root uptake and
shoot transport of saline ions. While the osmotic effect starts immediately after the
imposition of salt stress (i.e., before the saline ions are taken up by the roots), the toxic
effect starts later when the saline ions are transported to the shoot and build up to
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toxic levels within the leaves. However, the timescale over which ion-specific damage
is manifested depends on the salt sensitivity of the genotype and the stress level [10].
Although the two phases are generally separated in time for most plants, it is also
possible for ion toxicity to take effect during the first phase itself and for osmotic
effects to persist in the second phase [11, 12].

43.2.1
Physiological Response to Osmotic Stress Induced by Drought and Salinity

Drought and salinity are known to induce stomatal closure, slowingCO2 assimilation
and, consequently, reducing the photosynthetic rate, although the causes of
decreased photosynthetic rate under abiotic stress are still not well established, and
there remains substantial controversy about the main physiological targets respon-
sible for photosynthetic impairment [13, 14]. In addition to the effects on CO2

diffusion, ATP synthesis and reductant status, abiotic stresses can also negatively
affect the Calvin cycle by reducing the content and activity of photosynthetic carbon
reduction cycle enzymes, including the key enzyme Rubisco. In tomato, the
photosynthetic rate and the carbohydrate availability do not seem to be the first
limiting factors for plant growth under saline conditions. Rather, these are the
distribution and the use of photoassimilates in the sink organs [15, 16].

One important mechanism of the maintenance of water uptake and cell turgor
under drought and salinity is osmotic adjustment. One important difference between
drought and salinity is the main solutes contributing to osmotic adjustment. Under
drought stress, the compatible solutes (or osmolytes), together with Kþ and NO3

�,
are the most important ones contributing to the osmotic adjustment, while under
salinity the most important solutes are the saline ions. The use of organic solutes for
osmotic adjustment is energetically much more expensive than the use of the saline
ions proceeding from the substrate [17], which could make tomato more sensitive to
the osmotic component of NaCl than the ionic component [18]. Thus, in the salt-
tolerant wild tomato species, the greater salt tolerance has been associated with high
Naþ accumulation in leaves and fruits [19, 20], through the use in the main of the
cheapest solutes from an energetic point of view for osmotic adjustment. Within the
cultivated species, the salt tolerance is not always associated with low Naþ concen-
tration in the leaves. Thus, a direct relationship between the fruit yield and the
accumulation of leaf saline ions was found in tomato when plants are grown at low-
mid levels [21]. Other evidence on the importance of the osmotic component in the
salt tolerance of tomato was apparent when the salt response of tomato transgenic
lines with different expression levels ofHAL1 gene, involved in Naþ regulation, was
studied. In plants of a homozygous line proceeding from a transgenic plant with a
very high expression level ofHAL1 gene, the fruit yield under saline conditions not
only did not increase but was also even lower than that of azygous plants, and this in
spite of themuch lower Naþ uptake andNaþ translocation to shootmaintained over
time in the homozygous line [12]. The deeper physiological characterization of these
plants allowed it to be elucidated that the greater ability of Naþ exclusion in the
homozygous line caused another type of osmotic problem, as leaves required an
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increased synthesis of organic solutes to maintain osmotic balance, thus leading to
growth penalty that negatively reflected on fruit yield. These results demonstrate the
importance of considering the osmotic component of salt stress in tomato.

With respect to the role of osmolytes in drought and salinity, plants accumulate
many metabolites in the cytoplasm to increase their osmotic tolerance against water
loss from the cells inducedbydrought and salt stress, especially soluble sugars (mainly
fructose and glucose) and organic acids [22]. Accumulation of compatible solutes such
as proline, glycine-betaine, and trehalose has also been proposed as playing a role in
tolerance to abiotic stress by protecting protein and membrane structure, regulating
redox status, or acting as a scavenger of ROS [23–26]. Trehalose is present in some
desiccation-tolerant higher plants [27] and the quaternary ammonium compound
glycine-betaine is accumulated in numerous halophytes fromseveral families [28–30].
Proline is one of themost studied osmolytes in tomato, as its concentration increases
significantly after stress exposure, although consensus has not been reached on the
relationship between stress tolerance and accumulation of proline [31]. Thus, proline
increase in the leaf was deemed to be a symptomof salt injury rather than a trait of salt
tolerance, whereas the opposite response was also observed, mainly when the salt
tolerance mechanisms were studied at short term [32, 33]. Santa-Cruz et al. [34]
observed a higher proline accumulation in the salt-tolerant species Solanum pennellii
after24 hof salt treatment,whichwas associatedwith the compensationof lowerpHin
the cytoplasmof the stressed cells. Taken together, the changes inducedby stress in the
osmolyte contentsmay vary dependingon the intensity, duration, andprogression rate
of stress; proline changes may show adaptive responses of the plants in order to
reestablish osmotic homeostasis at the short mid-term, but they may also show a
defense strategy of the plant to tackle the harmful effects induced by stress after a long
exposure and may be even part of the damage caused by the stress.

43.2.2
Physiological Response to Oxidative Stress Induced by Drought and Salinity

Whenplants are exposed to drought and salinity and the availability of CO2within the
leaf is restricted and/or the synthesis of ATP is impaired, the concentration of the
final electron acceptor NADPþ is generally very low, which leads to an excess of
excitation energy in the photosystems.High-energy statesmay be dissipated by either
nonphotochemical quenching (e.g., xanthophyll cycle) or alternative processes, such
as photorespiratory metabolism [35]. If not dissipated, electrons accumulate in the
electron transport chain and are transferred to oxygen (Mehler reaction), generating
ROS. Because of their high reactive potential, ROS react with, and damage, many
cellular components (e.g., proteins, DNA, and lipids), constituting oxidative stress.
ROS also inactivate the photochemical reaction center of PSII, causing photoinhibi-
tion. It has been proposed that most environmental stresses inactivate PSII by
inhibiting the mechanisms of repairing photodamage rather than by directly
attacking it [36]. Plants have defensive mechanisms and utilize several biochemical
strategies to overcome drought and salt-mediated oxidative stress. Plant enzymatic
defenses include antioxidant enzymes such as the phenol peroxidase, ascorbate
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peroxidase, glutathione peroxidase, superoxide dismutase, and catalase that, together
with other enzymes of the ascorbate-glutathione cycle, promote the scavenging of
ROS [37, 38]. The biochemical defense system also includes carotenoids, ascorbate,
glutathione, and tocopherols. Several authors have suggested that the function of
sugars, poliols, glycine-betaine, and proline could be to protect cells against the
hydroxyl radical [39]. Acorrelation between antioxidant capacity and salinity tolerance
has been reported in tomato through comparative studies between cultivated and
wild species [25, 40, 41].

In contrast to the negative termused for the increased ROS production, implying a
harmful process, recent studies have shown that ROS play a key role in plants as
signal transduction molecules involved in mediating responses to abiotic stress,
suggesting that ROS signaling is an integral part of the adaptation response of plants
to drought and salinity stresses [42, 43]. Thus, H2O2 seems tomodulate the activities
of many components that contribute to cell signaling, including Ca2þ and Kþ

channels [44]. Although the sources of ROS under stress, mechanisms of ROS
detoxification, and the role of ROS in stress signaling are all active areas of research
and have been extensively studied and reviewed [43, 45], more studies are necessary
before any definitive conclusion can be reached about the role of the ROS production
under stress in tomato. Perhaps, ROS levels could be the key factor, producing
favorable action (signaling) at low concentrations and oxidative stress at high ROS
concentrations.

43.2.3
Plant Response to Ionic and Nutritional Stress Induced by Salinity

Ionic stress due to the accumulation of toxic saline ions, especially Naþ and Cl�,
induces a nutritional stress due to the altered nutrient uptake, especially of Kþ ions.
Thus, salt tolerance of the cultivated species has generally been correlated with an
efficient Naþ and Cl� exclusion mechanism and with a better maintenance of leaf
Kþ concentration. In most studies on salinity, it has not been possible to determine
whether the toxic effects observed are due to Naþ and Cl� or both. In tomato, it is
interesting to point out that similar relationship between fruit yield and leaf ionic
concentrations for Naþ and Cl� were observed, which suggests that the toxic effects
are, at least in the long term, due to the contribution of both ions [21]. Despite a wide
body of literature, the mechanisms that govern tomato response to salt stress are not
well characterized, and a very small number of genes playing a role in the transport of
saline ions have been identified to date [46, 47]. AnionCl� transporters are not known
in tomato yet, and themost important advances in the transport processes have been
achieved for the Naþ and Kþ transport [48, 49].

According to Plett et al. [50], salinity tolerance in plants is derived from the
contributions of three components: tolerance to the osmotic stress imposed by
salinity, exclusion of Naþ from the shoot, and tissue tolerance of the Naþ accu-
mulated either by vacuolar storage or by tolerance to cytoplasmic Naþ . It is likely that
all three components operate simultaneously and interact to a greater or lesser extent
to provide a plant with its overall salinity tolerance. The osmotic tolerance mech-
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anism for salt tolerance, which has not received as much attention as the Naþ

exclusion mechanism, appears to be equally important in providing salt tolerance to
tomato plants. It has been reported that the salt-tolerant wild species and some
tomato genotypes show growth stimulation on addition of NaCl to a growthmedium
when NaCl is rapidly accumulated and employed preferentially as an osmoticum,
both in the leaves or vegetative organs [10, 21] and in the fruits [20]. Thus, the Naþ

transport to the shoot and its accumulation in leavesmay be amore effective strategy
than exclusion for improving tolerance of tomato whenmoderately saline waters are
used for irrigation.

However, it is necessary to take into account that mechanisms to tolerate poten-
tially toxic levels of Naþ in the leaf tissues may be valid up to a certain salinity level,
but not when the limit of tolerance to cytoplasmic Naþ is exceeded. In tolerant
genotypes, theNaþ uptakewas not proportional to external salinity, but was curtailed
at high salinities or longer time [21, 51]. Moreover, sometimes the major differences
inNaþ accumulation aremainly observed when the concentrations are expressed on
a dry weight basis instead of on a cell water basis, such as was observed by
comparatively studying the response of cultivated and wild tomato species at the
cell and whole-plant level [19]. Taken together, the salinity tolerance mechanisms in
tomato and, especially, in wild tolerant species seem to be mainly associated with
their increased capacity to uptake water throughout osmotic adjustment, diluting the
toxic ions and maintaining shoot growth.

In spite of the advances in the tomato gene identification involved in the Naþ and
Kþ homeostasis in past years, more advances are necessary to understand the role
and regulation of some genes involved in the reestablishment of ion homeostasis
under salt stress. In this respect, tomato is a very good model for studying long
distance transport of saline ions because of its physiological and anatomical structure,
as tomatoes have ways of partitioning the salt arriving at the shoot, either retaining it
in the leaf base or stemand preventingNaþ from reaching the photosynthetic tissues
or directing salt away from younger leaves toward older ones [10]. Recently, Ol�ıas
et al. [49] showed that the relevant role of SlSOS1 gene was associated with the
partitioning of Naþ in plant tomato shoot. Another important factor is to maintain a
low ratio of Naþ to Kþ reaching the shoot tissues, although tomato appears to have a
poor correlation between salinity tolerance and Naþ /Kþ ratio [12, 52]. However, Kþ

ions are one of the essential elements required for growth, as alterations in Kþ can
disturb the osmotic balance and the function of stomata and some enzymes, and
consequently more advances are necessary in order to fully understand the transport
processes of this important nutrient under stress conditions [53].

43.2.4
Long-Distance Signaling Pathways and their Relationship with Drought and Salinity
Response

There is evidence for a variety of long-distance signaling pathways, involving
hormones and nutrient ions moving in the xylem sap, which regulate the plant
growth under abiotic stress [54, 55]. It is well known that drought and salinity induce
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stomatal closure and that this process ismediated by abscisic acid (ABA) and possibly
by other signals generated in response to abiotic stress [35]. It has been suggested that
earlier and higher ABA accumulation at short term is related to increased tolerance to
drought stress. In support of results for a growth-promoting role of ABA in tomato,
Makela et al. [56] showed that shoot growth of an ABA-deficient tomato mutant was
affected by salt stress during the first phase (osmotic phase) to a significantly greater
extent than its ABA-producing wild type. In a recent study, the higher drought
tolerance induced by the overexpression of a tomato dehydrin (TAS14) was associated
with a rapid increase in ABA in leaves [12], which corroborates the role of ABA in the
tolerance. The action of ABA may be involved in the suppression of ethylene
production [57–59]. Moreover, ABA-induced accumulation of compatible solutes,
as proline, can be crucial for dehydration avoidance [60]. Thus, at the level of the
organism, it seems that amain function of ABA is to coordinate the various aspects of
abiotic stress response [31, 61].

43.2.5
Tolerance to Drought and Salinity Varies with the Developmental Stage

An important factor to be taken into consideration at the time of evaluating the
tolerance to drought and salinity is that the tolerance at one stage of plant develop-
ment is often not correlated with tolerance at other developmental stages [10]. Thus,
efforts have been made to identify QTL for salinity tolerance during seed germina-
tion, vegetative growth, and later stages in tomato [46]. The overall results support the
suggestion that different genetic and physiological mechanisms contribute to salt
tolerance during different stages of plant development. This complicates indirect
selection and comparison of results coming from different experiments and
researchers. Furthermore, it requires knowledge of the physiological traits contrib-
uting to the tolerance at different plant developmental stages.

In comparison to the research conducted during seed germination and the
vegetative stage, limited research has been conducted to identify QTL for salt
tolerance during reproductive development in tomato [62, 63]. It is interesting to
point out that a QTL involved in Naþ accumulation has been recently identified in
RIL lines proceeding from the cross between the cultivated and the wild species S.
cheesmaniae [52]. For osmotic stress, it would be of agricultural importance to evaluate
the tolerance at vegetative and reproductive developmental stages, which are key
water-demanding periods of growth. Furthermore, it should be taken into account
that the incidence of stress is unpredictable and plants may be exposed to drought
stress at any time during their life cycle under field conditions.

In order to answer the questions �what is known so far and what remains to be
known,� it is essential to recognize the important work done in the past decade, as
well as the important advances described here. However, more advances are
necessary to understand themechanisms underlying drought and salinity in tomato.
Moreover, to obtain the knowledge required to develop genotypes with enhanced
tolerance to field conditions, it is very important to combine the descriptive power of
physiological analysiswith thenew tools of functional genomics that have emerged in
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recent years, including the high-throughput methods for transcriptomic, proteomic,
and ionomic analysis. Using this integrated analysis would make it possible to
elucidate the dynamics of plant metabolism in the context of the plant–environment
system as a whole.

43.2.6
Tomato Genes Involved in or Related to Salinity and Drought Tolerance

Although studies inmodel species such asArabidopsishave led to important advances
in the drought and salinity tolerance, the main genes involved in the tolerance
process have to be identified in crops or wild species since the role could vary
according to the species, as seems to occur with the SlSOS1 gene [64]. Recently,
Nagata et al. [65] performeda comparativemolecular biological analysis ofmembrane
transport genes in different organisms, ranging from bacteria to animals and plants.
They compared the numbers ofmembrane transporter genes inArabidopsis and rice.
According to these authors, although many transporter genes are similar in these
plants,Arabidopsis has amore diverse array of genes formultiefflux transport and for
response to stress signals, while rice has more secondary transporter genes for
carbohydrate and nutrient transport. After stress perception, plants must trigger
signal transduction cascades, which in turn activate stress-responsive genes and
ultimately lead to changes at the physiological and biochemical levels (Figure 43.1).
The majority of studies have aimed to decipher the function of genes encoding
downstream components (effectors), such as those coding for antiporters, heat
shock proteins, superoxide dismutases (SODs), and LEA proteins, rather than
upstream components (regulators), such as those coding for transcription factors
and kinases.

Since the most important effect induced by salinity for a long term is the toxic
effect, most approaches have been directed to studying cation transporters and
their regulation, especially the Naþ transporter genes, such as SOS1, HKT, and
NHX. Thus, the tomato genes belonging to the SOS pathway, homologues to SOS1,
SOS2, and SOS3 genes from Arabidopsis, were isolated [49, 64]. SlSOS1, which
encodes a putative Naþ /Hþ antiporter from tomato, highly homologous to
AtSOS1, seems to play a relevant role in maintaining ion homeostasis in tomato,
as SlSOS1-silenced plants weremore sensitive to salt stress thanwild type (WT) and
showed higherNaþ accumulation in leaves and roots andKþ deficiency [49]. These
authors concluded that besides its main action in extruding Naþ out of the root,
SlSOS1 is critical for the partitioning of Naþ in plant tomato shoot, retaining Naþ

in the stems, and preventing Naþ from reaching the photosynthetic tissues.
Preliminary experiments with transgenic tomato plants constitutively overexpres-
sing SlSOS2 and SlSOS3 suggest a relevant role for these genes in tomato salt
tolerance [64]. On the other hand, two tomatoHKTgenes, SlHKT1.1 and SlHKT1.2,
encoding putative Naþ or Kþ transporters, have also recently been isolated (Belver,
unpublished results). Ol�ıas et al. [49] proposed that the transport function of the
SOS1 and HKT systems in tomato may be coordinated to achieve Naþ and Kþ

homeostasis.
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Important work has been carried out by Pardo�s Group in order to determine the
role ofNHXantiporters, whichwere thought tomediate the compartmentalization of
Naþ into vacuoles [66]. Recently, they showed that transgenic tomato plants over-
expressingAtNHX1 had larger Kþ vacuolar pools under all growth conditions tested,
but no steady enhancement of Naþ accumulation was observed under salt
stress [111]. In tomato, the SlNHX1, SlNHX2, and SlNHX3 (LeNHX1, LeNHHX2,
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Figure 43.1 Generic pathway under salinity and drought stresses, where the regulator and
response genes identified so far in tomato are included along with some genes whose role in
tolerance is not yet sufficiently known.
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and LeNHX3, respectively, in theNCBI database) genes that encodeNHX antiporters
were also identified, and the function of some of them, such as SlNHX2, was
studied [67].

Molecular approaches have allowed the identification of a tomato Kþ transporter,
LeHAK5 [68].However, the low levels of the LeHAK5 expression inKþ -starved plants
grown with NaCl showed no correlation between root Kþ concentrations and
transcript accumulation. The regulation of the expression of this gene was further
associated with a more negative electrical potential difference across the plasma
membrane of root epidermal and cortical cells, and the depolarized root plasma
membrane potential of tomato plants grown with NaCl prevented the induction of
LeHAK5 produced by Kþ deprivation [48]. Therefore, under salt stress, the beneficial
effect of a Kþ -uptake systemwith a high discrimination betweenKþ andNaþ seems
to be missing, although more studies are necessary in order to elucidate the main
genes involved in the Kþ transport mechanisms under drought and salinity [69].

There is evenmore limited knowledge on the role of regulator genes, for example,
protein kinases and transcription factors. In a study focused on identifying salt-
responsive genes in the root tissues of tomato seedlings, 24 cDNAs corresponding to
early induced transcription factors were isolated [70]. Furthermore, several compo-
nents of the phosphorylation/dephosphorylation cascades, such as a protein phos-
phatase 2C (DY523345) and a MAPKKK (DY523508), were identified as being
upregulated at the later stages of the salt stress response [70]. More recently, the
ABA-induced SlAIM1 gene, which encodes a R2R3MYB transcription factor, has also
been cloned [71]. SlAIM1 RNAi plants accumulate more Naþ , whereas the over-
expression lines accumulate less Naþ relative to wild-type plants, suggesting that
SlAIM1 regulates ion fluxes. Furthermore, a previously uncharacterized connection
was observed between ABA, Naþ homeostasis, oxidative stress, and pathogen
response, suggesting SlAIM1 has a function in both biotic and abiotic stress
responses and in the existence of a crosstalk between these stress responses in
tomato [71].

With respect to genes playing a role in water deficit stress tolerance of tomato, the
involvement of ASR stress response proteins in physiological adaptation of wild
tomato to dry climates is strongly supported by different studies [72]. Some of the
most studied proteins that accumulate in response to drought stress in higher plants
are the group 2 LEAproteins or dehydrins. In tomato, the expression of TAS14 gene,
which shows sequence similarities to other dehydrins, is upregulated by ABA, salt,
and osmotic stress [73]. We have observed that the overexpression of TAS14 in
transgenic tomato plants improves drought and salt tolerance and that the tolerance
is associated with a rapid ABA increase in the leaves of transgenic plants after
applying the stress (unpublished results). In thewiltedmutant, flacca (flc), induced by
X-ray irradiation, it was shown that the genetic lesion impaired the last step of ABA
biosynthesis. The mutant has played an invaluable role in elucidating many impor-
tant features of ABA biosynthesis [74], it being known that ABA is an essential
mediator in triggering the plant response to dehydration, cold, and osmotic stress.
Recently, Tung et al. [75] cloned the tomatoSlNCED1 (LeNCD1 in theNCBIDatabase)
gene and demonstrated that the overexpression of this gene, which is theWTallele of
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the classical ABA-deficient tomatomutant notabilis, enhances thewater use efficiency
in tomato. However, these plants exhibited important developmental alterations and
greatly reduced growth, which shows the adverse consequences of a very high ABA
accumulation for long term. Tung et al. [75] suggested that only more moderate
increases in ABA biosynthesis are likely to be useful in the context of agriculture.
Furthermore, valuable work has been carried out by Botella�s group using muta-
genesis (EMS) to identify plant genes required for salt tolerance in tomato [76, 77].
Thus, Rosado et al. [78] showed that crosstalk occurs between the ABA and the
ethylene signaling pathways in tomato and that the TSS2 and TOS1 loci appear to be
regulators of this crosstalk. From a spontaneous mutant (Aco1) of the wild tolerant
species S. pennellii, Nunes-Nesi et al. [79] cloned its homologue of tomato, SlFUM1
gene, which has an important role in the stomatal function and consequently in the
osmotic tolerance.

Furthermore, several sucrose transporter genes (LeSUT1, LeSUT2, and LeSUT4 in
the NCBI database) were isolated from tomato and it has been shown that their
inhibition affects tomato fruit development [80]. Although the role of sucrose
transporters in the abiotic stress response of tomato has not been studied yet, these
genesmight be involved in the tomato responses to water stress, as plants usemainly
sugars to reduce leaf osmotic potential and avoid dehydrationunder these conditions.

Taking into account the scant number of tomato genes identified to date in relation
to salinity and, especially, water deficit stress (Figure 43.1), the identification of new
genes playing pivotal roles in the response/tolerancemechanisms to drought and/or
salinity is a priority objective.

43.2.7
Increasing Salt Tolerance through a Transgenic Approach: Advances and Limitations
Survey of Previous Results

In numerous papers published from the early 1990s onward, several authors have
claimed enhancement of drought and salt tolerance through either overexpression of
endogenous genes or, more frequently, heterologous expression of genes that
supposedly act on different mechanisms involved in the process [6, 10].

Genes that have proven quite effective in providing stress tolerance using a
transgenic approach belong to different categories (Table 43.1). Preliminary research
in this field focused mainly on the overproduction of metabolically compatible
(organic) solutes [27, 60, 81] in transgenic plants. In this respect, trehalose biosyn-
thesis in transgenic tobacco, Arabidopsis, potato, or rice improved drought or salt
tolerance [82]. In tomato, the yeast gene for trehalose-6-phosphate synthase (TPS1),
driven by the 35S promoter of CaMV, has been used to enhance stress tolerance [83].
Under drought, salt, and oxidative stress TPS1 tomato plants improved tolerance
with respect to thewild type.However, the plants displayed abnormal phenotypes due
to trehalose-6-phosphate accumulation. It has been reported that these problems can
be overcome by using a microbial TPS-TPP fusion gene together with a stress-
inducible promoter, directing the gene product into chloroplasts [84–87], or using a
different type of trehalose biosynthetic gene (trehalose phosphorylase) that bypasses
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Table 43.1 Relevant examples of genes conferring salt and drought tolerance in tomato.

Gene/Source Function Phenotype observed References

TPS1/Yeast Osmoprotection
(trehalose-6 phosphate
synthase)

Enhanced tolerance to
drought and salt

[84]

BADH-1/Sorghum Osmoprotection
(glycine-betaine)

Maintenance of the
osmotic potential under
salt stress

[88]

BADH/A. hortensis Osmoprotection;
glycine-betaine

Improved salt tolerance [90, 91]

KatE/E. coli Oxidative stress (catalase) Tolerance increased to the
photooxidative stress
induced by drought

[97]

APX/Pisum sativum Oxidative stress
(ascorbate peroxidase)

Tolerance increased to the
oxidative injury induced
by salt stress

[93]

HAL2/Yeast Cation-sensitive
nucleotidase required
for sulfate assimilation
and RNA processing

Salt tolerance in calli and
rooting

[96]

HAL1/Yeast Ion transport Increased Kþ accumula-
tion and higher salt tol-
erance under salt stress

[104, 105]

AtNHX1/A. thaliana Ion transport
Compartmentalization of
Naþ in vacuoles
Compartmentalization of
Kþ in vacuoles

High level of salt tolerance
High level of salt tolerance

[109]
[111]

AVP1/A. thaliana Ion transport (vacuolar
Hþ -pyrophosphatase)

Enhanced recovery of
plants in drought
conditions

[117]

SlNHX2/tomato Ion transport (tonoplast
Kþ/Hþ antiporter)

Silencing of SlNHX2
increased sensitivity to
NaCl

[67]

SlSOS1/tomato Ion transport (plasma
membrane Naþ /Hþ

antiporter)

Silencing of SlSOS1
increased sensitivity to
NaCl

[49]

CBF1/A. thaliana Transcriptional regula-
tion (CRT/DRE-binding
protein)

Enhanced tolerance to
chilling,water deficit, and
salt stress

[149–151]

CaKR1/pepper Transcriptional regula-
tion (Ankyrin repeat
domain zinc finger)

Enhanced tolerance to
salt and oxidative stress

[133]

Osmyb4/rice Transcriptional regula-
tion (MYB transcription
factor)

Enhanced tolerance to
drought stress and virus
disease

[134]
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the trehalose-6-phosphate [89]. On the other hand, glycine-betaine has been shown to
protect higher plants against salt/osmotic stresses by playing an osmolyte role and
protecting the photosystem II (PSII) complex under salinity [24]. In tomato, it has
been reported that transgenic plants with the BADH gene from Atriplex hortensis
improved salt tolerance [90]. Notably, it has been shown that the accumulation of
glycine-betaine in genetically modified plants of tomato is more effective in the
chloroplasts than in the cytosol [91], in a similar way to that previously observed in
rice [92].

Another strategy to increase the level of salt tolerance has been the transfer of genes
codifying different kinds of proteins functionally associated with the protection of
macromolecules, such as LEA proteins, osmotin, chaperones, mRNA binding
proteins [93–95], or with the protection of metabolism key enzymes [96].

Salinity and drought are well established as inducing oxidative stress. In tomato,
the overexpression of the Escherichia coli catalase encoded by the katE gene increased
the tolerance to the photooxidative stresses imposed by drought stress or chilling
stress [97]. Interestingly, it has been reported that the coexpression of more than one
gene involved in oxidative stress protection in both the chloroplasts and the cytosol
gives rise to plants with increased tolerance to different types of abiotic stress
[98–100].

Genetic manipulation with genes encoding membrane proteins involved in the
uptake and transport of water and ions, such as water channel proteins and ion
transporters, has been an alternative approach [101–103]. Thus, overexpression of
yeast gene HAL1, a regulator of Kþ transport, in tomato resulted in increased Kþ

accumulation and higher salt tolerance under salt stress [104, 105]. As ion transport
across the tonoplast into vacuoles is energized by a proton moving force [106], the
strategy based on the use of antiporters has generated large expectations in recent
years. By overexpressing the vacuolar antiporter AtNHX1, a high level of salt
tolerance was reported in genetically modified plants of Arabidopsis [107] and
canola [108]. In tomato, Zhang and Blumwald [109] reported similar fruit yields in
both 200mMNaCl-treated transgenic plants overexpressingAtNHX1 and the control
plants grown under normal conditions (5mM NaCl). However, these results have
been questioned [10, 110] as has the action mechanism of AtNHX1 gene [66]. Thus,
Leidi et al. [111] have shown that the overexpression of AtNHX1 in tomato can
increase salt tolerance without enhancing Naþ accumulation into vacuoles; these
authors suggest that this tolerance derives from the significant role that theAtNHX1
antiporter plays in Kþ homeostasis by capturing Kþ in the vacuoles.

New AtNHX genes have been cloned and characterized [112–115] and significant
efforts have been carried out to identify the orthologous genes in different species,
including tomato, and to perform the functional analysis, usually by overexpression
and silencing in genetically modified plants. Recently, Rodriguez-Rosales et al. [67]
studied the function of the tomato Kþ/Hþ antiporter LeNHX2 using 35S-driven
gene overexpression of a histagged LeNHX2 protein in Arabidopsis thaliana and
LeNHX2 gene silencing in tomato. Transgenic Arabidopsis plants overexpressing the
histagged tomato antiporter LeNHX2 exhibited inhibited growth in the absence of
Kþ in the growth medium, but were more tolerant to high concentrations of Naþ
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than untransformed controls. When grown in the presence of NaCl, transgenic
plants contained lower concentrations of intracellular Naþ , but more Kþ , compared
to untransformed controls. On the other hand, silencing of LeNHX2 in tomato plants
caused both significant inhibition of plant growth and fruit and seed production and
an increased sensitivity to NaCl.

It has also been reported that the overexpression of a vacuolar Hþ -pyropho-
sphatase (AVP1) from A. thaliana in transgenic plants of the same species increases
the level of salt tolerance [116]. In tomato, the overexpression of AVP1 resulted in
greater pyrophosphate-driven cation transport into root vacuolar fractions, increased
root biomass, and enhanced recovery of plants from an episode of soil water deficit
stress. The more robust root systems allowed transgenic tomato plants to take up
greater amounts of water during the imposed water deficit stress, resulting in amore
favorable plant water status and less injury [117].

Likewise, a higher level of salt tolerance has been described through the over-
expression of genes that codify plasma membrane Naþ /Hþ antiports cloned from
different sources (e.g., AtSOS1 from A. thaliana, [118]; SOD2 from Schizosacchar-
omyces pombe, [98, 119]; nhaA from E. coli [120]; andOsSOS1 fromOryza sativa [121].
Using posttranscriptional gene silencing, Ol�ıas et al. [49] evaluated the role played by
SlSOS1, the functional homologue ofAtSOS1, in salt tolerance of tomato. Transgenic
tomato plants with reduced expression of SlSOS1 exhibited reduced growth rate
compared to WT plants under saline conditions.

Other targets in this field have been regulatory genes, such as transcription factors
and those codifying signal transduction components or receptor-related pro-
teins [122, 123]. Cloning of genes codifying transcription factors is a promising
field, as they lie upstream with respect to many other genes. Recent research has led
to the identification of several transcription factor families (e.g., AP2/ERF, bZIP,
NAC,MYB,MYC, Cys2His2 zinc finger, andWRKY) that are important in regulating
stress plant responses, including not only different kinds of abiotic stresses but also
pathogen-induced defense responses, various physiological processes, hormonal
signaling pathways, and several developmental processes [123–130]. For example,
it has been documented that ERF proteins integrate signals from different plant
hormone pathways and play roles in stress responses [131, 132]. Huang et al. [133]
reported a novel member of ERF proteins from tomato designated tomato ethylene-
responsive factor 1 (TERF1). Overexpression of TERF1 in tobacco activated the
expression of GCC box-containing pathogen-related genes and also gave rise to the
typical ethylene triple response. Further investigation indicated that transgenic
TERF1 tobacco exhibited salt tolerance. In another work, Seong et al. [134] reported
enhanced resistance to Phytophthora infestans and salt and oxidative stress tolerance
in tomato plants overexpressing CaKR1 gene, which encodes an ankyrin repeat
domain zinc finger and is involved in transcriptional regulation in response to
pathogens and abiotic stresses. Likewise, tomato plants overexpressing the rice
Osmyb4 gene, coding for a MYB transcription factor, acquired a higher tolerance to
drought stress and viral disease [135].

In the search for different approaches, it has been suggested that genes codifying
calcium sensors [136] or even DNA helicases and RNA helicases [137, 138] could be
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involved in the salt tolerance process. The role of siRNAs under stress conditions is
also under study [139, 140]. Finally, the knowledge of processes related to DNA/RNA
metabolism andG-protein signaling pathways could be useful in elucidating the less
known stress signaling networks and thereby be helpful in engineering salinity
tolerance in crop plants [23].

Overall, the results obtained in thisfield show that the expression of different kinds
of genes in transgenic plants can increase salinity and/or drought tolerance, at least to
some extent (Table 43.1). Unfortunately, it is not possible to conclude for themoment
that true tolerant cultivars (i.e., with a sufficient tolerance level from an agronomic
point of view) have been obtained via transformation.

43.2.7.1 Aspects Related to the Evaluation of Transgenic Plants
When performing the evaluation of genetically modified plants or the functional
analysis of a tolerance-related gene, it would be advisable to take into consideration
some questions, such as the procedure for evaluating tolerance to salinity or drought,
the plant material used for the evaluation, and the complexity of those traits.

Regarding the procedure for evaluating the tolerance to salinity, if the published
results are scrutinized, some of the methods of evaluation of transgenic materials
appear to be of doubtful value [110]. Responses to salinity are frequently studied with
small samples, in the very short term, by using shock treatments and,moreover, data
collected for very specific growth periods, in spite of the fact that salt sensitivity of
tomato depends on the growth stage [10, 51]. The usefulness of in vitro tests,
frequently used for the evaluation of salt tolerance, could also be questioned because
transpiring conditions have a major influence on Naþ transport and tolerance [141].
However, a clear relationship between tolerance to salinity in vitro (callus) and in vivo
(plants grown in greenhouse) has been observed for cultivated and wild tomato
species [105, 142]. In vitro tests can provide complementary information on the effect
of some transgenes (e.g., genes involved in ionic homeostasis) and can be useful for
the preselection of transgenic lines (if an in vitro and in vivo correlation has been
previously shown), but they should not be used as the only criterion to determine the
degree of salt tolerance.

The plant developmental stage can also be a critical issue for the evaluation ofwater
deficit stress tolerance as seedlings, young (e.g., 2–4 leaves), and older plants will
show different levels of relative tolerance. Drought stress can be imposed in vitro by
raising the osmotic pressure (e.g., mannitol and sorbitol) or using, in vivo or in vitro,
chemical agents (e.g., polyethylene glycol) limiting root water availability. In both
cases, it is essential to avoid unnatural treatments leading to artifactual results.
Drought tolerance is more frequently evaluated by reducing the level of water or
mineral solution, in which case it is necessary to decide the level of water reduction,
length treatment, and the nutrient supply during the stress period. Alternatively, the
drought stress can be imposed as watering/dehydration cycles, in which case it is
necessary to select the number of cycles and length of each cycle. Treatments
performed in walking chambers may produce different results in the greenhouse.
In any case, the relative humidity in the environment is of crucial importance as it
affects stomatal closure and the water status of the plant. Moreover, as stated above, it
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should be taken into account that in nature the incidence of stress is unpredictable
and plants may be exposed to drought at any time during their life cycle. As a result,
the evaluation for drought stress tolerance can be evenmore difficult than for salinity.

Another important aspect in the evaluation of saline or water deficit stress
tolerance is the plant material to be used. The use of TG1 plants (primary transfor-
mants) is questionable because epigenetic effects (which are very important in some
cases) may lead to erroneous conclusions. The evaluation in TG2 avoids the above
problem, but it is necessary to take into account that this is a segregant progeny. In the
authors� opinion, the best materials are the homozygous and azygous lines obtained
in TG3. Thus, each homozygous line should be compared with two controls: theWT
and the corresponding azygous line without the transgene. Positional effects can
generate great differences in the expression of a given transgene in independent
transgenic lines, indicating the necessity of selecting those with the best expression
for the trait [143]. Dose effects of the transgene can be estimated by comparing the
behavior of homozygous lines with that of hemizygous lines (i.e., those derived from
the sexual crossing between the homozygous and the azygous lines). The relative
tolerance of these lines can be estimated in the short andmid-term, although, finally,
the long-term response (estimating yield with quantitative data) must also be
reported.

Apart fromall these considerations, in evaluating the tolerance of transgenic crops,
it is important to perform long-term experiments, focus on growth and yield, and
provide quantitative data [7, 110].

43.2.7.2 Overexpression versus Spatial and TemporaryModulation of Gene Expression
The choice of promoters can significantly affect the result of a transgenic manip-
ulation [7]. Overexpression has so far been the most widely used strategy for
increasing salinity or drought tolerance in transgenic plants. The underlying idea
is that by overexpressing a certain gene or by expressing it in a constitutive way it
would always have a positive effect on the phenotype. But increasing evidence
supports the idea that sometimes strong and constitutive promoters (e.g., CaMV-
35S) involve a high energetic cost and yield penalty in transgenic plants [12, 105, 143,
144] and, in other cases, the beneficial effects of the transgene are masked by
pleiotropic effects derived from the use of strong promoters [145–147]. Evidence
from research in this field supports the advantages of using inducible promoters [85,
130, 148, 149].

Thus, Kasuga et al. [147] overexpressed the cDNA encoding DREB1a under the
control of a 35S promoter in transgenic Arabidopsis plants. As a result, transgenic
plants exhibited improved tolerance to drought, salinity, and freezing stresses.
However, constitutive expression of DREB1a resulted in severe growth retardation
under normal growing conditions. In contrast, expression ofDREB1a gene under the
control of a stress-inducible promoter rd29A led to minimal effects on plant growth
under normal growing conditions and provided even greater tolerance to abiotic
stress treatments. Similar results have been observed in tomato. Hsieh et al.
[150, 151] reported that the use of a 35S promoter to drive the expression of
Arabidopsis CBF1 in tomato improved tolerance to cold, drought, and salt loading,
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at the expense of growth and yield under normal growth conditions. Lee et al. [152]
expressed theArabidopsis CBF1 driven by three copies of anABA-responsive complex
(ABRC1) from the barley HAV22. Transgenic tomato plants exhibited enhanced
tolerance to chilling, water deficit, and salt stresses in comparison to untransformed
plants; but under normal growing conditions the ABRC1-CBF1 tomato plants also
maintained normal growth and yield similar to the untransformed plants. Likewise,
the constitutive expression of genes encoding compatible solutes often causes
abnormalities in plants grown under normal conditions, for example, constitutive
overproduction of molecules such a trehalose [145], polyamines [146], or manni-
tol [153]. The use of stress-inducible specific promotersmay protect transgenic plants
from such growth abnormalities [154].

When the scientific literature is critically reviewed, it is difficult to estimate the
proportion of genes whose overexpression in tomato transgenic plants leads to
undesirable pleiotropic effects and/or yield penalty, as in most cases data on salinity
or drought tolerance of transgenic plants are not accompanied by a thorough
phenotypical characterization, and, even less, fruit yield with and without stress
conditions. Our results on the functional analysis of several genes putatively related
to salinity and drought have revealed that the overexpression of some of them is
linked to these kinds of collateral and undesirable effects while others are not. For
example, as stated above, the expression of HAL1 gene driven by 35s promoter
enhanced the level of salt tolerance, but this positive effect was counteracted by yield
penalty under control conditions [104]. However, the tomato transgenic plants
overexpressing the dehydrinTAS14 gene did not exhibitmorphological or significant
growth differences compared to wild-type plants when the former were grown under
unstressed conditions, which indicates that in this case the yield was not penalized
under normal conditions [12].

In any case, the use of inducible or specific promoters will be essential when
tackling the cotransference and coexpression of several genes to avoid homology-
based gene silencing [10, 144]. It is to be expected that the identification of new cis-
regulator elements, which allow a proper expression in time and space, will be a
major target in the near future [10, 101, 154, 155].

43.2.7.3 Complexity of the Trait and Sources of Genetic Variation
Salt and drought tolerance are complex traits [6, 7, 23, 156]. If one takes into account
the diversity of mechanisms involved, the question that immediately arises is
whether the introduction of a single gene can produce a sufficient level of tolerance
or whether it is necessary to introduce several genes involved in different processes
(e.g., osmotic adjustment, osmoprotection, ionic homeostasis, oxygen free radical
scavenging, stress response, restoration of enzymatic activity, photorespiration, etc.).
Of course, a particular gene (e.g., one that codes a transcription factor) can have
a cascade effect, thus modifying the expression of many genes. Alternatively,
the expression of a gene involved in the compartmentalization of ions in the
vacuoles may alleviate toxic effects. Even so, it seems unlikely that a single gene
could affect all the processes influenced by salinity. What is most likely is that the
transfer and expression, in a coordinated way, of a series of genes, each of which
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would affect one of the principal mechanisms of the process, would produce tolerant
plants. The problem is that there is still no clear idea of which genes have to be
transferred.

In this respect, rather than looking for salinity or drought tolerance-related genes
in sensitive species, such asArabidopsis, it would be better to focus on tolerant plants.
As far as salinity is concerned, Flowers and Colmer [29] have recently reviewed the
mechanisms of salt tolerance in halophytes, plants that are able to survive and
reproduce in environments where the salt concentration is around 200mMNaCl or
more. The authors have proposed that research should be concentrated on a number
of �model� (halotolerant) species that are representative of the various mechanisms
that might be involved in tolerance. Nevertheless, as these halophytes are evolution-
arily far from the main crop species, from a breeding point of view it would perhaps
be better to take advantage of the existence of halotolerant accessions of wild species
related to a given crop. In this respect, in the genus Solanum there are accessions of
wild species (e.g., S. pennellii, S. cheesmaniae, and S. pimpipinellifolium) with a high
level of tolerance to salinity and/or drought [10]. Unfortunately, despite the wealth of
sources of variation, it is still not knownwhich are the key genes determining thehigh
tolerance level in those plants.

43.2.8
Genomic Tools for the Genetic Dissection of those Complex Traits

43.2.8.1 Transcriptomics, Proteomics, and other �Omic� Approaches
Some �omic� approaches should provide very useful information with respect to the
genes actually involved in salinity and drought tolerance. Gene, metabolite, and
protein discovery is being revolutionized through the combination of genome
sequencing, microarray analysis, and other �omic� approaches [157]. Thus, tran-
scriptomic analysis provides the expression profiles of hundreds or thousands of
genes. At present, this kind of approach is being used to identify those genes that are
up- or downregulated in response to saline or other types of abiotic stresses [10]. In
this sense, several transcriptomic studies in model species such as Arabidopsis and
rice have revealed new stress-related pathways in addition to the previously well-
described stress-related genes [158]. Valuable information on the involvement of
transcription factors in root apex response to salt stress has also been obtained in the
model species Medicago truncatula [159]. To this purpose, the authors used two
complementary transcriptomic approaches. Forty-six salt-regulated TF genes were
identified using massive quantitative real-time PCR TF profiling, whereas Mt16Kþ

microarray analysis revealed 824 genes (including 84 TF) showing significant
changes in their expression in salt-treated root apexes.

In tomato, Wei et al. [160] observed changes in the accumulation of a number of
different RNA from salt-treated and nontreated roots and identified 20 cDNAs that
are responsive to salt treatment. The results indicated that the majority of the salt-
induced changes in the rootmRNAprofile occurred in anABA-independentmanner.
Using microarray analysis focused on early-response genes after salt stress in the
cotyledons and shoot tip of tomato seedling (cv. Money Maker), Zhou et al. [161]
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found 1757 genes regulated by salt, of which 563 were downregulated and 1194 were
upregulated. Using a similar approach, Ouyang et al. [70] identified 201 nonredun-
dant genes that were differentially expressed upon 30min of severe salt stress in two
cultivated tomato genotypes with different levels of salt tolerance. Interestingly, a
large number of early-response genes regulated by salt stress encoded unknown
proteins, indicating that there is still a great deal to discover about the mechanism of
the salt tolerance in tomato. At present, we are studying the differences in the
regulation of salt tolerance between cultivated tomato and its relatedwild salt-tolerant
species S. pennellii using microarray analysis. It is interesting to point out that a
higher number of genes with salinity (100mM NaCl applied for 24 h and 7 days)
changed their expression level in cultivated tomato, compared to the wild tolerant
species, with a predominance of genes upregulated over genes downregulated.
However, in wild species an induction of the expression of putative key genes
occurred in response to saline stress, including several families of transcription
factors, drought response genes, such as aquaporins and dehydrins, and genes
involved in bioenergetics and membrane ion transport, including some ATPase
subunits [162].

Transcriptomic analysis can be useful both for identifying new stress-related
pathways and genes regulated by stress encoding unknown proteins (and putatively
new functions) and for inferring the main mechanisms responsible for different
stress tolerance between cultivated and wild species. Nevertheless, these methods
usually lead to an overestimation of the number of genes supposedly involved,
which makes the identification of relevant genes among an enormous number of
other genes with purely secondary or irrelevant functions more difficult. Despite
this, it is foreseeable that transcriptomics will become a valuable tool in the near
future. However, in order to fulfill the expectations created in this field, it would be
sensible to take into account the state of development at which the stress treatment
is applied as well as the intensity and exposure time to stress. On the other hand,
rather than apply these approaches to model (salt-sensitive) species, it would be
better to apply them in both crop species and halotolerant accessions of related wild
species and thus, by comparison, try to identify the genes responsible for toler-
ance [10, 163].

The rapid expansion of new molecular �omics� tools has opened up new
perspectives in the identification of the major determinants involved in salt and
drought tolerance. Thus, the proteomic analysis of plant under normal and stressed
conditions (salt or drought stress) can play an important role in qualitatively and
quantitatively studying the changes in protein expression patterns [164, 165]. There
have been observed water deficit stress-induced changes in polypeptide accumu-
lation in the leaves and roots of different species including tomato [166]. Likewise,
salt stress resulted in the altered synthesis and accumulation of a number of
prominent polypeptides in tomato roots [167]. Recently, Chen et al. [169] carried out
a proteomic analysis to investigate the molecular differences between two tomato
phenotypes differing in their salt tolerance to salinity. They identified 23 salt stress
response proteins, classified into 6 functional categories, and almost all of these
proteins increased their abundance in the salt-tolerant phenotype. These authors
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also evaluated the effect of exogenously applied glycine-betaine and found that this
compatible solute could alleviate the inhibition of tomato growth induced by salt
stress by changing the expression abundance of six proteins in the salt-tolerant
phenotype and two proteins in the salt-sensitive phenotype compared to salt-
stressed seedlings.

Microarray analysis and proteomics of plant stress tolerance report on the
regulation of many genes simultaneously through changes in transcript levels
and protein levels, respectively. However, it has been reported that microarray
studies provide no information about changes in the corresponding protein
expression patterns [165]. Only poor or moderate correlation between changes in
the levels of specificmRNAs and their corresponding proteins has been reported in
studies involving yeast (Saccharomyces cerevisiae) [169] or Arabidopsis [170, 171]. A
combination of microarray and proteomic analysis can indicate whether gene
regulation is controlled at the level of transcription, translation, posttranslational
modification, or protein accumulation. Although proteomics in higher plants is
still in its infancy compared to prokaryotes, yeast, and humans [165], it is
foreseeable that it may serve to shed light on some of the mechanisms of salt and
drought stress tolerance.

Furthermore, by comparing the behavior of salt-sensitive and salt-tolerant geno-
types (e.g., cultivated species versus accessions of the related tolerant wild species),
ionomic approaches [172] can provide new insights both into the key mechanisms
responsible for ion homeostasis and into the underlying cause of the different ability
to use saline ions in the osmotic adjustment of halotolerant genotypes. Moreover,
ionomics can be a valuable tool for thoroughly characterizing newmutants altered in
the level of salt tolerance.

Large-scale programs based on the use of these omic approaches should usher in
new era in the knowledge of the genetic and physiological basis of the response and
mechanisms of tolerance to salinity and drought, thus allowing the design of more
effective strategies for breeding cultivated species for abiotic stress tolerance.
However, in order to fulfill these expectations it is necessary to focus these genomic
tools to identify the main determinants of tolerance, avoiding background noise that
can mask what actually is essential. Transcriptomic analysis has so far provided a
general picture of genes that are down- or upregulated under abiotic stress situations
as well as the number of genes belonging to different functional categories whose
expression is significantly changed. Though this is a valuable information, it does not
provide the basis to design a breeding program (e.g., via transgenesis), as it is very
difficult to tackle the functional analysis of the hundreds (or thousands) of genes
whose expression changes under abiotic stress. Thus, in the near future the most
important challenge in transcriptomic analysis is to shed light onwhich are the key or
pivotal genes responsible for salinity and drought tolerance. In the same way, the
most important objective in proteomic and ionomic studies should be to clarify the
main physiological processes determining the tolerance to those kinds of abiotic
stress. In other words, research in this field must not be focused on increasing the
complexity of traits that themselves are very complex but, on the contrary, on
identifying the targets for future breeding programs.
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43.2.8.2 Posttranscriptional Gene Silencing (PTGS) Large-Scale Programs
Major advances have been achieved in the study of mechanisms of PTGS and high-
throughput systemsare available to infer gene function [154, 173, 174]. For example, to
help identify the functions of genes in rice, Miki and Shimamoto [175] developed a
gateway vector, pANDA, for RNA interference of rice genes. Analysis of rice genes
using this vector showed that suppression ofmRNAexpressionwas observed inmore
than 90% of transgenic plants examined. Hilson et al. [176] generated a collection of
gene-specific tags (GSTs) representing at least 21 500 genes that can be used to create
RNAi vectors for functional genomics studies. Preliminary analysis showed effective
silencing for three genes coding for vacuolar-type Hþ -ATPase subunit B3, a compo-
nent of cellulose synthase andpentatricopeptide repeats [176]. According toXiong and
Zhu [177], RNAi is very efficient as an alternative to knockoutmutants in components
of stress signalingpathways. To thebest of ourknowledge, a similar strategyhasnot yet
been applied to the tomato. However, we foresee that if systematically applied on a
large-scale program for tomato and tolerant accessions of related wild species, this
approachwould be particularly valuable for the identification of genes related to stress
response (cultivated species) or genes involved in different mechanisms responsible
for salinity and drought tolerance (related wild species).

Moreover, after the identification through microarray analysis of the hundreds of
genes that are differentially expressed under stress conditions, the use of a PTGS-
based strategy could be particularly valuable in discriminating the key genes from
those that have a merely secondary role in the tolerance process.

43.2.8.3 Spontaneous and Induced Mutants
In order to overcome the difficulties in performing the genetic dissection of these
complex traits, the use of mutants as genomic tools needs to be one of the main
research areas in the coming years. One of the key factors explaining our present
knowledge in several areas of plant development lies in the detection and charac-
terization of mutants altered in developmental traits, for example, those affected in
tomato fruit development and maturation [178–181].

Mutagenesis in Arabidopsis has been employed to identify genes involved in salt
tolerance [182] and thanks to the identification of salt overly sensitive (sos) mutants and
the cloning and characterization of the SOS genes, an important and novel signaling
pathway, called the SOS pathway that mediates ion homeostasis and salt tolerance,
has been discovered [183–187]. Salt-tolerant mutants in Arabidopsis have likewise
been obtained [188, 189].

By comparison, the number of mutants affected in the level of salt tolerance in
species other thanArabidopsis that are already available to the scientific community is
rather few. Occasional spontaneous mutants or, alternatively, those generated by
chemical (e.g., EMS) or physical (e.g., X- and d-rays or fast neutrons) methods could
provide the basis for advancing in the knowledge of physiological processes related to
salt tolerance. For example, by analyzing tomato salt-hypersensitive (tss) mutants,
Borsani et al. [76] were able to identify two loci, theTSS1 andTSS2. Of these, theTSS1
locus is essential for potassium nutrition and salt tolerance, while TSS2 plays an
important role in the interactions between salt tolerance and abscisic acid signaling.
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However, in the absence of obvious candidate genes, isolation of the gene altered in
the mutant through a positional cloning strategy supposes huge effort. Fortunately,
we can today overcome these problems by using alternative approaches.

43.2.8.4 Targeting Induced Local Lesions in Genomes Approaches
There is no generally applicable method as yet to generate a plant bearing a mutant
allele of a concrete gene. Despite several technical advances, homologous recombi-
nation in plants is a technology that is still far from being considered efficient and
applicable to all putative predicted genes of a given genome [190]. The completion of
the genome sequence project of several cultivated plant species such as rice,
cucumber, melon, and more recently tomato (http://solgenomics.net/) opens up
a new era where high-throughput reverse genetic approaches are needed to meet the
demand of functional genomics as well as new breeding programs.

Targeting induced local lesions in genomes (TILLING), initially developed for
Arabidopsis, has been used successfully for high-throughput screening of libraries
mutagenized with EMS or other chemical mutagens in several plant and animal
species [191]. The TILLING method is based on the detection of single-nucleotide
polymorphisms (SNPs) induced by the mutagen, which presumably affects the
genes of interest. Induced mutations were initially identified by denaturing high-
performance liquid chromatography (dHPLC), which detected conformational
changes induced in heteroduplex originated by an SNP [192]. Sensitivity of the
selection method was optimized later using mismatch-specific endonucleases
CEL1 or ENDO1 [193, 194], which cleave at mismatches within heteroduplexes
formed betweenmutant and wild-type DNA strands. Recently, two novel, sensitive,
and very high-throughput mutation screening techniques used in human genetic
diagnostic – conformation-sensitive capillary electrophoresis (CSCE) and high-
resolution melt curve analysis (HRM) – have been successfully described to detect
novel mutations in EMS mutagenized libraries of tomato [195]. The results
obtained by Christian Bachem�s group demonstrated that both newmethodological
approaches are fast and reliable and permit identification by TILLING of several
new alleles in genes responsible for fruit quality such as phytoene synthase, which
is involved in the synthesis of the characteristic red color of fruits, and sucrose
synthase 2, a gene that participates in sucrose metabolism in young fruits. This
group also identified 19 mutations in the coding sequence of the tomato proline
dehydrogenase (ProDH) gene, with the aim of inactivating this proline degradation
enzyme. Unfortunately, the effect of all these mutations on the sequence of the
corresponding enzymes has not been reported; even if some of the mutations may
be silent, due to synonymous substitution, others should be senseless or nonsense
mutations. It is expected that inactivation of ProDHwill increase proline content in
all plant cells and the effect, if any, of proline accumulation in tomato resistance to
abiotic stress will be determined.

43.2.8.5 Insertional Mutagenesis and Gene Traps
Insertional mutagenesis with T-DNA or transposable elements is a basic tool for the
identification of genes and the analysis of their functions. With respect to insertional
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mutagenesis with T-DNA, we can approach the tagging of genes by using a simple
construction with a marker gene. In this way, the integration of T-DNA within the
structural sequence or the controlling elements of a given gene will lead to its
disruption and the consequent loss-of-function or, depending on the characteristics
of the T-DNA-insert, gain-of-function, or change in its level of expression [196].
Detecting the mutant phenotype in TG1 (in the case of dominant, semidominant, or
additive effects) or TG2 (recessive), as the gene is tagged by the T-DNA, means its
cloning can be easier.

By comparison with classical insertional mutagenesis, the trapping systems [197]
can be particularly useful for the identification of genes related to salt tolerance. The
advantage of using enhancer, promoter, or gene traps resides in its self-dual nature.
Like any other T-DNA, these traps act as insertion mutagens, and when T-DNA is
integrated into an endogenous gene in the appropriate orientation, the reporter gene
lies under the control of the regulatory elements of the tagged gene. Thus, by
analyzing the reporter gene expression, one can get a precise picture on the space-
temporal expression pattern of the endogenous gene tagged by the trap. In this
respect, trapping strategies bring great advantages to insertional mutagenesis,
allowing identification of functionally redundant genes, those expressed at multiple
development states (generating confusion during phenotyping), genes whose dis-
ruption causes early lethality, and genes whose disruption causes such a soft
phenotype that it may not be detected (in this case, the reporter expression provides
a clue to identify the phenotype during evaluation). In addition, gene identification is
independent of the expression level of the gene, thus avoiding the risk of rejecting low
expressed genes even though they havemajor effects on the phenotype. Finally, this is
the best way to identify genes that are activated or repressed in response to either an
external stimulus or biotic and abiotic stress situations [196].

Using an enhancer trap (kindly provided by Dr. Thomas Jack, Department of
Biological Sciences, Dartmouth College, USA) and a promoter trap (developed in the
laboratory of Drs Rafael Lozano and Trinidad Angosto), a collection of 3500 T-DNA
lines of tomato has been generated (unpublished results). Following a preliminary
scrutiny of a sample of this collection of T-DNA lines, we have detected several salt-
hypersensitive tomato mutants [198]. At first, we focused on the search of mutants
altered in Naþ absorption and transport since the plant needs to recover the ionic
homeostasis in order to keep growing in a salinemedium for a long term. One of the
mutantsmost sensitive to ionic stress was detected by in vitro screening (Figure 43.2).
Wehave also studied the effect of salinity inmutants altered onphotosynthesis. Some
of these mutants could help to clarify the putative role of chloroplasts in Naþ

scavenging from the cytoplasm [199]. Most of the hypersensitive tomatomutants are
recessive, but there are some with dominant heredity. Among them, one mutant
exhibits a hypersensitive reaction under salinity (i.e., lower growth, markedly wilted
leaves, and few, seedless fruits). The tagged gene codes a MYB-type transcription
factor. The involvement ofMYB transcription factors in the response to these kinds of
stresses has been previously described inmodel species [123, 159, 200, 201], although
up to now there is only one MYB-TF identified in tomato with this possible
function [71]. Moreover, we have cloned the tagged gene in another mutant, which
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shows homology with a MAP-KKK protein of Arabidopsis that negatively regulates
tolerance to salinity [202].

Apart from the insertional mutagenesis program in tomato, a cultivated species
usually considered as moderately tolerant to salinity, our main objective is to identify
some of the genes responsible for the high level of drought and salt tolerance in
accessions of the relatedwild species S. pennellii. In order to achieve this objective, we
developed an efficient transformation method (Pineda, unpublished results), which
has allowed us to generate 2800 T-DNA lines of the wild species with enhancer or
promoter traps. We have scrutinized T-DNA lines with reporter gene expression in
stomata since the control of the stomata aperture contributes to drought toler-
ance [203]. We have detected a mutant of S. pennellii that is altered in root
development and that could be interesting since tolerance to water stress is some-
times related to rootmass. Moreover, we have already detected four hypersensitive S.
pennellii mutants to water deficit stress. Interestingly, in one of these mutants the
expression of the reporter gene increases after stress in stomata and transporting
vessels (Figure 43.3). The scrutiny of this collection is under way to identify new
mutants altered in the level of saline and water deficit stress (mainly hypersensitive).
Taking into account that the collection of T-DNA lines is going to expand progres-
sively, the identification of newdrought and salt tolerance-related genes is expected in
the near future.

Figure 43.2 (a) A recessive mutant of tomato
was identified in vitro (on MS medium
supplemented with 100mM of NaCl) as
hypersensitive to salt. (b) The salt sensitivity of
the tomato mutant was corroborated in vivo:
Under control conditions, the phenotype and

plant growth of the wild-type and tomato
mutant were similar, whereas the negative effect
induced by salinity was clearly greater in the
mutant than in the wild type after 20 days of
treatment with 100mM of NaCl.
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The identification of insertion mutants altered in the level of salt or drought
tolerance may be particularly useful in the identification of key or pivotal genes
involved in different tolerance mechanisms. Likewise, in-depth physiological stud-
ies, as well as the use of transcriptomic and proteomic approaches on these mutants,
may provide valuable information on the key physiological processes altered in these
mutants. We foresee that the combined use of all these genomics tools will allow the
genetic and physiological dissection of those complex traits, thus allowing the proper
design of future breeding programs.

43.3
Conclusions and Perspectives

In the genus Solanum, there are accessions of wild species with a high level of
tolerance to salinity and drought. Unfortunately, despite the wealth of sources of
variation, there is need to advance our understanding of themechanisms underlying
drought and salinity response in tomato and to elucidate how plants coordinate their
responses to overcome drought and salinity. One of the main challenges for the near
future is to shed light on which are the differential physiological mechanisms
between cultivated and tolerant wild species under stress conditions.

Research in recent years has mainly used genetic transformation as a tool to
develop stress-tolerant tomato plants. Although it has been shown that the expression
of different kinds of genes in tomato transgenic plants can increase salinity and/or
drought tolerance, it is not possible to conclude for the moment that true tolerant
cultivars from an agronomic point of view have been obtained via genetic transfor-

Figure 43.3 A dominant mutant of the wild
speciesS. pennelliiwithpositiveGUSexpression
in stomata is sensitive to drought stress. The
plants were subjected to several dehydration–

rehydration cycles (30 and 60 days of
treatment); moreover, the reporter gene (GUS)
expression is enhanced in stomata after
exposure to drought stress.
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mation.Moreover, taking into account the scant number of tomato genes identified to
date in relation to salinity and, especially, water deficit stress, the identification of new
genes playing a significant role in the response mechanisms to drought and/or
salinity is a priority objective. To fulfill the expectations created in this field, it would
be necessary to advance not only in the identification of new genes playing pivotal
roles in tolerance but also in the identification of regulatory elementsmodulating the
expression level of the transgenes spatially and temporally.

Transcriptomic analysis can be useful to identity new stress-related pathways and
genes regulated by stress encoding unknown proteins (and putatively new functions)
and to infer the main mechanisms responsible for stress tolerance. After the
identification through microarray analysis of the hundreds of genes that are
differentially expressed under stress conditions, the use of a PTGS-based strategy
could be particularly valuable in order to discriminate the key genes for the tolerance
processes. It is interesting to point out that a combination of microarray and
proteomic analysis can indicate whether gene regulation is controlled at the level
of transcription, translation, posttranslationalmodification, or protein accumulation.
Furthermore, by comparing the behavior of salt-sensitive and salt-tolerant genotypes,
ionomic approaches can provide new insight into the key mechanisms responsible
for ion homeostasis and the underlying causes of the different abilities to use saline
ions in the osmotic adjustment of halotolerant genotypes.

The identification of mutants, especially insertion mutants, altered in the level of
salt or drought tolerance can be particularly useful in the identification of key or
pivotal genes involved in different tolerance mechanisms. Likewise, in-depth phys-
iological studies and the use of transcriptomic and proteomic approaches for these
mutantsmay provide valuable information on the key physiological processes altered
in these mutants. We foresee that the combined use of all these genomics tools will
allow the genetic and physiological dissection of those complex traits, thus allowing
the proper design of future breeding programs. In conclusion, the research oppor-
tunities in the coming years are very important, as not only are the -omic tools now
available but also will the tomato genome be soon sequenced.
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Potato: Improving Crop Productivity and Abiotic Stress Tolerance
Gefu Wang-Pruski and Andrew Schofield

Potato is a prestige food crop that billions of people in the world depend on as an
energy source. Its widespread cultivation and adaptation have rendered it attractive
for humans of all cultures and geographic locations. However, its effective produc-
tion is challenged by many unfavorable environmental conditions, such as drought,
heat, cold, and salinity. Recent tools developed in genomic research have advanced
our understanding of the potato crop in its ability to manage these stresses. This
chapter provides the latest information on our understanding of stress tolerance
mechanisms inpotatoes based on functional genomics, transcriptomics, proteomics,
and metabolomics studies. We also recommend many choices of functional genes
that can be used for improving stress tolerance in potatoes.Wewould like to point out
that due to lack of the completion of the potato genome sequence, many research
projects are not able to providemore advanced systems biology data in comparison to
that available for many other agricultural species.

44.1
Introduction

The potato crop (Solanum tuberosum L.) is ranked as the fourth food crop in the world
after rice,wheat, andmaize (FAOSTAT). Its production in 2009 reached 329.6million
ton with China as the top producer with 69 million ton, followed by India with 34
million ton. A detailed, country-wise information on potato production, utilization,
and trade can be found in the annually updated databases of theUnitedNations Food
and Agriculture Organization (FAO). The potato is a starchy, tuberous crop from the
Solanaceae family known as the nightshades. It originated in the region of the Andes
and was introduced to the rest of the world four centuries ago. Today, potatoes have
become an integral part of much of the world cuisine due to their rich content of
carbohydrates, proteins, vitamin C, iron, and fiber.

Potatoes are grown in about 100 countries, occupying every continent of the world.
In some parts of the world, true botanical seeds are used to produce the crop,
although most of the North American and European production systems rely on
tuber seeds because of their genetic uniformity for traits such as size, color, texture,
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and biochemical contents. Potatoes are used as fresh, processed, and value-added
food products, as well as a source of industrial starch. The variety requirements
depend on needs, including tuber shape and size, sugar content, frying color,
nutritional value, storability, and disease resistance. The issues facing the industry
are high acrylamide content in processed products, obesity related to consumption,
and sustainable production systems for disease and pest control.

Nitrogen source is essential for tuber production. Nitrogen available to plants in
the soil and nitrogen loss in the system determine how much nitrogen is actually
used by the plants. Because excesswater can lead to nutrient leaching, water becomes
a key factor in determining how nitrogen can be taken up by plants. Estimation of
irrigation needs have been established in many countries based on the variety and
climate conditions. As precision farming for crop management increased in pop-
ularity, effective nitrogen and water applications may be found in potato production
systems around the world. Nevertheless, severe weather conditions and climate
change will continue to challenge the potato production systems in different parts of
the world. Therefore, generation of new cultivars adapted to different stress condi-
tions will become essential for potato production in the coming years.

44.2
Potato Genomic Resources

Besides the cultivated potato (S. tuberosum ssp. tuberosum), other crops such as
tomato, pepper, eggplant, and tobacco are also keymembers of the Solanaceae family.
Their genetic information is important for understanding the genome of potatoes.
For instance, tomato (S. lycopersium) has a similar genome size to potato and is seen as
a genetic and genomic model for the Solanaceae family. Cultivated potato behaves as
an autotetraploid and has 2n¼ 4x¼ 48 chromosomes. It is generally understood that
potato has a genome size of 850–1000Mb, which is very similar to that of tomato.
However, a large number of wild and hybrid diploid selections are being used for
genetic mapping-related studies due to their reduced complexity of genome recom-
bination. Nevertheless, the lack of homozygous lines in potatoes makes gene
mapping and breeding a very slow and challenging process.

The potato genome sequencing was projected to be completed within 6months by
the international Potato Genome Sequencing Consortium (PGSC). The completion
of the genome sequence will no doubt provide valuable information about the
genome arrangement, diversity, functional genes, and gene alleles. Major potato
genome databases available are PGSC (www.potatogenome.net), The Institute for
Genomic Research (TIGR) Solanaceae Genomics Resource (http://jcvi.org/potato),
The Canadian Potato Genome Project (www.cpgp.ca), Solanaceae Coordinated
Agricultural Project (http://solcap.msu.edu), and theDFCI Solanum tuberosumGene
Index (StGI) (http://compbio.dfci.harvard.edu/tgi/cgi-bin/tgi/gimain.pl?gudb¼
potato). Many functional genomics studies have already used the sequencing
information for trait analysis and marker discovery. Over the past 10 years, the
potato research community around the world has also established extensive genomic
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resources, including expressed sequence tag (EST) libraries, SAGE libraries, micro-
arrays, molecular function maps, and mutant populations [1–3]. Genomic data from
EST libraries, molecular linkage maps, andmicroarray expression analyses will help
identify the genetic components underlying many of the traits, for example, yield,
quality, and abiotic and biotic stress managements. In addition, natural genetic
resources (wild potato varieties and germplasm collections) can be used in concert
with genomic tools such as marker-assisted selection, polymorphism identification,
and association mapping to improve breeding lines.

44.3
Abiotic Stresses Related to Potato Production

Potatoes grow the best under long and hot day and cool night conditions. They are
very sensitive to light, water, and sources of nitrogen. Any stress condition, such as
water, temperature, salinity, or mechanical damage, will significantly impact the
yield, tuber quality, andmarketing value. Even a short period of acute stress can cause
a substantial decrease in total andmarketable yield. For the North Americanmarket,
50% of the potatoes are processed during storage, so postharvest stress to tubers can
further reduce the marketable quality and produce low temperature-induced cold
sweetening and after-cooking darkening (ACD), disorders that are induced or
exacerbated by storage conditions.

This chapterwill focus onfive key abiotic stress issues: drought, heat, cold and frost,
salinity, andwounding. Since themolecular basis for the stress responses is the key to
understanding the stress management mechanisms in potatoes, we have provided
information about cellular responses and regulation of each stress, and then provided
an overview on the research outcomes inmolecular gene functions and omics studies.
Owing to the large volume of literature for these topics in potatoes, we did not compile
an exhaustive list of references, but rather included those that highlight key findings
and employ an �omics� perspective to provide insight to direct future work.

44.3.1
Water and Drought Stress

Water is becoming an increasingly scarce resource on earth. Approximately, 80
countries with 40% of the world population suffer from serious water shortage. The
potato produces more food energy per unit water on dry weight basis than the other
food crops [4]. Thus, water productivity in potatoes is two to three times higher than
that of maize, rice, and wheat [5]. Ironically, although the potato crop uses water
relatively efficiently, it is also characterized as more drought sensitive than other
agronomic crops. This is, in part, due to a lower root length density compared to the
other crops. Therefore, in the low rainfall areas, utilization of irrigation systems is not
uncommon if higher yield and quality are desired. Drought tolerance ismeasured by
the relative ability of a variety to produce tubers from a limited amount of water [6].
However, water requirements vary for different stages of plant development (shoot
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and stem growth, and tuber formation) and tuber bulking,making the entire process
difficult to control and predict. Studies normally look into early drought or late
drought conditions. If the drought conditions appear early in the season, the plant�s
survival strategy is tominimizewater losses to transpiration; thus, leaf growth begins
to slow down, followed by reducing areal growth and canopy size [7]. If the conditions
do not improve, the plants will have a reduced capacity for light interception,
resulting in lower yields [8].

In potato production, varieties are often categorized by early or latematuring. This
makes the situation even more difficult to manage. Some early-maturing potato
varieties escape late-season drought events, whereas late-season drought may
significantly impact yield losses in late-maturing varieties [9]. There is a variety
difference in drought tolerance in potatoes and the effect of drought timing also
depends on genotype. For some varieties, the effect is more profound when drought
occurs during tuber initiation [10–12], while in others more critical during tuber
bulking period [13, 14].

44.3.1.1 Effect of Drought on Tuber Quality
Drought has significant impact on a variety of tuber qualities and defects. Drought
can cause tuber cracking, secondary growth, malformations, hollow heart, and
internal brown spot. Drought can adversely increase the contents of glycoalkaloids
such as a-solanine and a-chaconine, compounds that are believed to cause cancer
and other health problems. Drought can also cause sugar end, a disorder charac-
terized by relatively low starch and high sugar content in the basal end of the tuber.
Processing these tubers resulted in French fries with dark and discolored ends.
Stressed plants accumulate large amounts of sucrose in the basal tissues of the tuber
immediately following stress. This is because water deficit, as well as heat stress,
induces changes in the activities of certain key carbohydrate metabolizing enzymes,
shifting the tuber from a starch synthesizing function to starch mobilization.
Drought-stressed plants are also more susceptible to biotic stresses; for example,
drought conditions increase pest disease infestations of cyst nematodes [15, 16]
and drought reduces transpiration and stomatal conductance, which increases
Verticillium-related wilting disease.

44.3.1.2 Drought Sensing Mechanisms
Root drymass was found to be critical for water stress conditions, as it is significantly
correlated with leaf area, photosynthesis, reduction of stomatal conductance, and
tuber yield [17]. If drought occurs before tuberization, the plants will lose the ability to
produce a higher number of stolons per stem [18], resulting in a lower tuber yield. If it
is during tuber bulking stage, it will lower both tuber number and size [19]. It is
understood that plant responses to drought, including stomatal reactions, are
triggered by root signals, not just leaf water potential. In this case, abscisic acid
(ABA) plays an essential role in stress signaling. At least four independent regulatory
systems for gene expression changes in response towater stress have been identified,
two are ABA dependent and two are ABA independent [20]. When potato roots sense
soil water deficits, well before leaf water potential drops, ABA is produced in root tips
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and transported through the xylem to the leaves to attenuate growth and close
stomata [21]. Such signal transduction pathways include a plethora of secondary
messengers such as hormones, phospholipids, and calcium ions [22].

Decreased accumulation of reactive oxygen species (ROS), greater mitochondrial
activity, and active chloroplast defenses all contributed to themanagement of drought
stress in a drought-resistant cultivar. In stressed plants, the primary sources of ROS
are the Mehler reaction and the antenna pigments in the chloroplasts, the photo-
respiratory pathway in peroxisomes, the cytochrome reactions in the endoplasmic
reticulum and cytoplasm, and oxidative processes in the mitochondria. Under
drought conditions, drought-tolerant potato lines upregulated members of all major
ROS scavenging enzymes in the chloroplasts: superoxide dismutase (SOD), ascor-
bate peroxidase (APX), catalase (CAT), glutathione peroxidase, and peroxiredoxin
gene families [23–26]. In addition, other genes encoding proteins that contribute to
increased ROS scavenging capacity such as glutathione synthetase, glutathione-S-
transferase, glutathione transporter, two thioredoxins, and four thioredoxin-related
chloroplast-targeted genes were induced in a drought-resistant accession [24, 27].
Evidence also showed that several genes in the biosynthesis pathway of antioxidant
compounds, such as flavonoids, anthocyanins, and xanthophylls, were strongly
induced in tolerant cultivars. In another study, gene transcripts of three key enzymes
in the biosynthesis of flavonoid and carotenoids were increased in leaves and roots
under mild and moderate drought conditions [28].

Osmotic adjustment is the process by which plant cells maintain turgor during
water deficit. The osmotic potential inside the cytoplasm is lowered by the accumu-
lation of osmolytes (also called compatible solutes) such as amino acids and
sugars [29]. Proline and trigonelline are two compounds that have received a lot
of attention as potential compatible solutes and it has been suggested that proline
could act as an antioxidant [30]. The accumulation of these compounds is often
observed in response to hyperosmotic stress [31, 32] and in response to a combined
treatment of heat and drought stress [33, 34]. In one study, drought caused an
increase in proline, trigonelline, and proline analogues in a drought-resistant potato
cultivar, whereas the drought-susceptible cultivar had an increase only in proline
analogues [35]. In another study, proline increased in both drought-resistant and
-susceptible potato cultivars [24]. Nevertheless, the role of proline remains contro-
versial. Proline levels often increase earlier in drought-susceptible varieties than in
more tolerant ones, which has led to the conclusion that proline is only an indicator of
plant water status but not of tolerance. Others have suggested that because minor
proline analogues, such as hydroxyproline, increase during drought stress, they may
play a role in increased synthesis or reconstitution of cell wall components [36], and
there is someevidence that free proline synthesized in other plant parts is transported
to the roots to be used for cell wall synthesis in the apical region [37].

44.3.1.3 Breeding through Omics Approaches
Traditional breeding has made limited success in drought tolerance using existing
potato germplasm. This is partly because the timing and severity of naturally
occurring drought is quite erratic and so plants tend to respond differently from
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year to year. As a result, the early stages of breeding programs often aim for high
yield in favorable environments, but these gains are not usually maintained in
environments commonly affected by severe stress. In addition, direct selection for
drought tolerance under water-stressed conditions is hampered by low heritability,
polygenic control, and epistasis of many drought tolerance traits [27]. Another
obstacle for breeding programs is a reluctance to use unadapted parents, such as a
wild potato species. It is also difficult to breed for tropical environments where
high temperatures are a factor because many drought tolerance traits might not be
effective when the plant experiences a combination of both drought and heat
effects.

44.3.1.4 Pathways Involved in Drought Stress
Comparing transcriptomic and metabolomic profiles of tolerant and susceptible
genotypes has led to the identification of some changes in photosynthesis and carbon
and amino acid metabolism that are closely related to drought tolerance [35]. It was
also found that drought stress regulates osmotic adjustment, carbohydrate metab-
olism, membrane modifications, strengthening of cuticle and cell rescue mechan-
isms, detoxification of oxygen radicals, and protein stabilization [24]. In addition,
drought stress increases ethylene biosynthesis thatmay subsequently increase stress
perception since ethylene and ABA attenuate leaf growth under water stress [24, 38].
Drought treatment also induces a number of ABA-responsive genes and leads to an
accumulation of gibberellins degrading enzymes.

Stomatal closure under drought conditions prevents CO2 supply for photosyn-
thesis, leading to a reduction in net photosynthesis. This repression triggers
regulation of genes functioning in the light reaction, Calvin cycle, and chlorophyll
biosynthesis [35] and is accompanied by an increased expression of genes related to
photorespiration and cyclic electron transport in photosystem I [24, 35]. Some
drought-resistant genotypes, presumably under tolerable drought conditions, upre-
gulated photosynthesis-related genes, while the same genes are downregulated in
drought-susceptible genotypes [39].

Drought stress also represses transcription of genes involved in carbohydrate
biosynthesis, glycolysis, and the tricarboxylic acid cycle, while sucrose metabolism
is induced. These changes are required because under drought conditions,
carbohydrate metabolism is redirected to reserve mobilization, as illustrated by
induction of starch degrading enzymes, invertase and sucrose synthase [23, 24].
This was proved by Watkinson�s study [40] in which expression profiles of genes
associated with carbon metabolism contributed to differences in tuber develop-
ment in phenotypes of adapted and acclimated, drought-stressed S. tuberosum ssp.
andigena.

Finally, attention needs to be given to genotype differences in stress response
strategies.Mane et al. [23] analyzed two potato landraces during drought and drought
recovery. One landrace, Sullu, maintained vegetative biomass accumulation during
drought while the other, Ccompis, experienced reduction in vegetative growth.
Interestingly enough, both landraces maintained the same tuber yields as non-
stressed controls. In Sullu, themain response that helpedmaintain vegetative growth
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appears to be a capacity to uphold photosynthetic efficiency, minimize stomatal
resistance, and activate photosynthetic genes during recovery. Other differences that
are perhaps caused by the increased photosynthetic capacity include increased cell
wall biosynthesis, maintenance of plastid SOD transcripts, and significant increases
in sucrose, trehalose, and proline. By contrast, Ccompis differs in all of these aspects,
most importantly in respect to photosynthesis. This study demonstrates that a
diversity of effective strategies for dealing with abiotic stresses may exist naturally
within the potato germplasm.

44.3.1.5 Genes Involved in Drought Stress Signaling
Many genes have been identified and their functional studies have shown promises
with regard to drought tolerance. Transcriptomic studies found upregulation of
genes for Ca2þ binding and GTP binding factors, kinases, and phosphatases [24].
Genes encoding several protein phosphatases 2C (PP2C), negative regulators of ABA
signaling in Arabidopsis, are potential candidates for yield maintenance under
drought conditions [41, 42]. Drought stress induced nitrite reductase and a chloro-
plast PII nitrogen-sensing protein, known to activate glutamine synthase [43].
Cysteine biosynthesis and sulfur uptake genes, such as adenosine phosphosulfate
reductase, are upregulated at an early stage of drought condition, but reversed to
repression under prolonged drought [35].

Transcription factors are actively involved in drought stress response. Both ATHB-
7 and RD26 are upregulated by drought and function in one of the ABA-dependent
regulatory systems, whereas a dehydration-responsive element DREB is regulated in
ABA-independent regulatory systems [39]. Two other factors, ASR1 and ASR2, are
strongly upregulated by drought stress [24]. ASR1, when present in the nucleus,
regulates the expression of a hexose transporter, while in the cytosol, it functions as a
chaperone to stabilize proteins under abiotic stress conditions [44]. Other transcrip-
tional factors found aremembers of theWRKY, SCARECROW,MYB, CCR-4, TAF-3,
and NAM transcription factor families. They are commonly induced by elevated
H2O2 levels in potato leaves under drought conditions [24].

Polyols are osmotically active solutes that can effectively replace water in establish-
ing hydrogen bonds and thereby protect enzyme activities and membranes
experiencing water stress [45]. Drought-stressed cv. Sullu had both increased levels
of a polyol (galactinol) and its precursors (galactose and inositol) and increased
transcript levels of two genes (glucose-4-epimerase and galactinol synthase) involved
in galactinol synthesis [35], whose overexpression in Arabidopsis thaliana has been
shown to increase drought tolerance [46, 47]. Transgenic potato lines of cv. Desiree
that overexpressed a dehydrin 4 (DHN4) isolated from barley, or a stress-inducible,
heat-stable LEA group 3-like protein from bromegrass (ROB5), showed significant
potential to enhance yield under moisture stress [48]. Interestingly, a wild tuber-
bearing species, Solanum gandarillasii Cardenas, was found to exhibit reduced
osmotic adjustment responses resulting in low transpiration rates [49].

Membranes are the main targets of degenerating processes caused by drought.
During drought stress, there is a significant upregulation of nonspecific lipid transfer
protein genes [50]. Other drought stress-induced gene products, such as heat shock
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proteins (HSPs) and chaperones are used to protect cellular structures by maintain-
ing the hydration of cellular compounds such as proteins and membranes. One
orthologue to the Arabidopsis HSP At5g12030 was found to enhance drought
tolerance [51]. An HSP DnaJ gene family was found to increase drought tolerance
in potatoes [24, 25]. Others reported that an ATP-dependent metalloprotease and
chaperone are induced in potatoes for drought tolerance [52].

44.3.1.6 Gene Testing in Transgenic Lines
Many labs have employed a transgenic approach to test candidate genes for improved
drought tolerance in potatoes. Waterer et al. [48] tested the functions of constitutive
CaMV 35S promoter or a stress-induced Arabidopsis COR78 promoter for the
overexpression of four transgenes. The transgenic lines with the COR78 promoter
produced higher yield under nonstressed conditions than the 35S promoter [48].
Interestingly enough,most of the transgenic lines demonstrated higher yields under
drought stress in field trials. As plants respond to many stresses using similar
mechanisms, Tian et al. [53] studied the potato zinc finger protein StZFP1 that is
induced by salt and exogenous ABA. Findings are worth to explore further for
studying stress management in plants. Transgenic potatoes expressing trehalose-6-
phosphate synthase (TPS1) had a 30–40% reduction in stomatal densities. This
appeared to cause lower CO2 fixation rates under normal and drought-stressed
conditions, enabling TPS1 plants to conserve water [54].

Transgenics overexpressing genes encoding antioxidant enzymes improved the
drought tolerance of potatoes. Overexpression of nucleoside dikinase 2, Cu/Zn-SOD,
and APX improves drought tolerance [55–57]. Transgenic potato lines of cv. Desiree
that overexpressed wheat mitochondrial MnSOD3:1 under the direction of a stress-
inducible COR78 promoter showed significant potential to enhance yields under
moisture stress [48]. Simultaneous expression of choline oxidase, superoxide dismu-
tase, and APX in the potato chloroplasts provides synergistically enhanced protection
against salt and drought stresses at the whole-plant level [58]. Transgenic potatoes
overexpressingArabidopsis glutathione reductase gene (AtGR1) exhibited faster recov-
ery fromdrought andwith less visual injury compared tonontransformedcontrols [59].
Higher percentages of the reduced ascorbate were observed for transgenic potato and
poplar trees with overexpressed glutathione reductase [60], which might be attributed
to thehigherglutathione levels in the transgenicplants [59]. Another study showed that
overexpression of both Cu/Zn-SOD and APX genes in sweet potato (Ipomoea batatas)
leaves can protect them fromstress environment and enhance their drought tolerance.
Finally, it was found that genes related to the accumulation of ROS could improve
drought, salinity, and oxidative stress tolerance [61].

44.4
Heat Stress and Thermotolerance

Temperature during the growing season affects the dynamics of the growth and
development of the potato plants, resulting in the significant effects on yield and
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quality of potato tubers. For a complete coverage of the issue, read the compre-
hensive review given by Struik [62]. As Striuk pointed out, it is important to note the
parts of the plants that are exposed to certain temperatures and the period of
exposure to specific temperature treatments. In this review, estimated optimal
temperatures for each stage of the plant cycle are given. Temperatures significantly
higher or lower than the optimal levels will cause stress to the plants or can damage
the plant or tubers during growth and storage. Heat injury and sunscald are the
damages to foliage and tubers caused by high temperature (>25 �C) and/or direct
sunlight. Most of the leaf injury occurs during intense dry weather and when there
is a strong wind (air temperature >30 �C). Tubers lying in the collection rows after
digging may be injured internally or externally when exposed to direct solar
radiation and high temperatures.

Recent attention on global warming should bring some concerns on potato
production. Projections indicate that global average temperatures will increase from
1.1 to 6.4 �C by the end of this century, depending upon region [63]. Generally,
increasing CO2 concentrations and air temperatures will result in lower growth and
yield, reductions in the duration of the plant cycle and increase in potato diseases.
Thus, the development of cultivars that are tolerant to high temperatures is critical to
the strategy to minimize the global warming effects. Furthermore, the problem is
compounded when other stresses, such as drought and salt, are factored in. For
example, somewild Solanum species effectively deal with drought stress by reducing
transpiration rates; however, this also reduces evaporative cooling effects that in turn
require leaves to possess a higher thermal tolerance [49]. If heat stress is added to salt
stress 40–60 days after emergence, the mechanisms that normally prevent salt
accumulation fail and the young expanding leaves can be permanently damaged.

A number of tools including cultural practices and genetics are available to
ameliorate heat stress. It appears that potato leaves grown under heat stress exhibit
impaired cell expansion, but this can be overcome by increasing root zone calcium
levels to promote axillary shoot growth [64]. Literature has suggested a significant
amount of variation in tolerance to heat and cold stresses both among S. tuberosum
cultivars and wild relatives [23, 49, 65–69]. These variations may provide breeding
materials to develop thermotolerant varieties.

44.4.1
Effect of Heat on Tuber Quality

Heat stress andwater deficit appear to induce changes in carbohydratemetabolism in
the tuber, shifting from starch synthesis to starch mobilization [70]. The frequency
and severity of internal heat necrosis, a disorder that manifests in the form of brown
spots in the tuber flesh, affects fresh market and processing quality. Such defect
occurs when the early growing season is subjected to high day and night tempera-
tures and low rainfall [71]. The same weather conditions can also cause sugar end,
which results in dark coloredFrench fries. In addition, skin russeting occurs in potato
tubers exposed to high soil temperatures, which triggers the production of thick and
protective skin layers that become cracked with subsequent tuber expansion [72].
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44.4.2
Cellular Response to Heat

Heat as a signal triggers several plant responses, including production of HSPs,
molecular chaperones, osmoprotectants, and oxidative response pathways. These
molecules protect macromolecular structures and proteins from denaturation
during heat stresses. For example, stress-induced tomato ABA stress ripening 1
(SIASR1) protein has chaperone-like activity and can stabilize a number of proteins
against denaturation caused by heat and freeze–thaw cycles [44]. The heat-tolerant
potato cultivar Norchip, when exposed to high temperatures (40 �C), synthesized
small HSPs for a longer time period than other more heat-sensitive cultivars [69].
Oxidative stress also plays a role in heat stress. For example, a sweet potato
peroxidase (SWPA4) responds to several abiotic stresses and contains a cis-acting
heat shock element in its promoter [73]. Tang et al. [56, 74] developed several potato
lines using an oxidative stress-inducible SWPA2 promoter to express either Cu/Zn
SOD and APX in the chloroplasts or Arabidopsis nucleoside diphosphate kinase 2
(NDPK2) in the cytosol. In both cases, the presence of the transgene greatly
diminished the reduction in photosynthetic activity that was caused by high
temperatures (42 �C for 20 h) [56, 74]. In another study, Waterer et al. [48] trans-
formed cultivar Desiree to overexpress one of the four genes: mitochondrial
MnSOD3:1 from wheat or a cold-inducible transcriptional factor DREB/CBF1
from canola, as well as the two previously mentioned genes encoding dehydrin 4
(DHN4) from barley and LEA group 3-like (ROB5) from bromegrass [48]. All of the
transgenes appeared to enhance the heat stress tolerance (44 �C) of whole plants or
excised leaves, with lines transformed with SOD3.1 showing the greatest effect. In
low-temperature stress trials conducted under controlled environment and in the
field, lines overexpressing SOD3:1 showed an enhanced capacity to grow at
suboptimal temperatures (10 �C), while lines transformed with SOD3.1 or ROB5
had greater tolerance to freezing temperatures than the parental lines [48]. There-
fore, there may well be similar cellular mechanisms in potatoes when dealing with
high or low temperature stresses.

44.4.3
Cultivar Development through Omics Approaches

Few studies have been completed at the omics levels. Below are the three individual
studies that have provided some key information about the pathways that are
regulated by heat, cold, and salt. Readers should by now realize that cells use similar
mechanisms to respond to different stresses, that is why often similar genes and
pathways are foundunder different stress stimuli. Rensink et al. [75] generated 20 756
ESTs from a cDNA library constructed by pooling mRNA from heat, cold, salt, and
drought-stressed potato leaves and roots and termed it the potato abiotic stress (POA)
collection. This collection contained 1476 unique sequences, 667 contigs, and 809
singleton ESTs. In their subsequent study [76], researchers used a �12 000 clone
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potato cDNA microarray to measure the expression of seedlings grown under
controlled conditions and subjected to cold (4 �C), heat (35 �C), or salt (100mM
NaCl) stress for up to 27 h. They discovered that potato gene products implicated in
stress adaptation were similar to those reported in other plant species, such as
molecular chaperones, HSPs, late-embryogenesis abundant proteins, and gene
products with enzymatic activity, as well as several transcription factors, signal
transduction proteins, and hormone signaling-related genes. In a study that focused
on skin russeting induced by heat stress, Ginzberg et al. [72] looked into the
transcriptomic profile of the periderm of tubers. Results revealed the upregulation
of genes encoding heat shock proteins and regulation of transcription factors and
genes related to cell proliferation and differentiation.

44.5
Cold and Frost Stresses

Potato plants can be injured by low temperature and frost in the field during the
growing season. Low-temperature injury occurs when the leaf temperature drops
below 0 �C, but tissues are not yet frozen. Frost damage occurs when the leaf tissues
become frozen. At the end of the growing season, tubers in the ground can be injured
by cold and frost. They become very sensitive to mechanical damages due to lifting,
transport, and storage. Potato tubers can be damaged when the temperature is below
3 �C. The severity of the damage depends on variety, temperature, and the exposure
duration.When the storage temperature is between freezing and 9 �C, tuber starch is
converted into sugar, resulting in cold sweetening. Cold sweetening is a major
processing defect, causing brown color after frying for French fries and chips. When
the temperature is below 3 �C, tubers can be damaged internally and externally. The
damaged tissues will rot by bacterial pathogens soon after.

Cold conditions that could cause damage to potatoes are temperatures belowwhich
cells can handle for normal physiological activities. For clarity in this section, we will
use the terms cold tolerance and cold acclimation to refer to low temperatures above
freezing, and we will use freezing tolerance to refer to temperatures below 0 �C.
While cultivated potato (S. tuberosum) doesnot have the ability to cold acclimate, some
wild Solanum species can be acclimated to cold by exposure to low temperature
(�4 �C) for a period of time [77]. The degree of cold acclimation can be assessed by
several methods including visual inspection or by measuring changes in electrical
conductivity of the leaves and estimated by the LT50 corresponding to the temper-
ature inducing 50% of injured cells [77]. There is a quite overlap among different
stress responses. For example, microarray analysis indicates that leaves respond to
cold and salt stresses very similarly at 9 and 27 h [76].

In response to low-temperature stress, plant membrane lipids have a tendency to
change from gel to liquid-crystalline phase due to the increased level of lipid
desaturation. Thus, fatty acid desaturases have been the focus of improving cold
tolerance in plants [78]. It has been found that an increase in 18 : 2 (linoleate) in the
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purified plasma membrane fraction during cold acclimation is associated with
genetic variations in cold acclimation capacity [79]. This increase was found only
in genotypes that are able to cold acclimate and was reversible on deacclimation,
suggesting a link between the accumulation of 18 : 2 and the acquisition of freezing
tolerance [80]. An accumulation of D9 desaturase gene transcripts during cold
acclimation is confirmed to be associated with the cold acclimation response in
potatoes [80]. Also, cold tolerance (long-term growing at 8 �C), as well as freezing
tolerance (�7 �C for 30min), was enhanced in transgenic lines expressing an acyl-
lipidD12-desaturase gene from Synechocystis spp. PCC6803 because of an increased
unsaturated fatty acid concentration in their lipids, with increased content of 18 : 2
and 18 : 3 fatty acids [81, 82].

Lipid profile is, therefore, an effective measure of the cellular responses to cold
stress. One study compared the lipid profiles between a freezing-tolerant, cold-
acclimating wild potato species (S. commersonii) and a freezing-sensitive, nonaccli-
mating cultivated species (S. tuberosum). Following cold acclimation, both species
had a decrease in palmitic acid, an increase in unsaturated to saturated fatty acid ratio,
an increase in free sterols, an increase in sitosterol, and a slight decrease in
cerebrosides. Lipid changes detected only in the acclimating species included an
increase in phosphatidylethanolamine, a decrease in sterol to phospholipid ratio, an
increase in linoleic acid, a decrease in linolenic acid, and an increase in acylated steryl
glycoside to steryl glycoside ratio [83]. This study highlighted the importance of
membrane lipid profiles in regulating frost and cold tolerance in plants. Another
study [84] has shown that during low-temperature treatment, Solanum species that
are able to acclimate to cold induced a noticeable increase in SsLTP1 (a lipid transfer
protein), while species that display a low capacity for cold acclimation had no change
in SsLTP1 levels.

44.5.1
Cellular Response to Cold

In response to cold stress, cells accumulate osmoprotectants, small molecules that
balance the osmotic difference between the cell surroundings and the cytosol.
Upon cold exposure, carbohydrates accumulated in cultivars that are cold toler-
ant [77]. It is worth to point out that even under nonstressed conditions, most
carbohydrates (sucrose, galactose, galactinol, raffinose, and glucose) were present
at higher levels in the constitutively tolerant cultivar S. phureja. In this plant,
trehalose levels reached concentrations equal to those of other carbohydrates,
giving evidence that the sugar acts as an osmoprotectant rather thanmerely playing
a regulatory function as has been suggested in other situations [85]. Expression of
carbohydrate-related genes during cold exposurematches thesemetabolite profiles
in cultivar Desiree, showing the upregulation of sucrose synthase and galactinol
synthase, leading to galactinol and eventually raffinose accumulation [77]. Free
polyamine accumulation has been demonstrated to be involved in abiotic stress
tolerance in other species [86, 87]. This was also detected in potatoes where free
polyamine metabolism was affected by cold as shown through an upregulation of
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arginine decarboxylase, S-adenosylmethionine decarboxylase, and spermidine
synthase genes [77, 88]. Potato plants transformed with an apoplastic-localized
yeast invertase had a greater invertase activity, higher content of sugar, and
produced significantly less lipid peroxidation activity when exposed to low tem-
perature (3 �C) and freezing temperatures (�1 or �9 �C) [89, 90]. The authors
suggested that the improved cold tolerance was attributed to the stabilizing effect of
sugar on the membranes.

Cell signaling is one of the most important cellular responses to cold treatment.
Potatoes possess at least three calcium/calmodulin signaling proteins that display
differential expression in response to cold stress in leaves after cold acclimation, and
when combined with osmotic stresses [91]. Plant hormones, such as ABA pretreat-
ment confers freezing tolerance tomicroplants transferred to soil, with no significant
negative long-term effects on tuber production. Responses to ABA were found to be
associatedwith increased antioxidant enzymatic activities of peroxidase andAPX and
decreased H2O2 content in the induction of freezing tolerance in the potato [92].
Antistress effects of salicylates can also be used in a planned manner to improve in
vitro culture technology and hardening in potatoes for induction of tolerance to
freezing in microplants after transplanting them to soil [93]. It appears that at least
two mechanisms are involved in the induction of freezing tolerance in potato by
salicylic acid (SA). One mechanism, exemplified in the cold-sensitive cultivar
Atlantic, appears to involve induction of hydrogen peroxide (H2O2) accumulation
leading to enhanced CAT activities, while another mechanism exemplified in the
more cold-tolerant cultivar Alpha does not appear to involve H2O2 accumulation or
enhanced CAT activities [94].

ROS generated during cold stress are involved in inducing the oxidative stress
during chilling and in triggering cold-induced damage [95]. ROS can either act as
signals that induce protection mechanisms or accelerate injury [96]. Freezing
tolerance is attributed to the protective effect of sugars caused by their ability to
scavenge ROS nonspecifically under stress conditions [97, 98].

44.5.2
Gene Functions and Omics

Protective proteins are produced under cold stress conditions. Pruvot et al. [99]
identified CDSP34 protein that accumulates in the chloroplast in response to low
temperatures. This protein plays a role in the structural mechanisms involved in the
thylakoid tolerance to stress. A chaperonin protein Cpn60b involved in sustaining
proper protein folding under stress was found to be constitutively expressed at a
higher level in cold-tolerant potato species S. commersonii, but not in cold-susceptible
S. tuberosum [100]. Dehydrins are believed to act as emulsifiers or chaperones in the
cells by protecting proteins and membranes against unfavorable structural changes
caused by dehydration. One of the dehydrin proteins, dhn2, was found to express at a
higher level in cold-tolerant potato species [100]. Furthermore, the cold acclimation
that improved the freezing tolerance in S. commersonii was associated with the
accumulation of the transcripts of Scdhn2 [96]. A similar response to cold acclimation
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was also observed for DHN24 (a SK3-type dehydrin protein) [101] and TAS14 [88]. As
mentioned previously, overexpression of DHN4 in potatoes did not provide any
benefit with respect to cold tolerance, although in the same trials, overexpression of
mitochondrial MnSOD3:1 did confer tolerance [48].

In low-temperature stress trials conducted under controlled environment and in
the field, lines overexpressing a heat-stable, LEA group 3-like protein from brome-
grass (ROB5) had greater tolerance to freezing temperatures than the parental
line [48]. Another class of proteins commonly studied in relation to cold and freezing
tolerance are antifreeze proteins (AFPs) that inhibit ice growth and recrystallization.
Expression of a synthetic AFP (similar to type 1 AFP of winter flounder) in cultivar
Russet Burbank conferred freezing tolerance as assessed by electrolyte release
analysis of the transgenic plant [102].

Many transcription factors regulate gene expression under cold conditions.
Transgenics overexpressing several transcription factors (ERF, EREBP, DREB, and
CBF) have improved freezing tolerance in potato plants. Ethylene-responsive factors
(ERFs) are plant-specific transcription factors, many of which have been linked to
plant defense responses. Overexpression of CaPF1, an ERF/AP2-type pepper tran-
scription factor gene, effectively increased tolerance to freezing in potatoes [103]. In
addition, StEREBP1 (ethylene-responsive element binding protein 1) is a transcrip-
tion factor that responds to several environmental stresses. Overexpression of
StEREBP1 enhanced tolerance to cold stress (growth at 8–10 �C for 2 months) in
transgenic potato plants [104]. Overexpression of Arabidopsis rd29A::DREB1A also
enhances freezing tolerance in transgenic potatoes [105]. Even in the absence of cold
treatment, ectopic AtCBF overexpression improved the freezing tolerance of trans-
genic Solanum species [106]. In the meantime, overexpression of ectopic AtCBF1
affected many alterations associated with cold acclimation such as thickening of
leaves and increase in proline and total sugar contents. The leaves of these transgenic
S. commersonii were darker green, had higher chlorophyll and lower anthocyanin
levels, had greater stomatal numbers, and displayed greater photosynthetic capacity,
suggesting their higher productivity potential [107].

It is worth mentioning several other genes. For instance, potato 1-aminocyclo-
propane-1-carboxylate oxidase genes, ACO1 andACO2, can be induced by cold stress
(0 �C), but are differentially expressed by other stresses such as heat, wounding, and
soil flooding [108]. Renaut [109] presented a series of studies on the cold response in
two genotypes of S. tuberosum, PS3 and Desiree. Oufir et al. [77] focused on
carbohydrates and polyamines because they are known cryoprotectants associated
with cold acclimation. They used transcriptomics and metabolomics approaches to
demonstrate how three genotypes of potato responded to chilling exposure: a
tetraploid S. tuberosum (cultivar Desiree) was not able to acclimate to cold, a dihaploid
S. tuberosum (PS3) acclimated to cold, and S. phureja (CHS) wasmore tolerant to cold
on a constitutive level. Although free polyamine accumulation was not pronounced
upon cold exposure, an array of genes involved in several other metabolisms, for
example, amino acid, carbohydrate, energy, detoxification, and photosynthesis, were
differentially expressed in these potatoes under cold exposure.
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44.5.3
Cold-Induced Sweetening during Storage

Refrigeration is the most important and effective technology employed to maintain
the postharvest quality of potatoes. Storage at cold temperatures prevents sprouting,
minimizes disease losses, reduces shrinkage, and improves the retention of dry
matter and extends the marketability, thus supplying consumers and the processing
industry with high-quality tubers throughout the year. Unfortunately, when tubers
are stored at temperatures between 2 and 4 �C, they undergo a phenomenon known
as cold sweetening or low-temperature sweetening (LTS). At these temperatures, the
rate of conversion of starch to reducing sugars (i.e., glucose and fructose) is
accelerated. These potatoes are unacceptable for processing into chips or French
fries because when cooked in oil at high temperatures, the accumulated reducing
sugars react with free amino acids in the potato cells, forming a brown to
black pigmented and bitter-tasting product via a nonenzymatic, Maillard-type reac-
tion [110, 111]. Such products also have elevated amounts of acrylamide, a neurotoxin
and potential carcinogen [111]. Therefore, LTS is a major concern since all com-
mercial potato cultivars used for the production of potato chips and fries accumulate
excess free reducing sugars when exposed to cold stress.

The mechanism of LTS is somewhat understood. Low-temperature storage of
potato tubers induces amylolytic enzymes that initiate the breakdown of starch stored
in the amyloplasts. The breakdown products, both hexose phosphates (hexose-P) and
free sugars, are exported from the amyloplast to the cytosol where they are converted
to sucrose [112]. Sucrose-phosphate synthase produces sucrose 6-phosphate (Suc6P)
andUDP fromUDP-glucose and D-fructose 6-phosphate. Then, Suc6P is hydrolyzed
by sucrose phosphatase (SPP) to yield sucrose and inorganic phosphate (Pi) [113].
This sucrose can then be hydrolyzed into its constituent hexoses by soluble acid
invertase [114].

A genomic investigation by the Canadian Potato Genome Project initiative (www.
cpgp.ca) [115] sheds some light on LTS. In this study, mature, harvested tubers of
cultivar Shepody were stored at 4 �C for 3 months. Normalized library was con-
structed and ESTs were sequenced. Among the 5000 ESTs identified, only 7
transmembrane proteins Mlo8 and putative protein transport protein SEC13 were
highly regarded, while others were marked unknown. With the complete genome
sequencing data like to soon become available, these genes could be revisited for their
functions related to LTS.

At present, sucrose phosphatase and the vacuolar acid invertase (VInv) are targeted
in order to control LTS. Chen et al. [116] suppressed sucrose synthesis by RNAi-
mediated silencing of SPP expression, leading to an accumulation of Suc6P. Overall,
SPP-silenced tubers exhibited only minor differences in total soluble carbohydrate
accumulation. However, the sucrose to hexose conversion was greatly reduced
because of an unexpected blocking of cold-induced expression of VInv. Bhaskar
et al. [111] used a targeted RNAi approach to demonstrate that the potato VInv is
responsible for reducing sugar accumulation in cold-stored tubers. Evenwhen tubers
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were stored at 4 �C, potato chips processed from VInv-silencing lines were light in
color and showed a 15-fold reduction in acrylamide [111]. In a more traditional
breeding approach, Hamernik et al. [117] achieved a similar goal by introgressing
wild species germplasm with extreme resistance to cold sweetening at very low
storage temperatures (2 �C) into the cultivated potato. Selected accessions were
crossed as males to haploids of S. tuberosum to produce adapted hybrids, which
produced good tuber type and low levels of reducing sugars under extremely low
storage temperatures [117]. Interestingly, comparable low levels of VInv gene
expression were observed in cold-stored tubers of VInv silencing lines and wild
potato germplasm stocks that are resistant to cold-induced sweetening. These results
demonstrate that both processing quality and acrylamide problems in potato can be
controlled effectively by suppression of the VInv gene through biotechnology or
targeted breeding.

Several other attempts had been made to control LTS, by manipulating VInv
activity through the ectopic expression of an invertase inhibitor [118–120], through
antisense inhibition [114], or through RNAi suppression [121, 122]. The success of
these efforts was limited because invertase activity was only partially reduced. It
seems a nearly complete silencing of the VInv gene is required to effectively control
LTS [111].

44.6
Salt Tolerance

Soil salinity is defined as excess sodium chloride (NaCl) in soil. Plants encounter salt
stress when grown in naturally occurring saline soils or when irrigated with saline
water. According to the review by Donnelly et al. [123], most of the areas in the world
under potato cultivation are in countries that are not overly affected by salinity. The
exceptions, as pointed out by the authors, are countries in Southern andSoutheastern
Asia. Since China and India have become the top two potato producers in the world
(producing over 30% of the world potatoes), the salinity problem could become a
major issue for these two countries. In order to maintain production levels in these
countries, potato cultivars with improved stress tolerance to heat, drought, and
salinity are the top priority.

Irrigation has become an important agricultural practice, which is employed to
produce up to 30% of the world�s food using 15% of the cultivated land area. Salt
injury occurs when high-concentration salt water comes in contact with above- or
underground plant parts. This contact will lead to withdrawal of water from the plant
tissues due to osmotic pressure. The injured tissue cannot resume normal functions
and lead to necrosis.

Mechanisms of salinity tolerance in plants are related to a combination of plant
stresses, including drought stress, ion toxicity, mineral deficiency, and oxidative
stress. Because salinity affects major biochemical processes of the cell, such as
protein synthesis, energy generation, photosynthesis, and lipid metabolism, plants
use diversified mechanisms to counter these effects. These include limiting the
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uptake and transport of selected ions, compartmentalization in cells and organs,
altered cellular and organelle membrane structures, producing antioxidant com-
pounds and enzymes, and using alternative biosynthetic pathways. Early studies
showed that proline, a compatible solute as mentioned earlier, is accumulated in the
saline-stressed potatoes. Potatoes were considered as moderately salt-sensitive in
early studies. However, significant variations in salt tolerance among S. tuberosum
cultivars are expected, but they have not been explored systematically. Some field,
greenhouse, and in vitro evaluations have been completed as summarized in
Donnelly et al. [123]. As already mentioned, plants� response to salt is also related
to the responses to other stresses, as demonstrated by microarray analysis of leaf
responses to cold and salt stresses [76].

44.6.1
Mechanisms of Salt Response

Major changes in potato leaves in response to salt exposure were found to be the
repression of photosystems I and II and chlorophyll synthesis, according to micro-
array analyses [124]. This was mirrored by protein data in which the most drastically
downregulated proteins were involved in photosynthesis and protein synthesis [125].
In addition, changes in gene expression of carbohydrate and amino acidmetabolism
suggested that salt stress caused modifications at the metabolic level.

Studies have identified cell signaling proteins frompotatoes that are induced by salt
stress, including a novel leucine-rich repeat receptor-like kinase, StLRPK1 [126], and
calcium/calmodulin signaling components ScCaM1 and ScCaM5 [91]. Catechola-
mines are synthesized in response to both ABA and salt stress, and are proposed to
be stress agent compounds that play an important role in the regulation of starch–
sucroseconversioninplantsandmaybeimplicatedinseveralotherfunctionsincluding
woundingandpathogen responses [127]. ExpressionofStPUB17, anUND/PUB/ARM
repeat E3 ubiquitin ligase, is upregulated by many abiotic stresses including salt, and
StPUB17-silenced plants were more susceptible to both salt stress and Phytophthora
infestans [128]. Nitric oxide appears to interact with salt stress signaling according to
studiesonArabidopsis.Arabidopsismutants of theAtnOA1gene involved innitricoxide
synthesis aremore sensitive to salt stress,but transgenicexpressionofStNOA1fromS.
tuberosum was able to return salt sensitivity to wild-type level [129–132].

In response to salinity, cells accumulate osmoprotectants, small molecules that
balance the osmotic difference between the cell�s surroundings and the cytosol.
Proline is a small molecule that accumulates upon salt exposure and is believed
to protect cells via a mechanism similar to that proposed for drought tolerance.
N-succynilarginine is induced under salt stress and it is involved in arginine
metabolism that leads to the production of ornithine and proline [125]. Overexpres-
sion of D1-pyrroline-5-carboxylate synthetase increases proline production and
confers salt tolerance in transgenic potato plants [133]. Lycine-betaine (GB) is a
common compatible solute that accumulates in many higher plant species in
response to salinity, drought, and low temperature [134], but potato is betaine
deficient. It has been demonstrated in a variety of studies that GB exerts protective
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effects and stabilizes macromolecules, enzyme activities, and membranes under
stressful conditions [135, 136]. Transgenic plants with enhanced salt tolerance were
engineeredwith the ability to synthesizeGB in chloroplasts via the introduction of the
bacterial choline oxidase (codA) gene under the control of an oxidative stress-
inducible SWPA2 promoter [137]. Ning et al. [138] also created transgenic potato
plants expressing a gene for GB synthesis that had improved tolerances to drought
and salinity. Pruvot et al. [99] identified two proteins that accumulate in response to
salt: CDSP 32 is suggested to be involved in osmoregulation in the stroma and CDSP
34 is postulated to play a role in the structural mechanisms involved in the tolerance
of thylakoids to dehydration stress [99].

A cDNA microarray analysis of leaves reveals that salt stress activated several
HSPs, late-embryogenesis abundant proteins, and dehydrins [124]. The accumula-
tion of HSPs can act as chaperone to facilitate the correct folding of proteins and
protect them from denaturing under stress conditions. The leaves of potatoes
exposed to salt stress induced the gene expression of several HSPs [124] and salt-
tolerant cultivars have a propensity to accumulate moreHSPs under salt stress [125].
Cpn60b is another example of a molecular chaperone from Solanum that is induced
by salt stress [100]. These authorsfirst identified this gene alongwith several others in
a functional screen for salt tolerance using a heterologous expression method in E.
coli. Another of these candidate salt stress-related genes was dhn2, a dehydrin that
shares homology with the D11 group of LEA dehydrins and is synthesized during
seed desiccation and in response to salt stress.

Several hormones have been implicated in responses to salt stress. For example,
calreticulin is a Ca2þ storage protein that appears to be involved in ABA-induced salt
tolerance. Its gene expression and protein levels are induced by salt stress [139].
Furthermore, grafting experiments demonstrate that both salt stress tolerance and
calreticulin expression are regulated by the roots [139]. Experimentswith acetylsalicylic
acid suggest that pretreatment induces preadaptive responses to salt andwater stresses
leading to the protection of the photosynthetic pigments and the maintenance of
membrane integrity, which is ultimately reflected in improved plant growth [140].

Salt transporters/vacuolar Naþ /Hþ antiporters have been studied for salt response.
Plant cells adapting to salt stress improve cellular ion homeostasis by accumulating
organic solutes in the cytosol, by compartmentalizing ions in the vacuole, and by
excluding extra Naþ ions from the cells. To this end, transgenic potato plants
constitutively overexpressing an Arabidopsis tonoplast Naþ /Hþ antiporter (AtNHX1
gene) were constructed but not analyzed for salt tolerance [141]. Another group by
Bayat et al. [142] transformed two cultivars of potatoes (S. tuberosum) with a barley
antiporter gene (HvNHX2) driven by the CaMV 35S promoter. Transgene expression
conferred a higher NaCl tolerance to one of the cultivars.

44.6.2
Genes Related to Salt Tolerance

Altering potato metabolism through transgenic approaches has also altered salt
tolerance. Besides the genes indicated above, several others have been studied.
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Transgenic plants with reduced StubGAL83 expression had increased sensitivity to salt
stress, as well as impaired root and tuber development [143]. This potato gene was
suspected to be an important regulator of salt stress because it encodes a subunit of a
protein kinase complex that is similar to the yeast SNF1 and mammalian AMPK
complexes that are modulated by changes in the cellular AMP/ATP ratio and are
important regulators ofmetabolic and stress responses. Conversely, continuous expres-
sionofaglyceraldehyde-3-phosphatedehydrogenase in transgenicpotatoplants resulted
in improved tolerance against salt loading [144]. The importance of nitrogen status in
metabolism has been highlighted in salt-stressed potato plants that had increased
glutamine synthetase activity in the roots and decreased activity in the leaves [145].

Salt stress response is also related to biotic stress factors. Microarray analysis of
leaves reveals that salt stress induced the expression of several pathogenesis-related
proteins, as well as several transcription factors related to plant defense pathways,
demonstrating a crosstalk between abiotic and biotic stress responses during salt
exposure [124]. In another study, 6 of 20 proteins upregulated by salt stress were
known to play a role in plant defense (i.e., osmotin-like protein, HSPs, calreticulin,
and protease inhibitors) highlighting the close link between these processes [125].
For example, osmotin is a member of the pathogenesis-related family of proteins 5
(PR-5), which is induced by biotic stresses and implicated in defense against
fungi [146, 147]. However, osmotin protein levels in salt-tolerant cultivars are also
upregulated in response to salt. Furthermore, overexpression of osmotin has been
proposed to confer salt tolerance to transgenic potato plants [148]. PR-10a is another
pathogenesis-related proteinwith increased protein expression in potato cell cultures
under salt stress. Potato cell cultures that overexpressed a PR-10a transgene were
conferred increased salt and osmotic tolerance [149].

Transcription factors are involved in osmotic stress response via ABA-dependent
or ABA-independent pathways. Functional studies of several transcription factors
have demonstrated their effectiveness in mitigating salt stress [124]. For example,
ArabidopsisDREB/CBF (dehydration-responsive element binding/C-repeat binding
factor) proteins are key transactivational factors involved in environmental stresses
such as cold, drought, and salinity [105]. Improved tolerance to salinity was conferred
to potato plants transformed with Arabidopsis DREB1A under the control of an
Arabidopsis stress-inducible promoter (rd29A) [150]. Ectopic expression of potato
StZFP1 (a TFIIIA-type zinc finger protein), also driven by rd29A, in transgenic
tobacco increased plant tolerance to salt stress [53]. StEREBP1 (ethylene-responsive
element binding protein 1) is a transcription factor that binds GCC and DRE/CRT
cis-elements and that responds to several environmental stresses including low
temperature. Overexpression of StEREBP1 in potatoes enhanced their tolerance to
cold and salt stress [104].

44.6.3
Omics Studies

Salinity tolerance is a multigenic trait with complex regulatory factors. Significant
progress in its understanding has been made in Arabidopsis and tomato; however,
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breeding for salinity tolerance in potato is still in its infancy. Several tolerant lines of
cultivated andwild species have been identified on the basis of the Center for Genetic
Resources (CGN)Genebank evaluation data, but breeding a tolerant line with growth
vigor and yield is still a long process. To aid in this endeavor, several transcriptome-
wide analyses have been performed in order to identify potato genes involved in
salinity. As previouslymentioned, Rensink et al. [75, 76] profiled genes in response to
salt and temperature stresses. Other omics studies include a microarray study by
Legay et al. [124] and a proteomics study by Aghaei et al. [125]. Both described the
expression of several individual genes or proteins and several functional categories of
genes that are differentially regulated under salinity.

Salt tolerance of potato cultivars and clones in general has increased activity of
antioxidant enzymes, including SOD and peroxidase (POD) [151–153] as well as
APX, CAT, and glutathione reductase (GR) [154]. Similarly, treatments that boost the
antioxidant capacity of a plant, such as exogenous application of ascorbic acid, have
also been found to ameliorate the salinity tolerance and increase the CAT and SOD
activities in S. tuberosum [155].

Several examples of successful transgenic approaches have manipulated the
antioxidant system to improve salt tolerance. For example, transgenic in vitro plants
expressing a bacterial CATgene had an improvedmultiplication rate under salt stress
compared to control, while knockdown of the CAT gene reduced the multiplication
rate, tuber yield, and leaf chlorophyll content [156]. Another study expressed
Arabidopsis nucleoside diphosphate kinase 2, a known regulator of antioxidant gene
expression, under the control of anoxidative stress-inducible promoter (SWPA2). The
transgenic potato plants had higher APX activity and were more tolerant to high salt
concentrations, presumably because of improved scavenging of ROS derived from
salt stress [56]. This same research group demonstrated that transgenic potato plants
expressing Cu/Zn SOD and APX genes in chloroplasts under the control of the
SWPA2 promoter had increased tolerance to salt stress. Furthermore, retransfor-
mation of these same transgenic plants with a bacterial choline oxidase (coda) gene to
synthesize glycine-betaine in chloroplast synergistically enhanced salt tolerance.
Ectopic production of glycine-betaine in the chloroplast helped to maintain higher
activities of SOD,APX, andCATduring salt stress [58]. A similar transgenic approach
engineered potato plants with enhanced ascorbic acid accumulation and tolerance to
salt stress by overexpression of a rat GLOase gene that is responsible for ascorbic acid
production [157]. The T1 transgenic plants exposed to salt stress (100mM NaCl)
survived better with increased shoot and root length compared to untransformed
plants. The elevated level of AsA accumulation in transgenics was directly correlated
with their ability to withstand abiotic stresses.

44.6.4
Wounding

Tuber skin is a suberized layer of native periderm. It is often called skin-set. Tuber
skin is used to protect tubers from pathogen infection, desiccation, and water loss.
Tuber skins can be easily wounded by mishandling during harvest and postharvest
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storage, resulting in decreased tuber quality and increased defects. The cultivars that
lack an effective suberization function will be more prone to tuber defects such as
bruising, crack, and skinning. In some cases, within 1 h of wounding, tuber skin
tissues respond with wound-induced suberization [158]. The overall wound-healing
process in potato tubers is characterized by the rapid accumulation ofwaxes to restrict
water vapor loss [159] and the development of a suberized closing layer and associated
wound periderm that resists desiccation and microbial invasion [160]. Suberization
requires the biosynthesis of phenolic, aliphatic, and glycerol monomers and assem-
bly of these monomers into polymer domains, named as suberin poly (phenolic)
domain (SPPD) and suberin poly (aliphatic) domain (SPAD) [161]. Phenylalanine
ammonia lyase (PAL) is a major player in the regulation of wound-healing activity
because it is required for the formation of polyphenols in the SPPD [160]. In relation
to this, a proteomic analysis of the wound-healing process reveals the accumulation
of several peroxidases [162] that have been postulated to participate in the cross-
linking of the hydroxycinamic alcohols that constitute lignin and SPPD [163].

Three hormones have been traditionally associated with wound healing because
their levels dramatically increased upon wounding [164]. Most recent evidence
implicates ABA in wound healing [164], but does not support a role for ethylene
in this process, while the role of jasmonic acid remains speculative [164]. This is
further supported by the observation that wound-healing ability declines with tuber
age/storage, partly because of a reduced ability to accumulate ABA that appears to
modulate PAL activity and accumulation of suberin polyphenols [160].

Chaves et al. [162] provide insight into the proteomics behind the wound-healing
process in tuber slices. The cell differentiation processes that were triggered by slicing
lead to changes in metabolism, activation of defense, and cell wall reinforcement.
Proteins detected related to storage, for example, patatin, cell growth and division,
cell structure, signal transduction, energy production, disease/defense mechanisms,
secondary metabolism, and suberization. Even 8 days after wounding, the protein
patterns of slices ofwoundperidermandnative peridermwere still quite different [162].

To further understand the metabolites associated with suberization process, a GC/
MS-based metabolite profiling study was conducted, using wound-healing potato
(S. tuberosumL.) tubers [165].Usingprincipal component analysismethods, the authors
revealed a separation of metabolite profiles according to different suberization stages,
with clear temporal differences in the nonpolar and polar profiles. These temporal
differences were in keeping with earlier histochemical analyses of suberin macromo-
lecular assembly: first, the phenolic compounds that accumulate in response to a
wounding event are polymerized into the SPPD within the primary cell wall; then, this
event is closely followed by the biosynthesis of SPAD components and their assembly
into a multilammelar structure between the cell wall and the plasma membrane
[161, 166]. Yang et al. [165] observed that the nonpolar metabolite profiles contained
characteristic SPAD components, which appeared later than the bulk of the SPPD
components apparent in the polarmetabolite profiles. In the nonpolar profiles, suberin-
associated aliphatics contributed themost to cluster formation, while a broader range of
metabolites (including organic acids, sugars, amino acids, and phenylpropanoids)
influenced cluster formation among polar profiles. The authors exploited strong
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correlations between known suberin-associated compounds and several unidentified
metabolites in the profiles to identify novel compounds involved in suberin biosyn-
thesis. In addition, the results distinguished between suberin-related metabolites and
metabolites associated with other wound-induced processes. For example, chlorogenic
acid was clearly identified as one of the phenoic compounds induced by wounding.

In addition to suberization, wounding of potato tubers induces changes in some
othermetabolites, including those that function as defense compounds, for example,
hydroxycinnamoyl putrescines [165, 167] and chlorogenic acid [165, 168]. Plants
appear to have distinct signal transduction pathways that can distinguish between
insect damage and abiotic damage based on the presence of insect-derived elicitors
that function to induce plant defense against herbivory [169, 170]. For example, Turra
et al. [171] have demonstrated differential expression patterns of potato protease
inhibitors in response to wounding and nematode infection. Nevertheless, during
the wound-healing process, a number of upregulated proteins result in the produc-
tion of antimicrobial compounds such as phenols and pathogenesis-related (PR)
peptides or the protein themselves are PR, such as beta-1,3-glucanase (PR-2),
chitinases (PR-3), osmotins (PR-5), protease inhibitors (PR-6), plant peroxidases
(PR-9), and PR-10 proteins [162]. The induction of multiple protease inhibitors upon
wounding [162] is of particular interest because after patatin, low molecular weight
proteinase inhibitors are themost abundant group of tuber storage proteins [172] and
they have been implicated in the regulation of endogenous protease activity, protein
stabilization, modulation of apoptosis, and protection from biotic stress [173, 174].

In addition to its function in defense [165, 168], chlorogenic acid is a major
chemical involved in a nonenzymatic discoloration in potato tubers, called after-
cooking darkening (ACD) [175]. This leads to another study that recently completed.
Murphy et al. [176] used a comparative proteomics approach to identify proteins
related to potato tuber ACD, a defect not welcomed by French fry industry. Clustering
analysis of relative quantitative proteomics data revealed a cluster of proteins whose
relative expression appeared the most positively correlated with darkening and an
additional, smaller cluster of proteins, negatively correlatedwith darkening. Perhaps,
most interestingly, they observed multiple proteins related to lipid signaling and
protease inhibitor-based wound responses that are correlated with tissue darkening.
The changes in relative protein abundance showed an enhanced wound response
program in high ACD tissues. Among the wound-induced proteins, five were
suggested by the authors for further investigation. They are polyphenol oxidase,
aspartic protease inhibitor 7 precursor, 5-lipoxygenase, linoleate:oxygen oxidoreduc-
tase, and patatin T5 precursor. The authors suggest this wound response occurs in
parallel to an increase in polyphenol synthesis, leading to tissue darkening [176].

44.7
Conclusions and Future Perspectives

Environmental stresses, both during growing season and during postharvest storage,
can affect the marketable quality of the potato crop. Stresses during the growing
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season reduce photosynthetic efficiency and function, resulting in variedmetabolism
changes and inhibition of the optimal growth and development of tubers. Recent
efforts in genomics, transcriptomics, proteomics, and metabolomics to understand
the physiology, biochemistry, and molecular genetics of stress responses have
provided insight into these processes. Many promising genes have been identified
and their roles and effectiveness in stress tolerance will be tested. Unfortunately, one
last hurdle lies in the fact that traditional transgenic approaches have not been
welcomed by consumers and agricultural policymakers of the developed world. This
resistance has inhibited the introduction of many stress-tolerant transgenic cultivars
into world markets thus far. Nevertheless, recent advancement in intragenic
approaches, as outlined by Rommens et al. [177, 178], show promise in developing
new cultivars while reducing concerns about the use of selection markers and genes
from foreign species. It is very likely that some well-defined new generation
intragenic potato cultivars will be successfully tested under field conditions.

The completion of the potato genome sequencing in the near future will boost the
study of abiotic stress significantly. Many genes and markers will be identified and
developed using the existing breeding lines. Because of the complexity and the
heterozygosity of the cultivated potato cultivars, association mapping method will
become a more effective tool to identify genes and markers with much less time.
Finally, marker-assisted selection could be more successful if omics data could be
integrated into breeding processes for new cultivar development.
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45
Potato: Production Strategies under Abiotic Stress
Joginder Singh Minhas

Potato production is rapidly expanding in tropical and sub-tropical environments.
The population density in these areas is high and potato with its high productivity of
edible energy per unit area and time has the potential to alleviate hunger and
malnutrition. However, the crop is exposed to various kinds of abiotic stresses like
drought, heat, salinity etc. in these environments which are important limiting
factors for potato productivity. The average tuber yield in these areas is less than half
compared to temperate climates. With increased human activity impacting climate
change, these stresses are likely to be experienced in higher magnitude and more
areas. Genetic variability exists for tolerance to these stresses in potato and related
species germplasm and can be exploited for developing abiotic stress tolerant
varieties. Moreover, it is important to understand stress tolerance mechanisms
operating in different plant species, and utilize our knowledge of agronomy,
physiology, genetics and molecular biology to develop new genotypes capable of
giving good yields under stressful environments.

45.1

Introduction

Although cultivated potatoes originated in highlands of South America, full potential
of the crop was exploited in the temperate countries through organized breeding
work. From these countries, potato was introduced to the tropical and subtropical
areas of the world. As of now, potato is one of the most important food crops, both in
developed and in developing countries. Owing to high protein–calorie ratio (17 g
protein:1000 kcal) and short vegetative cycle, potato yields substantially more edible
energy, protein, and dry matter per unit area and time than many other crops. In
2005, potato production by the developing countries overtook production by the
developed countries. Most of these countries lie in tropical and subtropical zones of
the world and are prone to various abiotic stresses such as drought, salinity, and high
temperature. Abiotic stresses reduce the potential crop yields to a large extent and
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present a major challenge to sustainable food production. Water is recognized as the
most crucial natural resource for agricultural productivity. Water stress related
problems are aggravating all over the world since droughts are becoming a common
occurrence in rain-fed agriculture, more so, because of global weather changes.
Scanty rainfall or inadequate irrigation creates drought-like situation resulting in
reduced water availability to the crops. Loss of water due to high temperature also
contributes to drought and leads to symptoms typical of dehydration or desiccation.
Physiological drought is caused by high osmolarity (due to excessive salinity) of the
soil because of which plants cannot utilize water even if available. Salinity directly
affects ionic balance in the cells resulting in reduced growth and dry matter
production. Temperature has profound effect on plant growth and development.
Low temperatures lead to reduced photosynthesis and frost injury.High temperature
has direct and indirect effects that reduce plant productivity. Direct effects are
reduced photosynthesis and increased respiration leaving little photosynthate for
growth and development. Indirectly high temperature disturbs partitioning of sugars
among different organs affecting yield; for example, in potato, translocation of sugars
is diverted to aboveground parts leading to severe yield reduction even at mild night
temperatures.

Physiologically, stress tolerance canbe defined inmanyways like ability of the plant
to survive under severe stress through osmotic adjustment and reducedmetabolism,
percentage yield reduction under stress compared to control, seed setting under
stress, and so on, but from agronomic point of view, total commercial crop yield
under stress is the only criterion. Therefore, the aim of the agricultural scientist is to
develop stress-tolerant varieties and agrotechniques to maximize crop productivity
under stressful environmental conditions.

45.2
Drought Stress

Drought is considered to be the major limiting factor for yield in the world potato
production [1] influencing negatively not only yield but also tuber quality. Insufficient
water supplymay occur almost anywherewhere potatoes are grown. In arid regions (e.
g., subtropics), where potato production is possible only with irrigation, short periods
ofdrought oftenarisebecause of inadequate irrigation techniquesor shortage ofwater.
Even with good irrigation practices, water stress may occur because of high transpi-
ration rates, especially duringmid-day, when root system cannot completely meet the
water requirements of the plant, leading to increased water potential and consequent
reduction in the rate of photosynthesis [2]. In the temperate climatic zones, both short
and long periods of drought may occur almost every year due to irregular rainfall,
particularly on soils with low water holding capacity. Taking into account production
conditions and the present yield levels, it is estimated that the average potato yield in
the world could be increased by at least 50% if the water supply to the crop could be
optimized. Introduction of drought tolerance in potato through breeding and bio-
technological means should therefore receive high priority.
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45.2.1
Potato Growth and Production

Droughtmay affect potato growth and production in three ways: (1) by reducing the
amount of productive foliage, (2) by decreasing the rate of photosynthesis per unit
of leaf area, and (3) by shortening the vegetative growth period. Drought after
plantingmay delay or even inhibit germination. Drought after planting is generally
experienced by the potato crop under rain-fed conditions. Bansal and Nagarajan [3]
found that water stress caused reduction in leaf growth in all the eight cultivars
tested by them, although the extent of reduction varied within the varieties. Even
mild water stress of �3 to �5 bars greatly reduced leaf expansion in potatoes [4].
Similar results on reduction of leaf growth under water stress were obtained by
other workers [5–7]. Insufficient water supply in the period between the emergence
and the beginning of tuber bulking may therefore lead to a limited growth rate of
foliage and to small leaves and small plants. As a consequence, soil cover with green
foliage will often be incomplete and yields will be below optimum. Decline in the
rate of photosynthesis is fast and substantial even at relatively low water potentials
of �3 to �5 bars [8, 9]. Even in the irrigated crop, plants experience water stress
during the mid-day as the roots are not able to fully meet the transpirational
demands of the plants. Mid-day depression in the rate of photosynthesis in well-
irrigated crop was reported by Minhas and Sukumaran [2]. Plants respond to water
stress by closing their stomata, thus shutting out the supply of CO2. Sugar
concentration within the leaf tissue increases to increase the osmotic potential
of the plant, thus leading to feedback inhibition of photosynthesis [10]. Sensitivity
of the potato crop to water stress varies with the developmental stage of the crop.
Various authors have defined these stages as per their convenience; however, the
stage between stolon initiation and early tuber development is the most sensitive,
and stress at this stage causes maximum reduction in tuber yield [11–14]. Water
stress during the tuber bulking stage caused a reduction in the leaf expansion rate,
but to a lesser extent, compared to plants before tuber initiation. The presence of the
tubers probably increased the water capacitance of the plants [10, 15] leading to
reduced effect of water stress. Apart from reduction in leaf growth, water stress
during tuber bulking stage accelerates plant senescence resulting in decreased LAI.
At first, lower leaves start to wilt and drop off, while drought simultaneously
inhibits the development of new leaves [16].

45.2.2
Drought and Tuber Quality

Drought stress also affects tuber quality characteristics such as shape, dry matter
content, and reducing sugar content. Tuber shape defects such as dumbbell-shaped,
knobby, or pointed end tubers are caused by short periods of drought during the tuber
bulking stage. Misshapen tubers can also occur due to secondary growth, which is
especially likely to occur in dry soils where temperature can go high [17]. This
phenomenon may also result in poor cooking quality (glassiness) in some of the
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tubers or jelly end or translucent end tubers. All these tubers have high content of
reducing sugars, which makes them unfit for the processing industry. Tubers of
water-stressed plants often have higher content of total sugars than well-irrigated
plants [18]. Some studies have shown that the drymatter and starch content of potato
tubers grown under low soil moisture was higher than the well-watered plants, thus
improving the quality [19–21]. Other studies have shown that dry matter declines
upon exposure to drought [22]; however, there were varietal differences for this
character [18]. Tuber starch content has been reported to increase under drought
stress [5].

45.2.3
Coping with Drought Stress

With the spread of potato cultivation to tropical and subtropical areas, the crop is
likely to be exposed to increasing incidences of drought stress. Therefore, to copewith
it, the first line of defense is the development of drought-tolerant varieties. Genetic
variability exists in the potato germplasm, varieties, and wild species for tuber yield
under drought stress [23–25]. Newer techniques such as heavy carbon isotope (13C)
discrimination based on D13C values indicate water use efficiency of the plant.
Screening of potato germplasm for D13C showed good genetic variability for this
character and can be utilized for breeding drought-tolerant varieties [26]. Screening
techniques have also been developed by variousworkers on the basis of leaf extension
after relief of stress [3], root mass in in vitro plantlets [27, 28], isotope discrimination
ratio [29], and field screening using line source principle [30]. Using these techni-
ques, some of the drought-tolerant varieties have already been developed/
screened [18, 23, 24, 31].

Along with developing tolerant varieties, drought stress can be managed to some
extent by various agronomic, chemical, and biological means. Soil water stress
combined with higher atmospheric evaporative demand leads to severe stress
affected yield losses [32]; therefore, crop under limited water supply can be grown
when atmospheric evaporative demand is low. Mulching with agricultural waste
during periods of drought helps in conservation of water, better crop stand and
yields [33]. Plastic mulch on the ridges helps in rainwater harvesting and conser-
vation between the ridges leading to better tuber yields [34]. Potassium application to
the soil [35, 36] and spray of potassium humate [37] improves crop performance
under drought stress. The use of gel polymers in the soil under water-limiting
conditions improves water availability to the crop and tuber yield [38]. Some
rhizobacteria contain the enzyme 1-aminocyclopropane-1-carboxylase (ACC) deam-
inase that degrades the ethylene precursor ACC and promotes plant growth,
particularly under unfavorable environmental conditions such as drought. These
bacteria can attenuate the growth inhibition caused by water deficit [39]. Better tuber
yield can be obtained under water-limiting conditions by using drip irrigation
combined with appropriate placement of drip tapes. While Onder et al. [40] found
surface and subsurface drip equally effective, Patel and Rajput [41] reported a distinct
advantage of subsurface drip irrigation at 10 cm for obtaining maximum tuber yield
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at 100 and 80% irrigation levels. A combination of drought-tolerant varieties coupled
with modern water saving irrigation techniques can be used to successfully produce
potatoes in arid and semiarid zones of the world.

45.3
Heat Stress

Potato originated and evolved in the tropical highlands of Andes and hence prefers
cool climate (17 �C) for optimum tuber yield [42]. Higher temperature may inhibit
yield by overall reduction of plant development due to heat stress or by reduced
partitioning of assimilates to tubers. Minimum night temperature is very impor-
tant for potato crop. Whether or not potato will tuberize depends largely on the
minimum night temperature and not on the average daily temperature. Tuberiza-
tion is reduced at night temperatures above 18 �C and there may not be any
tuberization at night temperature of 25 �Cand above, even though potato plants can
tolerate day temperature of about 35 �C without much deleterious effect. High
temperature induces development of plants with thin stems, small leaves, and long
stolons, increase in the number of internodes, inhibition of tuber development and
a decrease in the ratio of tuber freshweight to total freshweight [43–46]. Heat stress
affects many plant processes, and some of them are discussed in the following
sections.

45.3.1
Photosynthesis and Respiration

Optimum temperature for dark respiration is 16–20 �C [47] and for photosynthesis it
is 24–28 �C [48]. Higher temperature increases the rate of dark respiration and
reduces the rate of photosynthesis in plants. Bushnell [42] measured the rate of night
respiration in potato plants at different temperatures and found doubling of
respiration with every 10 �C increase in temperature. So, as the temperature
increases, more and more carbohydrates are used up as respiratory substrate and
less and less are synthesized and are available for translocation to the tubers. At
certain temperature (30 �C according to Burton [49]), there is no net assimilation.
However, chlorophyll fluorescence studies showed that photosynthetic apparatus in
potato is stable up to 38 �C, but beyond that there is a drastic reduction in
photosynthetic efficiency [50].

45.3.2
Tuberization

The most prominent effect of high temperature is on the partitioning of assimilated
carbon between leaves and tubers. The inhibition of tuberization at high temperature
has often been demonstrated since the early study by Bushnell [42]. Gregory [51]
found that tubers were initiated under short days over a long range of day tempera-
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tures, but initiation was depressed at high night temperatures (over 26 �C). Under
long days, the temperature range for tuberization was greatly restricted, with the
necessity for lower night temperatures (10–17 �C). This interaction suggests that the
high-temperature inhibitionmay operate through similarmechanism to the long-day
inhibition and perhaps is subject to manipulation by the control of hormone
levels [52]. Further proof of this hypothesis is provided by the increased synthesis
of GA in apical buds exposed to high temperature and its transport to stolons where it
inhibits tuberization [53] and that manual disbudding increased tuberization [54].
Wolf et al. [55] studied the partitioning of 14C at 32/22, 32/12, 27/22, 27/12, and 22/
12 �C day/night temperature. Neither the total plant productivity nor the export of
carbon from the source leafwas affected by temperatures.More of assimilated carbon
was partitioned to vegetative parts at high temperature, while at lower night
temperature most of the assimilated carbon was partitioned to the tubers. They
concluded that the main effect of high temperature is on assimilate partitioning and
not on total plant productivity. Basu and Minhas [56] studied the partitioning of
assimilated carbon within the source leaf into starch and sucrose in three heat-
tolerant and three heat-susceptible varieties. They found that in heat-tolerant varieties
20–25% of the assimilates were converted to sucrose and 40–45% into starch,
whereas in heat-susceptible varieties about 5% of the assimilates were converted
to sucrose and 80–85% were converted to starch. Exposure of potato plants to heat
stress alters the hormonal balance between roots and shoots, thus affecting tuber-
ization and bulking.When potato plants are exposed to high temperature, gibberellin
content in the leaves increases promoting haulm growth and inhibiting tuberiza-
tion [53]. Basu andMinhas [57] studied gibberellins and abscisic acid concentrations
in heat-tolerant and -susceptible genotypes and found that GA/ABA ratio was low in
shoots of heat-tolerant genotypes and high in the shoots of heat-susceptible geno-
types. GA-like substances decreased in the shoots and tended to accumulate in the
roots of heat-sensitive genotypes during tuber bulking stage, whereas substantial
amounts of GA-like substances remained in the shoots of heat-tolerant genotypes.
They suggested that tuberization at high temperaturemay be related to high levels of
ABA-like inhibitors in the roots during tuber induction.

45.3.3
Tuber Quality

Apart from the effects of heat stress on plant growth, development and yield, tuber
quality is also affected by high temperature. Physiological disorders such as internal
necrotic brown spots, chocolate spots, or internal rust spots in tuber parenchyma are
linked to hot dry weather during tuber bulking [58]. Similarly, brown discoloration of
the vascular ring or heat necrosis occurs at high soil temperature and varies with the
severity of the stress, tuber development stage, and cultivar [59]. High temperature
duringharvest causes tuber rot in the irrigated soil [60].High temperature also causes
tuber shape disorders such as misshapen tubers, chain tubers, field sprouting, and
reduced dry matter content [43, 61]. High temperature may cause preharvest
sprouting and is linked to increased GA/ABA ratio [62].
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45.3.4
Coping with Heat Stress

Potato prefers cool climate for optimum tuber yield. Therefore, the world over, the
crop is grown during cool summer days in temperate zones or during short winter in
subtropical zones. Most of the suitable temperature niches for potato cultivation in
tropical and subtropical zones have already been occupied, leading to spatial and
temporal concentration for its cultivation. To bring more area under potato, the only
option available is to extendpotato cultivation to less suitable areas and seasonswhere
the crop is likely to experience high-temperature stress. Potato productivity is
drastically reduced when grown under high temperatures. Therefore, development
of heat-tolerant varieties is the foremost requirement for extending potato cultivation
to new areas.

Genetic variability for heat tolerance exists in cultivated potato, primitive and wild
species, and intergroup hybrids [63, 64]. Along with genetic variability, a good
screening technique is also required for a successful breeding project. Various
workers have developed screening techniques such as those based on tuberization in
leaf bud cuttings, where single-node cuttings are exposed to high temperature for 3
weeks and then checked for tuberization [65] and ratio of internode length in two-
node cuttings grown at high and normal temperature [66], and glasshouse screening
technique for seedling populations based on their capacity to tuberize at high
temperatures [67]. A combination of these screening techniques has been used by
various workers for the successful development of heat-tolerant potato varieties [68,
69]. These heat-tolerant varieties have been able to extend potato cultivation to
warmer nontraditional areas of Israel and India. These varieties are also a timely
tool formitigating the ill effects of global warming on potato production in the world.

Apart from heat-tolerant varieties, heat stress can also be mitigated by agronomic
practices. Soil treatments like covering the soil with reflectants such as white chalk
layer reduced daytime soil temperature by 7 �C, hastened emergence, foliage devel-
opment, and tuber yield by more than 50% [70]. Mulch also had beneficial effects in
reducing soil temperature, decreasing weed population, and increasing yield under
hot dry conditions [71, 72]. Intercropping with shade crops such as maize have also
shownbeneficial effect; for example, shadingwithmaize (one rowofmaize:three rows
of potato) improved potato yield with additionalmaize yield coming as bonus [73, 74].
Application of calcium as fertilizer also improved the performance of potato varieties
exposed to heat stress [75]. Therefore, heat stress can be successfully managed by a
combination of heat-tolerant varieties and suitable agronomic practices.

45.4
Salinity Stress

Owing to an excessive use of irrigation, salinity problem in soils is increasing the
world over. Moreover, vast tracts of saline soils are present in all the continents of the
world. Salinity is a major cause of low crop production in many regions. Increasing
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population and industrialization are taking a heavy toll on fresh water resources, and
the quantity and quality of water available for agriculture are likely to decline in
future. Therefore, we need to look for alternative water resources and crops that can
tolerate lower quality water.

45.4.1
Ionic Imbalance in Soil

Salinity adversely affects growth and productivity ofmany crop plants. Soil salinity or
the use of saline water results in higher osmotic potential in the soil solution, thus
reducing water uptake by roots. Saline soils also have the problem of water
infiltration, aeration, and root respiration [76]. Excessive concentration of certain
ions such as Na, Cl, Ca, Mg, B, and SO4 in the soil solution can cause physiological
disorders in plants. In saline soils, there is an increase in adsorbed Na, a decrease in
adsorbed Ca and Mg, and precipitation of Ca and Mg carbonates [77]. Saline water
increases the proportion of exchangeable sodium ions in the soil solution leading to
formation of sodium bicarbonate, thus raising soil pH. Resulting alkaline conditions
reduce availability of nutrients such as PO4, Fe, Mn, Zn, and so on to the plant. In
calcium carbonate-rich soils, this damaging process is inhibited. This phenomenon
has been exploited for saline soil reclamation by addition of gypsum. At cellular level,
salinity-induced nuclear degradation in root meristematic cells was alleviated by
addition of calcium to the growth medium [78].

45.4.2
Crop Growth and Yield

Affects of salinity stress are aggravated if it is combinedwith heat stress, water stress,
high light intensity, and low humidity as encountered in natural environments
[79, 80]. Crops have been rated for salt tolerance on the basis of two parameters, that
is, the maximum salinity up to which there is no yield reduction and the percentage
yield decrease per unit of salinity increase. According to these parameters, potato has
been classified as moderately sensitive to soil salinity [81, 82]. Plant height, leaf area,
and dry weight accumulation in potato are significantly reduced by salinity. Tuber
yield is reduced through reduced tuber number and weight per tuber [83, 84].

Potato leaves are very sensitive to saline water and are severely damaged by
sprinkler irrigation [82]. Uptake of sodium and chlorine induces toxicity as evident
from leaf burn along the margins. Salinity adversely affects relative water content,
stomatal conductance, and transpiration rate in potato. It also leads to changes in
chloroplast ultrastructure such as thylakoid swelling and decreased grana stacking,
affecting photosynthesis and reducing growth and dry matter production [85].
Irrigation with saline water during tuber germination caused greater depression in
yield (59%) than when it was applied well after plant establishment (22–31%) [86].
High salinity levels (EC > 10 dS m�1 in the root zone) may cause coarse russetting
and furrowing of tubers accompanied by severe browning of the surface, thus
reducing tuber quality [87].

1162j 45 Potato: Production Strategies under Abiotic Stress



45.4.3
Field Selection for Salt Tolerance

Genetic variability for plant response to salinity has been found inwild potato species
and potato varieties. Solanum chacoense, S. kurzianum, S. juzepczuckii, and S.
curtilobum have been found to be salt tolerant in various experiments involving
irrigation with saline water, glasshouse trials, and production of microtubers in the
presence of NaCl in the growthmedium [88, 89]. Screening for salinity tolerance has
been carried out in the field by irrigation with saline water or by growing the crop in
saline soils and salt-tolerant varieties such as Patrones, Norland, Red Lasoda, Cara,
Serrana Alpha, Arica, and so on have been identified. These varieties fall in all
maturity groups, and earliness or lateness is not related to salt tolerance [86, 90, 91].
Some of the Israeli varieties such as Almera,Hermes, andMaris Peer are not affected
by moderate level of salinity, and the Peruvian variety Serrana is most salt
tolerant [87].

45.4.4
Laboratory Selection for Salt Tolerance

Salt-tolerant potato lines have also been developed using recurrent in vitro selection of
cell lines over a number of generations by exposing them to increasing salt
concentration. Whole plants regenerated from salt-tolerant calli accumulated more
fresh and dry weight whenwatered with 90mMNaCl and also producedmore tubers
per plant [92]. The known salt-tolerant variety Serrana produces profuse root mass in
MS medium containing 154mM NaCl; so, plants have been screened in vitro by
measuring root growth in culture medium containing high NaCl concentration
[93, 94]. In vitro selection for salt tolerance has also been reported by Burgutin
et al. [95]who identified 38 somaclones thatmaintained superior performance infield
tests over many years.

45.4.5
Coping with Salinity

Salt-tolerant varieties have been selected using field and laboratory screening
methods and are being regularly grown in many countries where good-quality water
for irrigation is not available. In central Negeve desert, the underground water, too
saline for irrigation, is beingmixedwith freshwater from the Sea of Galilee to control
salinity level before applying it for irrigation to different crops [87]. Thismodel can be
easily replicated in other areas of the world facing similar problems. Sensitivity of the
potato crop to salinity varies with the growth stage of the plant. Some stages aremore
sensitive to salinity than others [86]. Therefore,more sensitive stages can be irrigated
with better quality water and the rest of the stages can be irrigated with poor-quality
water to get optimumyield. In saline areaswhere freshwater is available, excesswater
can be used to leach down the salts from the top layer. In such cases, depletion of the
nitrate from the root zone should be taken care of for optimum yields. Proper
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fertilizer management can reduce metabolic disturbances brought about by salinity.
Potassium nutrition stands out in increasing plant tolerance to salinity. It has been
shown that potassium application up to 600 kg ha�1 increased the tuber yield of four
cultivars irrigated with saline water with 9.38 dS m�1 electrical conductivity [96].

45.5
Reactive Oxygen Species and Abiotic Stress

Reactive oxygen species (ROS) are generated under abiotic stresses such as drought,
salinity, and oxidative stress. ROS are produced in the chloroplast due to oxidative
stress and is scavenged by superoxide dismutase (SOD). ROS, when produced in
high amounts, cause severe damage to plant cell membranes. It has been shown that
salt tolerance in potato varieties is linked to high activity of antioxidant enzymes such
as peroxidase (POD) and SOD [97]. When frost-tolerant Andean potato species S.
curtilobum and frost-sensitive S. tuberosum were exposed to PEG-mediated water
stress, SOD activity increased by more than twofold in stress-tolerant variety and it
was highly correlated with chlorophyll fluorescence parameter fv/fm indicating
protection of PSII from ROS generated by water stress [98]. Other chemicals that
scavenge ROS have also been found to enhance yield and provide protection against
abiotic stresses; for example, cobalt in the culture medium provided protection to
potato seedlings during osmotic stress [99]; treatment with diphenylamine, a potent
antioxidant, increased potato yield by 27–47% [100]; and potato plants sprayed with
antiozonant ethylenediurea (EDU) had higher amount of reduced glutathion,
protected leaves against ozone damage, and increased tuber yield [101]. Treatment
of plants with chlorocholine increased SOD, POD, and catalase activities, improved
P, K, Ca, Mg, Fe, Mn, and Zn content, and enhanced tuber yield under suboptimal
conditions [102]. Transgenic potato plants carrying bacterial catalase gene imparted
salt tolerance to potato [103], proving beyond doubt the role of antioxidant enzymes in
amelioration of abiotic stresses.

45.6
Conclusions

Potato produces highest amount of edible energy, protein, and dry matter per unit
area and time compared to other food crops. Therefore, the crop has the potential to
feedmore people per unit area than any other crop. Already, more potatoes are being
grown in developing countries in the tropics and subtropics than in developed
countries in the temperate zones. The major limitations to potato production in
tropics and subtropics are high temperatures, scarcity of water, and salinity. With
increasing population and industrialization in these countries, quality and quantity
of water available for agriculture are going to go down with each passing decade.
These problems are likely to aggravate with impending global warming. Therefore,
the study of abiotic stresses in potato crop has assumed substantial significance. It is a
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challenge for scientists to use their understanding of stress tolerance mechanisms
andmodern technologies to developnew varieties capable of giving good yields under
stressful environments. Given the genetic diversity available in potato germplasm
and increased knowledge of physiology and molecular biology, the prospects are
promising for our ability to improve potato yield in nontraditional environments and
make more food available to millions.

References

1 van der Zaag, D.E. and Burton, W.G.
(1978) Potential yield of the potato crop
and its limitations. Survey papers, 7th
Triennial Conference EAPR, Warsaw,
Poland.

2 Minhas, J.S. and Sukumaran,N.P. (1988)
Potato Res., 31, 375–378.

3 Bansal, K.C. and Nagarajan, S. (1987)
Potato Res., 30, 497–506.

4 Gander, P.W. and Tanner, C.B. (1976)
Crop Sci., 16, 534–538.

5 Ghosh, S.C., Asanuma, K., Kusutani, A.,
and Toyota, M. (2000) Jpn. J. Trop. Agric.,
44, 158–166.

6 Kumar, D. and Minhas, J.S. (1994) Effect
of water stress on leaf area, leaf water
potential and tuber dry weight of potato
cultivars Kufri Lalima and Kufri Bahar.
Presented at Potato: Present & Future,
Modipuram, India.

7 Walworth, J.L. and Carling, D.E. (2002)
Am. J. Potato Res., 79, 387–395.

8 Basu, P.S., Sharma, A., and
Sukumaran, N.P. (1998) Photosynthetica,
35, 13–19.

9 Sukumaran, N.P., Ezekiel, R., and
Perumal, N.K. (1989) Photosynthetica, 23,
664–666.

10 Basu, P.S., Sharma, A., Garg, I.D., and
Sukumaran, N.P. (1999) Environ. Exp.
Bot., 42, 25–39.

11 Bezerra, F.M.L., Angelocci, L.R., and
Minami, K. (1988) Rev. Bras. Eng. Agri.
Ambien., 2, 119–123.

12 Minhas, J.S. and Bansal, K.C. (1991)
J. Indian Potato Assoc., 18, 1–8.

13 Nooruddin, A. and Mehta, A.N.
(1995) Gujarat Agr. Univ. Res. J., 21,
183–184.

14 Benam, M.B.K. and Hassanpanah, D.
(2007) Acta Hortic., 729, 183–188.

15 Kumar, D. and Minhas, J.S. (1999)
J. Indian Potato Assoc., 26, 7–10.

16 Susnoschi, M. and Shimsi, D. (1985)
Potato Res., 28, 161–176.

17 Lugt, C., Bodleander, K.B.A., and
Goodijk, G. (1964) Eur. Potato J., 7,
219–227.

18 Levy, D. (1983) Potato Res., 26,
315–321.

19 Brocic, Z., Jovanovic, Z., Stikic, R.,
Radovic, B.V., and Mojevic, M. (2009)
Cereal Res. Commun., 37 (Suppl. 1),
229–232.

20 Steckel, J.R.A. and Rgray, D.
(1979) J. Agr. Sci., Cambridge, 92,
375–381.

21 Deblonde, P.M.K., Haverkort, A.J., and
Ledent, J.F. (1999) Eur. J. Agron., 11,
91–105.

22 Jefferies, R.A. (1993) New Phytol., 123,
491–498.

23 Balko, C. (2002) Beitr. Zuchtun. Kultur.,
8, 115–118.

24 Alsharari, S.F., Alsadon, A.A., and
Al-Harbi, A.R. (2007) Acta Hortic.,
747, 67–74.

25 Schafleitner, R., Gutierrez, R., Espino, R.,
Gaudin, A., Perez, J. et al. (2007)
Potato Res., 50, 71–85.

26 Minhas, J.S., Khurana, S.M.P.,
Sheshshayee, M.S., and Udaya
Kumar, M. (2003) J. Indian Potato Assoc.,
30, 193–194.

27 Gopal, J. and Iwama, K. (2007) Plant Cell
Rep., 26, 693–700.

28 Iwama, K., Uemura, T., and
Umemura, Y. (1998) Plant Prod. Sci., 1,
286–287.

29 Udaya Kumar, M., Sheshshayee, M.S.,
and Natraj, K.N. (1988) Curr. Sci., 74,
994–1000.

References j1165



30 Steyn, J.M., Plessis, H.F.D., and
Hammes, P.S. (1998) Potato Res., 41,
295–303.

31 Kawakami, J., Iwama, K., and
Jitsuyama, Y. (2006) Field Crops Res., 95,
89–96.

32 Steyn, J.M., Plessis, H.F.D., Fourie, P.,
and Hammes, P.S. (1998) Potato Res., 41,
239–254.

33 Bhushan, B. and Sankhayan, N.K. (2002)
Res. Crops, 3, 584–587.

34 Wang, X.L., Li, F.M., Jia, Y., and
Shi, W.Q. (2005) Agr. Water Manage., 78,
181–194.

35 Khosravifar, S., Yarnia, M., Benam,
M.B.K., and Moghbeli, A.H.H. (2008)
J. Food Agric. Environ., 6, 236–241.

36 Sobhani, A.R., Rahimian, H., Majidi, E.,
and Noormohamadi, G. (2002) J. Agr. Sci.
Islamic Azad Univ., 8, 23–34.

37 Hassanpanah, D. (2009) Res. J. Environ.
Sci., 3, 351–356.

38 Eiasu, B.K., Soundy, P., and
Hammes, P.S. (2007)N.Z. J. CropHortic.
Sci., 35, 25–31.

39 Belimov,A.A.,Dodd, I.C., Safronova,V.I.,
and Davies, W.J. (2009) Asp. Appl. Biol.,
98, 163–198.

40 Onder, S., Caliskan, M.E., Onder, D., and
Caliskan, S. (2005) Agr. Water Manage.,
73, 73–86.

41 Patel, N. and Rajput, T.B.S. (2011) Indian
J. Agr. Sci., 81, 25–32.

42 Bushnell, J. (1925) The relation of
temperature to growth and respiration in
the potato plant. Minnesota Agricultural
Experimental Station Technical Bulletin,
pp. 1–29.

43 Bodleander, K.B.A. (1963) The Growth of
the Potato (eds J.D. Ivins and F.L.
Milthorpe), Butterworth., London,
pp. 199–210.

44 Ewing, E.E. (1981) Am. Potato J., 58,
31–49.

45 Menzel, C.M. (1985) Ann. Bot., 55,
35–39.

46 Nagarajan, S. and Minhas, J.S. (1995)
Potato Res., 38, 179–186.

47 Winker, E. (1971) Potato Res., 14, 1–18.
48 Dwelle, R.B., Kleinkopf, G.E., and Pavek,

J.J. (1981) Potato Res., 24, 49–59.
49 Burton, W.G. (1981) Am. Potato J., 58,

3–14.

50 Sharma, A., Minhas, J.S., Basu, P.S., and
Mohan, J. (2002) J. Indian Potato Assoc.,
29, 123–127.

51 Gregory, L.E. (1953) Some factors
controlling tuber formation in potato
plant. Doctoral Dissertation thesis,
University of California, Los Angeles.

52 Marinus, J. and Bodleander, K.B.A.
(1975) Potato Res., 18, 189–204.

53 Menzel, C.M. (1983) Ann. Bot., 52,
697–702.

54 Menzel, C.M. (1981) Ann. Bot., 47,
727–733.

55 Wolf, S.,Marani, A., andRudich, J. (1990)
Ann. Bot., 66, 513–520.

56 Basu, P.S. and Minhas, J.S. (1991)
J. Exp. Bot., 42, 861–866.

57 Basu, P.S. and Minhas, J.S. (1999)
J. Indian Potato Assoc., 26, 19–22.

58 Iritani, W.M., Weller, L.D., and
Knowles, N.R. (1984) Am. Potato J., 61,
335–343.

59 Hooker, W.J. (ed.) (1981) Compendium
of Potato Diseases, American
Phytopathological Society, St. Paul,
Minnesota.

60 Levy, D. (1986) Potato Res., 29, 95–107.
61 Bodleander, K.B.A., Lugt, C., and

Marinus, J. (1964) Eur. Potato J., 7,
57–71.

62 Burton, W.G., van-Es, A., and
Hartmans, K.J. (1992) The Potato Crop:
Scientific Basis for Improvement, edn 2
(ed. P.M. Harris), Chapman and Hall,
London, pp. 609–727.

63 Mendoza, H.A. and Estrada, R.N. (1979)
Stress Physiology in Crop Plants (eds
H. Mussell and R.C. Staples), JohnWiley
& Sons, Inc., pp. 227–262.

64 Levy, D., Kastenbaum, E., and Itzhak, Y.
(1991) Theor. Appl. Genet., 82, 130–136.

65 Ewing, E.E. (1981) Am. Potato J., 58,
31–49.

66 Nagarajan, S. and Minhas, J.S. (1995)
Potato Res., 38, 179–186.

67 Sattelmacher, B. (1983) Potato Res., 26,
133–138.

68 Levy, D., Itzhak, Y., Fogelman, E.,
Margalit, E., and Veilleux, R.E. (2001)
Potato Res., 36, 167–173.

69 Minhas, J.S., Kumar,D., Raj, B.T., Joseph,
T.A., Khurana, S.M.P. et al. (2006)
Potato J., 33, 35–43.

1166j 45 Potato: Production Strategies under Abiotic Stress



70 Midmore, D. (1984) Field Crops Res., 9,
255–271.

71 Midmore, D., Berrios, D., and Roca, J.
(1986) Field Crops Res., 15, 97–108.

72 Midmore, D., Roca, J., and Berrios, D.
(1986) Field Crops Res., 15, 109–124.

73 Midmore, D., Roca, J., and Berrios, D.
(1988) Field Crops Res., 18, 141–157.

74 Moreno, I. (1995) Cultivo. Trop., 16,
61–63.

75 Kumar, D., Minhas, J.S., and Singh, B.P.
(2007) Potato J., 34, 159–164.

76 Ayers, R.S. and Westcot, D.W. (1985)
WaterQuality for Agriculture, FAO,Rome.

77 van Hoorn, J.W., Katerji, N., Hamdy, A.,
and Mastrorilli, M. (1993) Agr. Water
Manage., 23, 247–265.

78 Richardson, K.V.A., Wetten, A.C., and
Caligari, P.D.S. (2001) Potato Res., 44,
389–399.

79 Bustan, A., Sagi, M., Malach, Y.-D.,
and Pasternak, D. (2004) Field Crops Res.,
90, 275–285.

80 Backhausen, J.E., Klein, M., Klocke, M.,
Jung, S., and Scheibe, R. (2005)Plant Sci.,
169, 229–237.

81 Katerji, N., Hoorn, J.W., Hamdy, A., and
Mastrorilli,M. (2003)Agr.WaterManage.,
62, 37–66.

82 Mass, E.V. (1985) Plant Soil, 89, 273–284.
83 Ghosh, S.C., Asanuma, K., Kusutani, A.,

and Toyota,M. (2001) Soil Sci. Plant Nutr.,
47, 467–475.

84 Heuer, B. and Nadler, A. (1995)
Aust. J. Agric. Res., 46, 1477–1486.

85 Fidalgo, F., Santos, A., Santos, I., and
Salema, R. (2004) Ann. Appl. Biol., 145,
185–192.

86 Levy, D. (1992) Ann. Appl. Biol., 120,
547–555.

87 Levy, D. and Veilleux, R.E. (2007)
Am. Potato J., 84, 487–506.

88 Bilski, J.J., Nelson,D.C., andConlon,R.L.
(1988) Am. Potato J., 65, 605–612.

89 Sabbah, S. and Tal, M. (1995) Potato Res.,
38, 319–330.

90 Ahmed, R. and Abdullah, Z. (1979)
Pakistan J. Bot., 11, 103–112.

91 Elkhatib, H.A., Elkhatib, E.A., Khalif-
Allah, A.M., and El-Sharkawy, A.M.
(2004) J. Plant Nut., 27, 1575–1583.

92 Ochatt, S.J., Marconi, P.L., Radice, S.,
Arnozis, P.A., and Caso, O.H. (1999)
Plant Cell Organ. Cult., 55, 1–8.

93 Morpurgo, R. (1991) Plant Breed., 107,
80–82.

94 Naik, P.S. and Widholm, J.M. (1995)
Plant Cell TissueOrganCult., 33, 273–280.

95 Burgutin, A.B., Butenko, R.G.,
Kaurov, B.A., and Iddagoda, N. (1996)
Russ. J. Plant Physiol., 43, 524–531.

96 Elkhatib, H.A., Elkhatib, E.A., Allah,
A.M.K., and El-Sharkawy, A.M. (2004)
J. Plant Nut., 27, 111–122.

97 Zhang, R.J., Shang, G.B., Meng, M.L.,
Men, F.Y., Li, H.L., and Guo, J.X. (2007)
Chinese Potato J., 21, 11–14.

98 Martinez, C.A., Loureiro, M.E.,
Oliva, M.A., and Maestri, M. (2001)
Plant Sci., 160, 505–515.

99 Li, C.Z.,Wang,D., andWang,G.X. (2005)
Bot. Bull. Acad. Sin., 46, 119–125.

100 Carrasco Rodriguez, J.L., Asensi Fabado,
A., and Valle Tascon, S.D. (2005) Water
Air Soil Poll., 161, 299–312.

101 Hassan, I.A. (2006) Ann. Appl. Biol., 148,
197–206.

102 Wang, H.Q., Xiao, L.T., Tong, J.H.,
and Liu, F.L. (2010) Sci. Hortic., 125,
521–523.

103 M�Hamdi, M., Bettaieb, T., Harbaoui, Y.,
Mougou, A.A., and Jardin, P.D. (2009)
Biotechnol. Agronom. Soc. Environ., 13,
373–379.

References j1167



46
Tobacco: A Model Plant for Understanding the Mechanism
of Abiotic Stress Tolerance
Scott Schaeffer, Tyson Koepke, and Amit Dhingra

Agricultural productivity across the globe is threatened by environmental fluctua-
tions. Years of human agronomic activity has further confounded the problem by
increasing abiotic stress factors in the environment. There is an impending need for
designer crops that can withstand an ever-increasing level and range of abiotic
stresses to continue to support the food needs of a burgeoning population. Plants are
also being explored as a source of fuel, which necessitates production of appropriate
crops in nonarable lands. Thus, abiotic stress-resistant crops are relevant for both
food and fuel needs in this century and beyond. Unlike biotic stresses, which are
mostly monogenic traits and thus amenable to molecular breeding, abiotic stress
resistance involves adjustments inmorphological and physiological parameters. The
multigenic nature of the trait makes it difficult, if not impossible, to breed crops in a
timely manner that will be able to withstand the environmental fluctuations. This is
particularly relevant for perennial crops. While annual crops can be bred in a matter
of years, perennial crops stand to gain from directed biotechnological approaches.
Several studies over the years in different plant species have identified various
mechanisms and associated genes underlying abiotic stress resistance or tolerance.
The scientific literature is replete with instances where these mechanisms were
successfully unraveled in a heterologous host, tobacco that has long-served as
surrogate for test of novel gene function. These studies underpin the fact that abiotic
stress resistance mechanisms are shared within the plant kingdom. This chapter
summarizes the current body of knowledge on our understanding of abiotic stress
tolerance as deciphered from studies performed in tobacco.

46.1
Introduction

Environmental stress and in particular abiotic stress has never beenmore relevant to
crop production than now when our planet faces climatic upheavals. Extreme
temperatures resulting in freezing or drought-like conditions, extensive irrigation
leading to increase in salinity and use of fertilizers for crop production over the years,
and other soil quality issues related to heavy metal pollution threaten agricultural
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productivity. The situation is compounded by the need to sustain a burgeoning
population estimated to rise to 9.1 billion by 2050 [1]. A recent effort to utilize crops as
a source of fuel has further complicated the situation as it breeds competition for
arable lands [2]. It necessitates generation of food and fuel crops suited to extreme
environments to meet the world�s food and fuel needs in this century and beyond.

Over eons of evolution, plants have developed tolerance mechanisms so that they
canwithstandenvironmentalfluctuations.Thesemechanismsarewired in thegenetic
architecture of the plant andare called adaptation. In addition, plants can acclimate to a
given stress by repeated low-grade exposure and thenwithstandfluctuations in abiotic
conditions. This narrow window of resilience to stressful conditions is termed as
phenotypic plasticity that does not require any permanent physiological or metabolic
alteration [3]. Thesemechanisms represent available examples innature that scientists
can use to generate abiotic stress resistant crops that are adapted to harsh environ-
ments and harbor a wide range of phenotypic plasticity.

Unlike biotic stress, where defined genetic mechanisms and targets can help
counter a given scourge, a plant�s response to abiotic stress engages a highly complex
network of physiological, genomic, proteomic, and metabolomic components. The
complexity in countering environmental fluctuations, moderate or extreme, might
have been a trait that was developed by the plant during evolution as a consequence of
being a sessile inhabitant of the planet. It is no wonder then that genetic, molecular
biology, and recently the genomics approaches have unearthedmultifariousmechan-
isms that could be targeted for equipping desired crops to withstand a given abiotic
stress.Eventual goal is toarmtheplantwith innatephysiologicalmechanisms thathelp
it inmaintaining cellular homeostasis in the face of transient or chronic abiotic stress.

A large body of information exists on molecular mechanisms of abiotic stress
tolerance in plants that has led to the identification of several genes or genetic loci
involved in the process [4]. Since the establishment of genetic transformation
strategies in the early 1980s, efforts have been underway to develop abiotic stress-
resistant or -tolerant agricultural crops. Abiotic stress is amultigenic trait; that is, it is
regulated by multiple genes. Thus, genetic improvement of crops via molecular
breeding can prove to be an uphill, if not impossible, task. Furthermore, phenotypic
characterization of abiotic stress resistance or tolerance is difficult due to the variation
in stress sensitivity at different developmental stages. The observed resilience
to abiotic stresses is a result of adjustments at the morphological or physiological
state of the whole plant, a trait difficult to track and manipulate during breeding
experiments. In contrast, resistance mechanisms are mediated by genomic, prote-
omic, andmetabolic entities that are open for biotechnologicalmanipulations [4]. In a
rapidly changing environmental context, there is a need to develop new abiotic stress-
resistant crops in a timely manner. While annual crops could be bred in a matter of
years, perennial crops face the impediment of juvenility in addition to the complexity
of the trait to be bred.

Some of the common abiotic stresses faced by plants are high light intensity, metal
toxicities, waterlogging, extremes of cold (freezing) and heat, drought, and salt [5].
When faced with these, a plant sets into motion a cascade of molecular events to
adjust the cellular homeostasis in order to reduce the damaging effect of the
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immediate osmotic or oxidative stress. As summarized in Figure 46.1, themessage is
first perceived or sensed by receptors and transduced further via calcium and MAP
kinases resulting in the activation of stress-sensitive transcription factors such as
CBF/DREB. As a consequence, several stress–response mechanisms are activated
that may involve detoxification, a process that scavenges dangerous reactive oxygen
species (ROS) species, osmoprotection, movement of ions and water, and activation

Plant Response

Abiotic Stress

Osmotic stress

Oxidative stress

High light intensity

Metal toxicities

Waterlogging

Temperature
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Salt

Reestablishment of cellular 
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Stress resistance or 
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Figure 46.1 Schematic representation of the
abiotic stress signal transduction pathway.
Abiotic stresses trigger secondary stresses such
as osmotic and oxidative stress that are sensed
by receptors and transduced further via calcium
and kinase cascade. Eventually activation of the

involved transcriptional networks including
transcription factors and associated genes
engage multiple stress response mechanisms
to establish cellular homeostasis. Adapted from
Ref. [4].

46.1 Introduction j1171



of chaperone function [4]. These mechanisms are facilitated by a suite of genes
identified in various studies over the years.

Any imbalance in the abiotic factors manifests in a series of physiological changes
termed as primary effects followed by secondary effects. Primary effects of abiotic
stresses are listed in Table 46.1. Secondary effects include reduced cell/leaf expan-
sion, reduced cellular and metabolic activities, stomatal closure, photosynthetic
inhibition, leaf abscission, altered carbon partitioning, ROS production, ion cyto-
toxicity, cell death, fermentative metabolism, reduced CO2 production, inadequate
ATP production, and physical destruction, to name a few. Thus, any given abiotic
stress never operates alone.

It is noteworthy to mention that several abiotic stress-related genes from other
plant species have been successfully engineered in tobacco to obtain stress tolerance
or resistance. These studies underpin the fact that abiotic stress resistance mechan-
isms are shared within the plant kingdom, and biotechnological manipulation may
be an efficient method to ensure supply of food and fuel in the future. This chapter
summarizes studies undertaken to understand the mechanism of abiotic stress
resistance by testing stress-related genes in tobacco as a surrogate system that has
long-served as a system of choice for testing gene function [6]. Each section is
organized to provide an overview of the mechanism by which each abiotic stress
conditionmanifests itself in a plant followingwhich amuch exhaustive list of genes is
provided in a tabular format and a few relevant examples of transgenic approaches in
tobacco are presented to illustrate the process.

46.2
Heat Stress

Global warming is a reality or not is a debate for another forum. Our planet is
experiencing climatic change and of late extremes in weather conditions have

Table 46.1 Primary affects associated with different abiotic stresses.

Primary effects Abiotic stress

Water potential reduction Water deficit, salinity, and freezing
Cellular dehydration Water deficit, salinity, and freezing
Hydraulic resistance Water deficit
Ion toxicity Salinity
Hypoxia, anoxia Flooding and soul compaction
Membrane destabilization High temperature, chilling
Protein destabilization High temperature
Symplastic ice crystal formation Freezing
ROS production High light intensity, trace element toxicity
Photoinhibition High light intensity
Disturbed cofactor binding to DNA and proteins Trace element toxicity
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become a norm. These fluctuations may not add to the average temperatures in a
region but have a profound effect on field performance of plants. Short exposure,
ranging from 5min to 1 h, to high temperatures can lead to plant death.

Exposure of plants to high temperatures primarily leads tomembrane and protein
destabilization. The fluidity of membranes is increased resulting in leakage of ions
culminating in cellular disruption. The 3D structure of individual proteins is
disrupted, thereby leading to aberrant protein function and activity.

Plants experience an inhibition of photosynthesis and respiration primarily due
to an imbalance between CO2 fixed via the former process and released due to the
latter. This usually happens when environmental temperature exceeds the internal
temperature compensation point when the CO2 budget is balanced by the two
processes mentioned above. There is a simultaneous production of reactive oxygen
species that in higher amounts triggers a cascade of events to self-destruction.
Change in cellular homeostasis mediated by chronic heat stress results in cell
death [7]. Several genes have been identified and tested for imparting heat stress
tolerance (Table 46.2). Their molecular functions range from being molecular
chaperones to providing osmotic resilience stressing the fact that multiple strategies
could be utilized to engineer plants to withstand heat stress.

46.2.1
Heat Shock Proteins

As the name suggests, heat shock proteins are expressed when plants are exposed to
elevated temperatures [8]. Several genomics and proteomics studies have focused
on studying the role of HSPs in different plants [9]. Heat shock proteins are
chaperones that facilitate protein folding and protein–protein interaction of other
proteins. They are also involved in protein transport acrossmembranes. Tolerance to
heat stress has been obtained to varying degrees in different plant species by
expression of HSPs. One such study in tobacco utilized a DnaK/HSP70 gene from
a halotolerant cyanobacteria Aphanothece halophytica. Engineering of this gene in
tobacco provided enhanced tolerance to heat and salt stress. The transgenic tobacco

Table 46.2 A list of genes tested in tobacco for heat stress.

Gene Mechanism Gene description References

DnaK ROS scavenging DnaK/HSP70 [10]
TtAPX ROS scavenging Ascorbate peroxidase [11]
GST þ GPX ROS scavenging Glutathione S-transferase [12]
BADH Osmoprotection Betaine aldehyde

dehydrogenase
[14]

AspDC Osmoprotection l-Aspartate-alpha-
decarboxylase

[15], Fouad and Rathina-
sabapathi, 2006

AlSAP Activation of stress-
related genes

Stress-associated protein [16]
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plants exhibited higher levels of ascorbate peroxidase (APX) and catalase activity
compared to the wild-type plants indicating that higher ROS scavenging may be the
mechanism that provided the observed tolerance [10].

46.2.2
ROS Scavenging

Strategies to obtain heat-tolerant plants centered on ROS scavenging and detox-
ification abound. Generation of ROS is either a primary or a secondary effect of
abiotic stress. During high-temperature stress, ROS is generated as a secondary
effect and several genes have been engineered in plants to scavenge it and thereby
obtain heat-tolerant plants. A chloroplast ascorbate peroxidase gene (TtAPX) from
tomato was engineered in tobacco. Under high-temperature stress, there was
improved seed germination, higher ascorbate peroxidase activity, and lower accu-
mulation of hydrogen peroxide and malondialdehyde compared to the wild-type
plant. In addition, the photosystem II exhibited higher photochemical efficien-
cy [11]. In another study, ectopic expression of glutathione S-transferase with
glutathione peroxidase activity resulted in enhanced growth of transgenic seedlings
when exposed to multiple stressful conditions. Concomitant higher levels of
monodehyroascorbate reductase correlated with higher glutathione and ascorbate
levels. The authors concluded that the observed stress tolerance was due to
glutathione-dependent peroxide scavenging resulting in reduced oxidative
damage [12].

46.2.3
Osmoprotection

Heat stress disturbs the water and ion balance causing osmotic stress in the plant.
Engineering efforts have centered on genes that participate in pathways producing
compounds that may provide osmoprotection. One such compound is glycine-
betaine, a quaternary amine widely distributed in the plant kingdom that provides
plants protection against osmotic stress [13]. While there are several examples of
engineering of the betaine aldehyde dehydrogenase (BADH) gene for tolerance to
various stress types, in tobacco, expression of BADH resulted in accumulation of
glycine-betaine [14]. The transgenic plants expressing BADH exhibited higher
thermostability of the oxygen-evolving complex and the PSII reaction center. The
level ofH2O2 generated was lesser compared to wild-type plants. In another study, a
prokaryotic gene L-aspartate-alpha-decarboxylase was expressed via integration in
the nuclear genome. This gene catalyzes decarboxylation of L-aspartate to generate
beta-alanine and CO2. Transgenic plants had higher levels of beta-alanine, panto-
thenate, and total free amino acids and increased thermotolerance compared to
controls [15]. In a related study, the same gene was engineered in tobacco via
chloroplast transformation. It was found that PSII exhibited higher thermotoler-
ance than in wild-type plants that may be due to osmotic protection of ROS
scavenging [16].
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46.2.4
Other Mechanisms

A close inspection of Figure 46.1 reveals that the protective mechanism to multiple
stresses could be mediated by some common factors. A novel gene, AlSAP from A.
littoralis, a halophytic grass, was engineered in tobacco resulting in tolerance to
multiple abiotic stress conditions. The plants showed high level of resilience and
successfully completed their life cycle to produce viable seeds under heat stress. The
transgenic plants were also tolerant to salinity, drought, and freezing. Although the
mechanism in which this gene operates is not clear, its overexpression resulted in
enhancing the transcripts for eight other stress-related genes [17].

46.3
Cold Stress

Cold stress eithermanifests itself in the form of chilling or freezing that occurs when
the temperature falls to a very low. Chilling results in membrane destabilization
leading to secondary effects that are common to the heat stress. The difference is that
membrane fluidity is reduced, thereby affecting several biochemical processes,
ATPase activity, solute transport, energy transduction, and enzyme-dependent
metabolism. Chilling injury results in vitrification and discoloration of leaves. On
the other hand, freezing causes symplastic ice crystal formation. As water freezes, it
expands and results in physical destruction of cellular structure [7]. Extracellular ice
crystal formation may not have major damaging effect; however, intracellular ice
crystal formation results in shearing of membranes and organelles. Several studies
have been conducted in tobacco to understand the mechanism of cold tolerance or
simply engineer the tolerance and/or resistance to cold (Table 46.3).

46.3.1
Osmotic Homeostasis

Osmotic adjustment is one of the ubiquitousmechanisms by which a plant is able to
counter stress. There are several metabolic subroutines through which osmotic
homeostasis can be reestablished within a plant exposed to stress. One such pathway
is the chloroplast-localized glycine-betaine synthesis pathway that has beendiscussed
elsewhere in this chapter in relation to other types of abiotic stress. Glycine-betaine
provides osmoprotection to bacteria, plants, and animals. Several attempts at
expressing eukaryotic genes for enzymes in glycine-betaine synthesis pathway and
thus tolerance to cold proved futile. However, when a choline oxidase gene (codA)
fromArthrobacter globiformiswas targeted to tobacco plastids, the resulting transgenic
tobacco plants were able to withstand prolonged exposure to freezing [18, 19].
Perhaps, the codA gene used in this study had better stability or was bereft of any
feedback inhibition since the transgenic plants accumulated significant amount of
glycine-betaine. Fructans, polymers of fructose, are also considered to play a role in
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establishing osmotic homeostasis [20]. Tobacco was engineered with the constitu-
tively expressed Bacillus subtilis SacB gene coding for levansucrase, fused to the
carboxypeptidase Y vacuolar sorting signal from yeast or a levensucrase gene from
Zymomona smobilis [18, 21]. Transgenic tobacco plants with bacterial fructans
demonstrated the capability to recover from freezing stress whereas wild-type
tobacco plants perished [17]. The accumulation of fructans was observed to increase
in the presence of cold stress. In the same study, constitutive expression of proline
synthesis gene AtP5CS also resulted in tolerance to cold stress [18, 19].

46.3.2
ROS Scavenging

As shown in Figure 46.1, generation of reactive oxygen species is either a primary or a
secondary effect of a given abiotic stress. There have been several instances where
scavenging or prevention of ROS generation through transgene expression has been
employed to attain cold tolerance. In one of the early examples, a chloroplast-targeted
Cu/Zn superoxide dismutase was engineered in tobacco to confer resistance to low
temperature [22]. The transgenic plants demonstrated enhanced levels of ascorbate
peroxidase-specific activity suggesting enhancement of the ROS scavenging system.

Table 46.3 List of genes engineered to confer cold tolerance/resistance in tobacco.

Gene Gene description References

Sod Cu/Z superoxide dismutase [22]
CAP 160, 85 Cold-acclimated proteins [30]
CuCOR19 Cold-regulated gene [125]
AtP5CS Proline synthesis [18, 19]
EC2.4.1.10 Levansucrase [21]
SacB Fructan synthesis [18, 19]
codA Glycine-betain synthesis [18, 19]
OsiSAP8 Stress-associated protein [62]
AlSAP Stress-associated protein [17]
ZmPP2C2 Maize protein phosphatase 2C [126]
Bcl-xL, Ced-9 Animal cell death suppressor proteins [32]
Glycerol-3-phosphate acyltransferase Lipid desaturation [25, 26]
des9 Desaturase gene [27]
FAD7 Fatty acid desaturase [28, 29]
JERF1 Jasmonate- and ethylene-responsive factor [33]
CaAOC Allene oxide cyclase [91]
JERF3 Jasmonate and ethylene-responsive factor 3 [34]
CbLE4 Late-embryogenesis abundant [35]
GPX Glutathione peroxidase [127]
GO Glucose oxidase [23]
tAPX Ascorbate peroxidase [11]
DHAR Dehydroascorbate reductase [94]
Nt107 Glutathione S-transferase [128]
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More recently, direct overexpression of a thylakoid-targeted tomato tAPX (ascorbate
peroxidase) gene in tobacco resulted in transgenic plants that were able to withstand
low-temperature stress [11]. In another study, the concept of exogenous application of
H2O2 in conferring abiotic stress tolerancewas tested. The glucose oxidase (GO) gene
from Aspergillus niger was expressed in tobacco. The GO expressing plants exhibited
higher levels of H2O2 and electrolyte leakage was found to be the least in these plants
when exposed to chilling temperature for 12 h [23]. The cold tolerance was perhaps
associated with elevated levels of total antioxidant content and ascorbate peroxidase
activity. Several other genes relating to ROS scavenging listed in Table 46.3 have also
been successfully engineered to confer cold tolerance.

46.3.3
Increased Unsaturated Fatty Acids

The phosphatidylglycerol membranes of cold-resistant plants abound in unsatu-
rated fatty acids. A desaturase enzyme enhances the amount of unsaturated fatty
acids, thereby allowing the membranes to remain fluid during acclimation to cold
temperatures [24]. A gene coding for glycerol-3-phosphate acyltransferase from
chilling-sensitive squash was constitutively expressed in tobacco under control of
the CaMV 35S promoter [25, 26]. With a similar goal, a broad-specificity D9
desaturase gene (des9) from the cyanobacterium Anacystis nidulans was engineered
into tobacco [27]. The resulting transgenic plants showed reduced saturated fatty
acid content in most membrane lipids and were able to survive prolonged chilling
(11 days at 1 �C or 52 days at 10 �C). In another study, an Arabidopsis chloroplast
v-3 fatty acid desaturase gene (FAD7) was engineered in tobacco to produce
transgenic plants with enhanced levels of trienoic (16 : 3 and 18 : 3) fatty acids [28].
Enhanced cold tolerance was observed in transgenic plants. The FAD7 gene was
also engineered in tobacco expressed via a cold-inducible Arabidopsis cor15a
promoter [29]. The resulting transgenic plants demonstrated greater degree of
survival under prolonged chilling stress maintained at 0.5, 2.0, or 3.5 �C for 44
days, had higher levels of trienoic fatty acids, and enhanced chloroplast membrane
ultrastructural stability.

46.3.4
Other Mechanisms

Cold tolerance has been imparted to transgenic tobacco by expression of cold
acclimation or cold-regulated gene. Two cold acclimation proteins CAP160 and
CAP85 were constitutively expressed in tobacco and the resulting transgenic plants
were also crossed to obtain progeny harboring both proteins. Aminor but significant
cold tolerance was observed in the transgenic plants [30]. Similarly, constitutive
expression of a citrus (Citrus unshiu Markov.) dehydrin, resulted in cold-tolerant
transgenic plants [31]. The transgenic plants also exhibited more efficient germina-
tion at 15 �C compared to wild-type seeds. On the basis of in vitro data showing
CuCOR19 protein prevented peroxidation of soybean liposomes, it is proposed that
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this dehydrin may act as an ROS scavenging protein. Several other studies where
animal cell death suppressor proteins, jasmonate- and ethylene-responsive factors
(JERF), late-embryogenesis abundant protein, and so on have been expressed in
tobacco to confer tolerance to cold [32–35].

46.4
Drought Stress

Drought stress is created due to water deficit that leads to a reduction in water
potential and cellular dehydration, and creates hydraulic resistance. As a result of
these primary effects of water deficit, multifarious processes malfunction. There is a
reduction in cell/leaf expansion, stomatal closure, inhibition of photosynthesis, cell
wall collapse called cytorrhysis, ion toxicity, leaf abscission, altered carbon partition-
ing, destabilization of membranes, and ultimately cell death. While drought stress is
a major stress by itself, it is evident that many of the ill effects of drought are, in fact,
caused by oxidative stress since some of the work targeting oxidative stress response
pathways has shown to impart drought tolerance.

To examine plant responses to drought, two methods are typically used. The first,
and most simple, is to reduce the amount of water given to the plants. The second
involves adding an osmotic adjusting compound such as polyethylene glycol (PEG) to
the water to reduce the ability of the plant to uptake water. This secondmethod is also
amenable to tissue culture work with both liquid and solid media. As mentioned
previously, many of the genes conferring increased resistance to salt stress also
impart drought tolerance (Table 46.4). Unfortunately, due to the nonuniformity of
drought stress application and the various measurements used to examine tolerance
levels, it is difficult to decipher patterns in which pathways have a larger overall effect
on drought tolerance, though it is clear that there are many ways to impart drought
tolerance in tobacco.

46.4.1
Osmotic Adjustment (Trehalose and Fructans)

As with the experimental method of adding compounds to water to modify the
osmotic potential, producing similar compounds inside the plant can have similar
effects. Trehalose, fructans, and D-ononitol have all been accumulated in transgenic
tobacco to impart drought tolerance. The mechanism for these molecules to create
drought stress tolerance is by reducing the water potential in the plant cells allowing
them to uptake water from soil when a plant without the molecules would be unable
to do so.

Trehalose 6-phosphate synthases (TPS1) perform the first step in trehalose
production as shown in Figure 46.2a and have been used to produce trehalose in
plant cells. Romero et al. [36] showed that TPS1-expressing tobacco accumulated
trehalose and that increasing levels of trehalose correlated with increased drought
tolerance when water was withheld for 15 days. Similarly, TPS1 showed a dose-
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dependent maintenance of photosynthetic capabilities in wild-type (�3mmolm�2),
low producing transgenic (�5mmolm�2), and high producing transgenic (�10 mmol
m�2) lines, showing lowest to highest photosynthesis [37]. The high producing line
also had increased relative water content (RWC) compared to the low producing line

Table 46.4 A list of genes engineered for drought stress in tobacco.

Gene Gene description References

SacB Fructan production [129]
TPS1 Trehalose 6-phosphate synthetase [36, 37]
IMT1 myo-inositol-O-methyl transferase [42]
MsALR Aldose/aldehyde reductase [58]
AhCMO Choline monoxygenase [59]
ASR1 Plant-specific stress-regulated [49]
Tsase Trehalose synthetase [130]
GmTP55 ALDH7 antiquitin-like proteins [65]
P5CS D1-pyrroline-5carboxylate synthetase [131]
OsiSAP8 Stress-associated protein [62]
BvCMO Choline monooxygenase [60]
AlSAP Stress-associated protein [17]
ApGSMT2 þ ApDMT2 Methyltransferases [61]
OsDREB1B Dehydration-responsive element binding factor [47]
SodERF3 Ethylene-responsive factor [43]
JERF3 jasmonate and ethylene-responsive factor 3 [34]
PtrABF ABA-responsive element binding factor [48]
PsTP Trehalose phosphorylase [38]
GsGST Glutathione S-transferase [55]
PjGSTU1 Glutathione S-transferases [56]
APX Ascorbate peroxidase [52]
SOD Cu/Zn-superoxide dismutases [50]
AtMDAR1 Monodehydroascorbate reductase [53]
DHAR Dehydroascorbate reductase [132]
EC2.4.1.10 Levansucrase [21]
GmERF3 AP2/ERF transcription factor [44]
AnnBj1 Annexin [63]
TPX2 Cell wall-associated peroxidase [57]
NtHAL3a Saccharomyces salt stress [64]
P5CS D1-pyrroline-5carboxylate synthetase [133]
swpa4 Peroxidases [92]
StAPX Ascorbate peroxidase [51]

(a) UDP-glucose + D-glucose UDP + alpha,alpha-trehalose 6-phosphate

(b)  glucose and -glucose 1-phosphate  trehalose

Figure 46.2 (a) Reactionof trehalose 6-phostphate synthetase. (b) Reaction of Pleurotus sajor-caju
trehalose phosphorylase and the Grifola frondosa Fr. trehalose synthase reaction.
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and the wild type after 21 days of drought stress. Trehalose phospholylase (TP) was
also used to increase trehalose production (Figure 46.2b) in tobacco. Total trehalose
production reached 6.3 mmol g�1 tissue in the transgenic compared to �4 mmol g�1

inwild type [38]. Though this increase is small, whenwaterwaswithheld thewild type
plants wilted by day 2 while some TP lines did not wilt even after 10 days without
water. Detached leaf water retention assays demonstrated that the best TP lines lost
roughly half the water the control did. Both the water withholding and detached leaf
assays showed variation among the transgenic lines that suggests a possible dose-
dependent effect of trehalose accumulation on drought tolerance. The third trehalose
producing enzyme used by Zhang et al. [39] is the trehalose synthase (TSase) that
produces trehalose using the same mechanism as TP. After 10 days without water
followed by restarting watering, the TSase transformants had better recovery from
drought stress than the wild type. Increased leaf water content, higher chlorophyll,
and increased SOD and POD activities were also observed in the TSase lines.

Fructans are fructose polymers that have also been used to improve drought
tolerance in tobacco. When germinated and grown on MS [40] containing 8% PEG,
levansucrase (levU) expressing tobacco transformants grew the same way as
unstressed, while the wild type could not grow [21]. Similarly, fructan production
through another levansucrase, SacB, showed transgenic lines grew faster than wild
type in 10%PEGhydroponic solution, with 19%higher fresh weight and 32%higher
dry weight [41].

Production of D-(þ )-ononitol from myo-inositol also improved drought stress
tolerance [42]. For this work, a myo-inositol O-methyltransferase was expressed in
tobacco and increased the totalmyo-inositol þ D-(þ )-ononitol to twofold the levels in
the wild type. The transgenic lines showed similar reductions in photosynthesis to
the wild type but recovered more rapidly upon watering after drought stress.

46.4.2
Transcription Factors

Another class of genes used to induce drought tolerance in transgenic tobacco is that
of transcription factors. Owing to their DNA binding nature, transcription factors
have the ability to control expression of multitudes of genes in various pathways and
likely enable the crosstalk between the abiotic stresses. Several DNA binding
domains are associated with abiotic stress response though the most common to
date is the AP2 domain (Apetala 2).

Several AP2 containing transcription factors have been shown to improve drought
tolerance when expressed in tobacco. Ethylene-responsive factors (ERFs) and JERFs
are AP2 class transcription factors. When ERF3 was expressed in tobacco and the
plants unwatered for 30 days, the ERF3 lines were able to grow taller than weight and
flower while the wild type was not able to complete its life cycle [43]. A second set of
experiments with ERF3 showed increased free proline levels and increased soluble
carbohydrate accumulation [44]. These plants were then able tomaintain higher root
growth rates when submerged in 2% PEG compared to the control plants. When
using JERF3 transgenic plants, nomajor differences were seen between thewild type
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and the JERF3 plants during 15 days of drought; however, after 2 days of postdrought
watering, all the JERF3 plants recovered, while only 20% of the wild-type plants were
able to survive the 15 day drought stress [45]. Looking at JERF3 effects on other genes,
it was found to upregulate many genes across the osmotic and oxidative stress
pathways. CBF/DREB domains (C-repeat binding factor/dehydration-responsive
element binding factor) contain an ERF/AP2 binding domain and were also tested
for their ability to improve drought tolerance. Expressing DREB1A with the stress-
inducible promoter rd29A yielded better growth than DREB1A with the 35S
promoter under nonstressed conditions [46]. After 2 weeks without watering, both
DREB1A types outperformed the wild-type plants. This work suggests that a stress-
inducible promoter may enable the benefits of overexpressing stress tolerance genes
without hindering plant growth under nonstress conditions. Separately, using
200mMmannitol drought stress in solid growthmedia, DREB1B expressing tobacco
lines had higher germination rates, overall growth chlorophyll retention, and
decreased lipid peroxidation compared to the control plants [47]. The same solid
growth media with 15% PEG instead of mannitol revealed higher growth inhibition
for the wild type and a reduced inhibition in DREB1B plants. After 21 days without
watering, DREB1B lines had up to 135%morewater retention based on fresh and dry
weights. As expected, theDREB1B lines did show an increase in expression of several
stress-related genes.

Another transcription factor, the ABA-responsive binding factor (ABF) has also
showed improved drought tolerance in tobacco [48]. TheABF lines lost less water in a
dehydration assay and had lower ion leakage than thewild type. Over 3weekswithout
water, ABF lines had more growth and higher amounts of chlorophyll than the wild
type. Overexpression of ABF also led to upregulation of POD, SOD, and CAT
(catalase).

Asr1, a zinc-dependent DNAbinding peptide of unknown function, was expressed
in tobacco [49]. A leaf detachment assay showed the Asr1 plants lost less water than
the wild-type leaves. They also showed increased expression of 12 genes, many of
which are known to be associated with stress responses.

46.4.3
ROS Scavenging Pathways

Reactive oxygen species are a major cause of damage from drought stress as verified
by expression of many ROS mitigating genes improving drought tolerance. The
overexpression of one of the major ROS reducing genes seen in Figure 46.3 appears
to stimulate the expression of the others to some degree so the effect of each
individual gene is difficult to decipher.

Superoxide is a primary reactive oxygen species that can be reduced into hydrogen
peroxide by superoxide dismutase (SOD). SOD-overexpressing tobacco showed less
rapid decreases in photosynthesis during drought stress compared to wild type when
plants were exposed to either lack of watering or watering with 10% PEG [50].

The second step of this pathway involves ascorbate peroxidase that reduces
ascorbate into monodehydroascorbate (MDA) to reduce the hydrogren peroxide
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into water. APX-overexpressing tobacco lines showed 91–92 and 70–65% germina-
tion on 0.1 and 0.3% mannitol media, while the wild type had 70 and 24%
germination [51]. This work found that hydrogen peroxide measurements were
one-third to one-quarter of the wild-type levels during the stress. The authors also
identified a decrease in the inhibition of PSII in theAPX line.When total plantweight
was measured, the APX lines showed higher growth in 300mM mannitol, but the
sample size was insufficient to find statistical significance. APX was also expressed
using a glutathione reductase promoter resulting in a 3.8-fold increase in APX
activity [52]. Net photosynthesis measurements showed 49.5 and 65.3% photosyn-
thesis in transgenic and 16.2 and 58% in the wild type when comparing 10 days
without water and 10% PEG treatments against normally watered control.

Once ascorbate is oxidized by APX, theMDAneeds to be recycled into ascorbate or
it will spontaneously disproportionate into dehydroascorbate (DHA) or ascorbate.
The MDA to ascorbate reaction is carried out by MDA reductase (MDAR) and
expression of MDAR has shown improved retention of starting photosynthetic rates
after 8 days of 10%PEG stress [53]. Similarly, DHA reductase (DHAR) reduces DHA
using glutathione (GSH) to regenerate ascorbate and if this does not occur rapidly
enough, DHA can spontaneously and irreversibly degrade into 2,3-diketogulonic
acid [53]. Eltayeb et al. [54] expressed DHAR in the cytosol and decreased the
photosynthetic inhibition initiated by 8 days of either withholding water or watering
with 10% PEG compared to wild type with the same treatments.

Another class of enzymes that use reduced GSH are the glutathione S-transferases
(GSTs). These enzymes have various specificities and are involved in reducing many
molecules from oxidized states. Expressing GSTs in tobacco resulted in a sixfold
increase in GST activity and reduced wilting during 2 weeks without watering
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compared to the wild type [55]. The GST lines also recovered from the drought stress
almost immediately while the wild type did not recover and died. In tissue culture
experiments, 4% mannitol hindered wild-type growth and the GST plants were
phenotypically normal in up to 8% mannitol that killed all of the wild-type plants.
Tissue-cultured plants on 15% PEG expressing an auxin-inducible GST from Prosopis
juliflora (PjGSTU1),whichhasbothGSTandglutathioneperoxidase (GSX)activities in
Escherichia coli, retained turgor pressure longer than control plants [56].

Several other plant peroxidases (POD)have beenused to improve drought tolerance
intobacco.Swpa4,a secratoryclassIIIperoxidase,decreasedbleachingandmaintained
higher PSII activity following 8 days of drought stress [56]. Swpa4 plants also had an
eightfold increase in H2O2 production leading to upregulation of many pathogen
response genes. Since different levels of POD did not affect stress levels significantly,
the response does not appear to be dose dependent but is rather turned on by swpa4
expression. Expression of a cell wall peroxidase (TPX2) increased the germination rate
on mannitol likely due to decreased seed pore size and increased water uptake [57].

Aldose or aldehyde reductase (ALR) acts to reduce lipid peroxidation product
4-hydroxynon-2-enal. When unwatered for 35 days, ALR expressing plants were able
to retain photosynthetic capabilities and recover afterwatering,whilewild-type plants
did not [58]. As expected, the transgenic lines also showed lower lipid peroxidation
levels.

46.4.4
Protectants (Glycine-Betaine)

Glycine-betaine production improves overall plant health during multiple stresses
including drought stress. Choline monooxygenase, CMO, is the last step in
glycine-betain production and CMO transgenic plants showed 48.7% germination
in 5% PEG media and 16.5% in 10% PEG media compared to 15.7 and 1.6%,
respectively, for the wild type [59]. After 2 months in 10% PEG media, CMO shoot
segments were still growing while the wild type had stopped growing or died.
Similarly, plastid expression of CMO allowed the plants to remain unaffected after
15 days without water and the wild type completely wilted and did not recover after
the end of the stress [60]. In addition, the transgenic had �70% germination in
300mM mannitol containing media and the wild type only had �20%
germination.

Twomethyltransferases from the glycine-betain production pathway, GSMT2 and
DMT2 (named T2), were expressed in tandem and produced more glycine-betain
than betA lines [61]. In media with 20% PEG, T2 lines showed better germination
than either betA or wild-type seeds and better than wild-type seeds in 5, 10, and 15%
PEG. Through a 7 day drought period, the T2 and betA both grewmore than the wild
type. The relative water content and photosynthetic measurements after the 7 days of
droughtwere highest in the T2 and lowest in thewild type. Contrarily, ion leakage and
lipid peroxidation were lowest in the double transgenic and highest in the wild type.
The glycine-betaine levels and their effect on drought stress demonstrate another
example of dose effect of stress tolerance.
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46.4.5
Other Mechanisms

Whilemany of the genes tested in tobacco that confer drought tolerance fit into clean
categories, others are not as clearly defined and are discussed in this section.

SAP8, stress-associated protein 8, showed 98 and 86% germination in 300mM
and 400mM mannitol, respectively, while the wild type had 50 and 40% germi-
nation [62]. Overall decreases in shoot length, root length, and fresh weight were
significantly higher in the wild type than in the SAP lines at each mannitol
concentration as well.

Another SAP was shown to improve drought tolerance since SAP lines produced
viable seeds, while wild-type plants failed to enter the reproductive phase prior to
death when exposed to 25% relative soil moisture content for 30 days [17]. The role of
this SAP in stress response is not yet defined.

Calcium binding annexin with many hypothesized functions was expressed in
tobacco yielding transgenics that stayed green and living on 250mMmannitol, while
the wild-type tobacco became chlorotic and died [63]. During leaf disk assays in
varying concentrations of mannitol, the wild type lost 70–76% of their chlorophyll
and the transgenics lost only 24–34% of the chlorophyll. In addition, the wild type
showed much higher rates of lipid peroxidation at all mannitol concentrations.

NtHAL3, a salt tolerance gene fromSacchromyces cerevisiae, yielded some lineswith
much higher relative growth than wild type in tissue culture media supplemented
with 150 or 300mM sorbitol after 5 days, while other lines were only slightly above
wild type [64]. Plants expressing of NtHAL3 also showed increase in cellular proline.

An antiquin-like protein/aldehyde dehydrogenase, ALDH7, is involved in either
general stress response or turgor pressuremaintenance and its expression improved
relative water content in leaves after 2 weeks without water to 52–61% from�40% in
the wild type [65].

Overall, the genes andmechanisms discussed in this section show the diversity of
genes that aid in drought tolerance and provide insight into the range of genes that
may be tested in the future that will have an effect on drought tolerance. Pyramiding
of these genes will reveal whether themechanisms are complementary or completely
overlapping.

46.5
Salt Stress

Salt stress, specifically from sodium chloride, induces stress via several mechan-
isms including direct interaction of sodium ions with plant proteins and a
disturbance in osmotic balance. As drought also causes stress through disruption
of the osmotic balance in plant cells, factors that confer tolerance to salt stress
often also confer tolerance to drought stress. These factors often relate to
osmoprotectant synthesis and ROS scavenging. Damages resulting from salt-
induced stresses have a severe impact on agricultural systems and are predicted to
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cause the loss of up to 50% of earth�s arable land by 2050 [66]. Mechanisms
developed by plants to cope with living in high salt environments include salt
exclusion, compartmentalization, use of osmoprotectants, and increases in pro-
tein stability [67, 68] (summarized in Table 46.5). Tobacco has been used exten-
sively as a tool to study various mechanisms and genes involved in salt tolerance
that may translate into future efforts to engineer salt tolerance or hyperaccumula-
tion into crops (Table 46.6).

Tobacco has been engineered in numerous studies to identify the effects of the
production of osmoprotectants upon increasing salt tolerance. These osmoprotectants
are thought to increase stress tolerance through direct interaction and stabilization of
lipids and proteins and removal of free radicals [69], in addition to the adjustment and
maintenance of favorable cellularwater potential [70, 71].Overexpressionof both yeast
apoplastic invertase and vacuolar-targeted invertase in tobacco result in plants contain-
inghigher levels of sucrose, glucose, and fructose compared towild-type plants in both
source and sink tissues [72]. Increases in these sugars yielded plants with increased
salt tolerance measured by photosynthetic activity [73].

46.5.1
Mannitol

Mannitol is a sugar alcohol that is not naturally synthesized in tobacco. Transgenic
plants engineered to produce elevated levels of mannitol [74] through the over-
expression of an E. coli gene encoding mannitol 1-phosphate dehydrogenase (mtlD)

Table 46.5 Salt Tolerance Osmoprotectants.

Osmoprotectant Gene (s) Protein Species of origin Reference

Mannitol Mt1D Mannitol 1-phosphate
dehydrogenase

Escherichia coli [74]

Proline P5CS D1-pyrroline-5-carboxyl-
ate synthase

V. aconitifolia [77]

Glycine-betaine betA
betA and betB

choline dehydrogenase
betaine aldehyde
dehydrogenase

E. coli [80]

D-Ononitol Imt1 myo-Inositol O-
methyltransferase

M. crystallinum [42]

Inositol PINO1 L-myo-inositol-1 phos-
phate synthase

P. coarctata [63]

Trehalose TSase Trehalose synthase G. frondosa [130]

Ectoine Hmect. ABC 2,4-diaminobutyrate
amino transferase

Halomonase longata [135]

DABA acetyl transferase
ectoine synthase
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Table 46.6 List of genes engineered for salt tolerance in tobacco.

Gene Gene description Reference

Mt1D Manitol-1phosphate dehydrogenase (mannitol
synthesis)

[74]

P5cs Pyrroline carboxylase synthetase (proline synthesis) [77]
beta Choline dehydrogenase (glycine-betaine synthesis) [80]
IMT1 myo-Inositol-O-methyl transferase (D-ononitol

synthesis)
[42]

Nt107 Glutatione S-transferase [128]
TPX2 Cell wall-associated peroxidase [57]
AhDnaK1 DnaK/HSP70 [68]
BjGly1 Glyoxalase 1 [96]
p5csF Proline synthesis (feedback inhibition removed) [78]
ApoInv Invertase (sucrose breakdown) [136]
PINO1 L-myo-inositol-1-phosphate synthase [67]
NtHAL3a Saccharomyces salt stress [64]
Tsase Trehaloses ynthetase [130]
CHIT33 þ CHIT42 Fungal endochitinase [137]
Rab16A Responsive to abscisic acid [138]
swpa4 Peroxidases [92]
DnaK DnaK/HSP70 [10]
BADH Betaine aldehyde dehydrogenase [139]
BvCMO Choline monooxygenase (plastid transformation) [60]
PcINO1 þ McIMT1 L-myo-inositol 1-phosphate synthase þ inositol

methyl transferase
[82]

betA þ AtNHX1 Choline dehydrogenase þ vacuolar Naþ /Hþ

antiporter
[140]

AtNHX1 Vacuolar Naþ/Hþ antiporter [83]
BvCaM Bovine calmodulin [141]
codA Choline oxidase [142]
CDH þ BADH Choline dehydrogenase þ betaine aldehyde

dehydrogenase
[81]

SeNHX1b þ BADH Vacuolar Naþ/Hþ antiporter þ betaine synthesis
gene

[143]

CMO Choline monooxygenase [45]
NtPI Trypsin protease inhibitor [144]
Bcl-xL Animal cell death suppressor proteins [32]
Ced-9 Animal cell death suppressor proteins [32]
GmERF3 AP2/ERF transcription factor [44]
GhZFP1 Zinc finger protein 1 [145]
JERF1 Jasmonate and ethylene-responsive factor [33]
OsBIERF3 Ethylene-responsive element binding protein [90]
JERF3 Jasmonate and ethylene-responsive factor 3 [89]
CaAOC Allene oxide cyclase [91]
JERF3 Jasmonate and ethylene-responsive factor 3 [34]
AhDREB1 EREBP/AP2 DNA binding protein [146]
DAT þ ASA þ DABA Ectoine biosynthetic genes [135]
TPS Trehalose-6- phosphate synthase [147]

1186j 46 Tobacco: A Model Plant for Understanding the Mechanism of Abiotic Stress Tolerance



displayed increased salt tolerance compared to wild-type tobacco. Transgenic lines
produced concentrations of 6mmol mannitol per gram of fresh weight in the leaves
and roots of some transformed plants [75]. Under prolonged exposure to 250mM
NaCl for 30 days, tobacco expressing the mtlD transgene experienced an 80%
increase in height, while control plants grew only by 22% [74]. Mannitol accumu-
lation promoted the growth of new leaves and roots leading to extreme differences
in biomass formation between transgenic and wild-type tobacco plants. Later
studies using the overexpression of mltD in tobacco to study salt tolerance found
that overexpression of the mltD transgene caused a 20–25% reduction in size
without application of a salt stress [76]. Under salt stress, WT plants experienced a
decrease in dry weight of 44%; however, no significant decrease in dry weight
occurred in tobacco overexpressing the mltD gene. The significant difference in
growth of mltD overexpressing tobacco suggests that the apparent salt tolerance
conferred by the overproduction of mannitol may actually be a result from the
slower growth.

46.5.2
Proline

Likewise, another osmoprotectant, proline, was produced at elevated levels
through transformation of a gene encoding Vigna aconitifolia (mothbean) D1-
pyrroline-5-carboxylate synthase (P5CS) [77]. Plants expressing V. aconitifolia P5CS
gene produced 10–18 times more proline than wild-type plants. Both WT and
P5CS transgenic tobacco plants were grown to the four-leaf stage and transferred

Table 46.6 (Continued)

Gene Gene description Reference

GPX Glutathione peroxidase [127]
GsGST Glutathione S-transferase [55]
GST þ GPX Glutathione S-transferase [12]
APX Ascorbate peroxidase – chloroplast transformation [52]
SOD Cu/Zn-superoxide dismutases – chloroplast

transformation
[50]

OsARP Antiporter-regulating protein [85]
AtMDAR1 Monodehydroascorbate reductase [53]
DHAR Dehydroascorbate reductase [132]
StAPX Ascorbate peroxidase [11]
CuZnSOD, þ APX
þ DHAR

Superoxide dismutase þ ascorbate peroxidase þ
dehydroascorbate reductase – chloroplast
transformation

[148]

DHAR Dehydroascorbate reductase [94]
GmTP55 ALDH7 antiquitin-like proteins [65]
GmNHX1 Naþ/Hþ antiporter [84]
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to 400mM NaCl solution for 3 weeks. Transgenic plants produced double the
biomass and also displayed increases in flowering. Further studies looked into
increasing the production of proline in tobacco via altering the feedback inhibition
of proline upon P5CS [78]. P5CS was mutated using site-directed mutagenesis to
change ala-129 to phe-129 resulting in mutant P5CS displaying low feedback
inhibition [39]. Accumulation of proline in transformants overexpressing the
mutated P5CS was double that of transformants overexpressing the wild-type
P5CS gene under salt stress conditions [78]. Generation of tobacco expressing an
Arabidopsis antisense gene encoding for proline dehydrogenase resulted in
increased proline concentrations and increased salt tolerance [79]. Increased
levels of proline were also induced in tobacco cells under salt stress through
overexpression of the NtHAL3 gene encoding a protein putatively involved in the
coenzyme A pathway [64].

46.5.3
Glycine-Betaine

Increases in the osmoprotectant glycine-betaine were achieved in tobacco through
overexpression of the betA gene encoding choline dehydrogenase from E. coli that
oxidizes choline to produce betaine aldehyde [80]. Wild-type tobacco does not
accumulate glycine-betaine; however, significant amounts of glycine-betaine accu-
mulated in tobacco expressing the betA transgene. Expression of betA appeared to
confer tolerance to salt stress allowing for an 80% increase in total dry weight
compared to wild-type plants. Further modification of the glycine-betaine pathway
was achieved through cotransformation using both betA and betB, encoding betaine
aldehyde dehydrogenase [81]. Plants expressing the two transgenes accumulated two–
three timesmoreglycine-betaine than those solely overexpressing betA anddisplayed a
higher rate of photosynthesis and biomass accumulation under salt stress.

46.5.4
Inositol and D-Ononitol

Tobacco plants transformed with the IMT1 gene from the ice plant (Mesembryanthe-
mum crystallinum) were able to accumulate amounts of D-ononitol exceeding 35mmol
g�1 fresh weight [42]. Transgenic tobacco expressing the IMT1 gene exhibited higher
photosynthetic CO2 fixation compared to nontransgenic control plants under salt
stress. Similar results were observed through engineering tobacco to express the
PINO1 gene encoding a L-myo-inositol-1 phosphate synthase (MIPS) from Porteresia
coarctata (a halotolerant species of wild rice) [67]. Overexpression of the PINO1 gene
allowed for increased accumulation of inositol. Comparison of tobacco overexpressing
RINO1, an MIPS from Oryza sativa, to those overexpressing PINO1 revealed that
PINO1 transformants accumulated higher cellular inositol concentrations andmain-
tained higher photosynthetic activities. Further studies display that overexpression of
both the IMT1 gene and thePINO1 gene display an increased salt tolerance compared
to the transformants expressing only the IMT1 gene or the PINO1 gene [82].
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46.5.5
Sodium Transport

Sodium transport appears to be a common mechanism used by plants to control
intracellular sodium concentrations. Overexpression of genes encoding antiporters
in the vacuole or plasma membrane can significantly affect the salt tolerance of
transgenic tobacco plants. Overexpression of AtNHX1, encoding a vacuolar Arabi-
dopsisNaþ /Hþ antiporter, in tobacco results in plantsmore tolerant to salt stress [83].
Eighty-five percent of seeds from transgenic AtNHX1 plants were able to germinate
in concentrations of salt toxic to all but 5% of wild-type tobacco seeds. Activity of the
vacuolar ATPasewas found to be essential inmaintaining the pool of cytosolicHþ for
transport to occur. In transgenic tobacco plants overexpressing AtNHX1 vacuolar
ATPase activity increased anywhere from119 to 130%after salt stress,whilewild-type
plants exhibited an increase in activity of only 7%. Neither Hþ -pyrophosphatase
(PPase) nor plasma membrane ATPase exhibited changes in activity in either
transgenic or control plants. Tolerance to salt was also conferred in tobacco through
overexpression of GhNHX1, encoding a cotton tonoplast Naþ /Hþ antiporter [84].
Overexpression of a vacuolar antiporter regulating protein from rice, OsARP,
conferred increased tolerance to salt stress in tobacco [85]. While the complete
function of the OsARP product is not known, it was shown to localize to the tobacco
tonoplast membrane and allow for increased storage of sodium ions in transgenic
plants compared to the wild type. Through this study, OsARP is hypothesized to
interact with NHX1 to increase sodium transport from the cytosol into the tonoplast.

Overexpression of either vacuolar PPase from Thellungiella halophila (TsVP) or
Arabidopsis (AVP1) into tobacco conferred increased tolerance to 300mM NaCl [86].
Vacuolar PPases function through transporting protons into the vacuole from the
cytoplasm establishing a gradient from which Hþ -dependent antiporters can
function. At 300mM NaCl, transgenic tobacco expressing either AVP1 or TsVS
accumulated 60% more dry weight than wild-type tobacco. In addition, TsVP and
AVP1 transgenic lines were able to accumulate 20–30%more sodium than wild-type
plants under salt stress (300mMNaCl) conditions.Damage to the cellularmembrane
was reduced in both TsVP and AVP1 overexpressing tobacco, indicating that the
increased ability to compartmentalize sodium ions into the vacuole significantly
reduces the effects of sodium toxicity.

46.5.6
Increased Protein Stability

Increased protein stability under high saline conditions can be achieved throughboth
the activity of stabilizing chaperone proteins and the structural modifications of
proteins that lead to increased stability. DnaK/HSP70 proteins are involved in
binding to proteins that have become denatured or are in nonnative states and are
involved in aiding in their refolding to functional forms. Overexpression of DnaK1
from a halotolerant cyanobacterium, A. halophytica, in tobacco resulted in increased
tolerance to high salt conditions [68].
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Increased stability under high salt conditions was observed when comparing the
PINO1gene encoding a L-myo-inositol-1 phosphate synthase fromPorteresia coarctata
(a halotolerant species of wild rice) to the MIPS found in O. sativa, RINO1 [67].
Overexpression of PINO1 confers the ability in tobacco to accumulate high cellular
inositol concentrations under salt stress conditions, while overexpression of RINO1
leads to lower levels of inositol accumulation. The specific activities of extracted L-
myo-inositol-1 phosphate synthase from both RINO1 transformants and control
plants were drastically lower than that isolated from PINO1 transformants at all
testedNaCl concentrations. This difference peaked at 500mMNaClwith almost a 10-
fold increase in specific activity in PINO1transformant MIPS. The amino acid
sequence of the MIPS from Porteresia coarctata and O. sativa differ greatly resulting
in differing hydrophobicities and surface charges, suggesting such differences are
important mechanisms in developing salt-tolerant proteins.

46.5.7
Exclusion

The plant cell wall is extremely important in controlling the entrance of external
molecules into a plant cell. Onemethod plantsmay have developed to tolerate higher
levels of environmental salt is through reducing the permeability of cell and seed cell
walls. Reduction of cell wall pore size was, in fact, achieved in tobacco through
overexpression of TPX2, a gene encoding a tomato peroxidase known to play a role in
modification of the cell wall structure [57]. Seeds from resulting transformants
displayed a significant increase in the rate of germination (�80%) in the presence of
250mM NaCl compared to wild-type tobacco seeds (�30%).

46.5.8
Transcription Factors: Jasmonate/Ethylene-Responsive Factors

ERFs and JERFs have been associated with promoting responses to biotic and abiotic
stresses that initiate the ethylene signaling cascade [87]. These ERFs are activated by
downstream participants in the ethylene cascade such as EIN 3 and EILs. ERFs are
transcription factors that bind PR genes and other genes with GCC box promo-
ters [88]. Overexpression of tomato JERF3, a gene whose product has high homology
to only the DNA binding domain of ERF in tobacco, yielded salt tolerance [89]. Leaf
disks fromplants overexpressing the JERF3 gene retained about 80%of their original
chlorophyll content when placed in 300mMNaCl, while wild-type plantsmaintained
less than 20%. These plants expressed genes with GCC box, CE1, and DRE
(dehydration responsive element)-containing promoters such as PR gene, as well
as genes involved inROS scavenging and photosynthetic carbon assimilation [34, 89].
A similar protein, JERF1, was produced at high levels in transgenic tobacco and
displayed similar properties to JERF3; however, tobacco overexpressing JERF1 also
produced elevated levels of abscisic acid (ABA) and displayed higher vacuolar Naþ

concentrations compared to wild-type controls [33]. Salt tolerance is also conferred
through the expression of riceOsBIERF3 that was shown to induce the expression of
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PR-1a [90] and soybean GmERF3 [44]. While exact mechanisms have not been
established, salt tolerance is also established in tobacco plants overexpressing a
Camptotheca acuminate allene oxide cyclase, a key enzyme involved in the synthesis of
jasmonates [91]. This study suggests that overproduction of jasmonic acid can play a
significant role in developing salt tolerance; however, future studies will need to
identify the molecular basis of this tolerance.

46.5.9
Reactive Oxygen Species Scavengers

As the production of reactive oxygen species is one of themajor factors caused by salt
stress, much attention has been given to increasing tolerance to salt stress through
genetically engineering tobacco to more efficiently scavenge ROS. Engineering
plants to have enhanced scavenging of reactive oxygen species has been shown to
lower the toxic effects of high salt in tobacco.

Overexpression of swpa4, a gene encoding a peroxidase from Imomoea batatas
(sweet potato) in tobacco, resulted in increased salt tolerance [92]. The specific activity
of isolated plant peroxidases in transgenic lines expressing swpa4was 50 timeshigher
compared to control plants. In addition, swpa4 overexpressors had elevated levels of
both lignin and phenolic compounds and increased chlorophyll content under salt
stress conditions at both 200 and 400mM NaCl.

Copper/zinc superoxide dismutases (Cu/Zn SOD) convert the highly reactive
superoxide radical toH2O2.WhileH2O2 itself is cytotoxic, this reaction is thefirst line
of defense that plants have to protect themselves against ROS. Overexpression of a
gene encoding Cu/Zn SOD from O. sativa in tobacco chloroplasts protected against
paraquat treatment and also conferred tolerance to high salt conditions [50]. Pho-
tosynthetic activity of tobacco overexpressing Cu/Zn SOD was significantly higher
compared to the control during salt stress, and after 10 days of a recovery period
maintained 79.1%of the original photosynthetic activity compared to 37.9%observed
in control plants.

Ascorbate peroxidase is one of themany enzymes responsible for the scavenging of
reactive oxygen species. APX catalyzes the reduction ofH2O2 toH2Ousing ascorbate
as an electron acceptor that is oxidized generating a monodehydroascorbate radical
(MDA).MDAcan then be reduced back to ascorbate byMDA reductase or ferrodoxin.
However, if this reactiondoes not occur in timeMDAcanbreakupdisproportionately
to ascorbate and dehydroascorbate. Dehydroascorbatemust then be reduced through
the action of dehydroascorbate reductase (DHAR), using reduced glutathione.
Oxidized glutathione can then be converted back to GSH by glutathione reductase
(Figure 46.3).

Overexpression of DHAR,MDA, and APX can significantly reduce the toxicity of
salt stress-induced ROS production. Transformed tobacco overexpressing a gene
encoding a thylakoid-bound APX from tomato possessed higher germination rates,
photosynthetic rates, root lengths, and fresh weight and lower levels of hydrogen
peroxide compared to wild-type tobacco under salt stress [51]. Tobacco chloroplast
transformation using a gene encoding cytosolic APX from Arabidopsis also gener-
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ated tobacco more tolerant to elevated levels of salt [52]. Transgenic tobacco with
chloroplasts engineered to overexpress a human DHAR, exhibited higher levels of
ascorbate and oxidized glutathionein in comparison to wild-type plants [92] and
displayed increased tolerance when grown in media containing 100, 150, and 200
mMNaCl [94]. MDA overexpression in tobacco also conferred salt tolerance,
yielding plants with higher photosynthetic rates and lower levels of hydrogen
peroxide under salt stress compared to wild-type tobacco [53]. Overexpression of
multiple genes in this pathway shows great promise for further increasing the
efficiency of ROS scavenging under stress conditions. This was demonstrated
through the overexpression of CuZnSOD, APX, and DHAR in the chloroplasts of
tobacco [94]. Control tobacco, tobacco overexpressing CuZnSOD and APX (CA), and
tobacco overexpressing all three genes (CAD) were grown in media containing
100mMNaCl for 50 days. CAD tobacco had average dry shoot weights 22.3% higher
than CA tobacco and 35.0% higher than control tobacco and also displayed
increased root growth.

Glutathione in the reduced state is essential for the reduction of dehydroascorbate
tomaintain the cellular pool of ascorbate available for ROS scavenging. In addition to
this role, glutathione is also utilized by the glyoxalase pathway for glutathione-based
detoxification of malondialdehyde (MD) and methylglyoxal (MG), a potent cytotoxic
compound produced during lipid peroxidation. Overexpression of glyI from Brassica
juncea encoding glyoxylase I in tobacco conferred tolerance toMGandhigh salinity in
transgenic tobacco [96]. Addition of glyII fromO. sativa conferred greater tolerance to
high methylglyoxal and NaCl concentrations [97]. Plants expressing both glyI and
glyII grew under continuous salt stress and were able to flower and produce seed.
Enhancing the glyoxylase pathway through tobacco genetic engineering enabled
plants to resist an increase inMG levels under salinity stress, throughmaintenance of
higher reduced:oxidized endogenous glutathione pools [98].

46.6
Metal Toxicity

Many heavymetals are necessary for plant growth and biochemical functions such as
B,Co,Mn,Cu,Zn, Fe,Mg, andMo; however, at elevated levels heavymetals can cause
severe stress and toxicity in plants. These high concentrations of heavy metals are
foundnaturally in some areas of theworld as such, but are often associatedwith lands
containing industrial pollutants. Heavy metals cause toxicity to plants via multiple
mechanisms as symptoms are highly plant, metal, and dose specific. Heavy metals
have been shown to promote the formation of free radicals [99, 100], compete with
metal cofactors of plant enzymes, affect enzyme activity through the binding of
sulphydryl and nitrogen-containing groups [101], cause cellular leakage through
interactions with phospholipid head groups [99], cause disruption of ATPases, and
interrupt the synthesis of lipids. Interruption or denaturation of proteins or enzymes
involved in photosynthesis and respirationhave been shown to generateROSmaking
the mitochondria and chloroplast specifically susceptible to heavy metal stress
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[102, 103]. Ultimately these effects can lead to reduction in growth, chlorosis, curling
of leaves, and necrosis.

Many plants have evolved mechanisms to either avoid heavy metals or prevent the
interaction of these metals with cellular components. Plants that avoid heavy metals
maintain the ability to either prevent the uptake of heavy metals or actively excrete
these metals. Over 400 species of plants have developed methods of metal hyper-
accumulation via heavymetal chelation or compartmentalization [104]. In addition to
plants, many species of fungi and bacteria have developed mechanisms to overcome
heavymetal stress. In order to further study the functions of these genes, tobacco has
been implemented as a model system in numerous studies partly due to the ease of
both nuclear and chloroplast transformation and its susceptibility to heavy metal
stress. Many studies have utilized tobacco to display that certain genes are able to
confer resistance to a broad range of heavy metal stresses, while others have focused
on mechanisms unique to an individual heavy metal. Some of these studies are
summarized in Table 46.7 and described in subsequent sections to illustrate the
diversity of heavy metal tolerance mechanisms studied in tobacco.

46.6.1
Tolerance to Multiple Heavy Metals

As many heavy metals cause toxicity to plants via similar mechanisms such as ROS
production, some genes have been shown to confer tolerance to stresses of multiple
heavy metals.

Phytochelatins andmetallothioneins are plant peptides that bindmetals creating a
sort of a shield that prevents or limits the interactions of metals with cellular
components [105]. Phytochelatin synthase produces phytochelatins from glutathi-
one. When present at high levels in transgenic tobacco, pytochelatin synthase
transformants produce phytochelatins at elevated levels compared to wild-type
plants. Transformation of tobacco with phytochelatin synthase from Arabidopsis
thaliana resulted in the ability to accumulate cadmium within the plant at a twofold
higher concentration [149]. A similar study investigated the effects of phytochelatin
synthase from the cadmium hyperaccumulator Cynodondactylon on cadmium tol-
erance in tobacco [106]. Expression of this phytochelatin allowed for a 3.4-fold
increase in intracellular cadmium concentrations compared to the wild-type plant.
Overexpression of phytochelatin synthase fromA. thaliana also allowed for increased
tolerance to arsenic [107]. Increasing the pool of cysteine, a precursor for glutathione,
through the overexpression of spinach cysteine synthase increases tolerance to
cadmium, selenium, and nickel, but not lead or copper in tobacco [108]. Increases
in both cysteine and glutathione were detected in cysteine synthase transformants.
The increases in available glutathione likely allowed for increased phytochelatin
conjugation of free heavy metals. Other phytochelatins such as the bacterial ppk
increase mercury accumulation and tolerance in tobacco [109]. Dehydrins, another
class ofmetal binding proteins, have also been shown to increase tolerance in tobacco
to both cadmium and zinc stress through limiting ROS production leading to lipid
peroxidation [110].
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Overexpression of CHIT42 and CHIT33, two fungal endochitinases yielded sig-
nificantly fewer visible effects of high salt, copper, and cadmium stresses compared to
wild-type plants [111]. Induction of tobacco peroxidases occurred in plants expressing
both CHIT42 and CHIT33 indicating that these genes may confer heavy metal
tolerance by inducing the expression of genes involved in oxidative stresses.

46.6.2
Cadmium

Compared to many other heavy metals, a significant amount of research has been
performed on utilizing tobacco to study genes involved in conferring cadmium
tolerance to tobacco. Overexpression of bacterialArsC, encoding arsenic reductase in
tobacco, yields up to a threefold increase in biomass accumulation compared to wild-
type plants in media containing 100 mmCdCl2 [112]. While no concrete mechanism
has been associated with Cd tolerance by ArsC, it is hypothesized that ArsC may
participate in the reduction of Cd(II) to Cd[0], a nontoxic cadmium form that may
thenbe safely storedwithin the plant cell. Removal of ROS intermediates prevents the
toxic effects of these ROS induced by the presence of heavy metals.

Overexpression of alfalfa/aldehyde reductase in tobacco reduces chlorosis in high
concentrations of cadmium possibly through detoxification of the product 4-hydro-
xynon-2-enalproducedvia lipidoxidation [58, 113].A similarmechanismlikely confers
tolerance to cadmium-induced stress in tobacco overexpressing the glutathione
transferase gene from Trichoderma virens [114]. Glutathione transferases are thought
to allow for this tolerance by binding lipid peroxidation products to glutathione.

46.6.3
Iron

Iron represents an interesting model of heavy metal stress. Plants require iron for
many biological processes; however, increased levels of iron within plant cells can
induce reactive oxygen species via the Fenton reaction [100, 115]. Typically, biological
systems store iron reserves conjugated with proteins known as ferritins; however,
excess iron is still able to cause stress [100, 116]. Transgenic studies on tobacco display
that overexpression of ferritin results in lower levels of lipid peroxidation products
and higher rates of photosynthesis under conditions promoting the production of
ROS due to paraquat application [117]. However, overexpression of ferritins in
tobacco results in phenotypes resembling iron deficiencies, as available iron pools
are likely limited in the plant [118]. Overexpression of ferritins results in a 1.3–1.5-
fold increase in total iron content [119].

46.6.4
Mercury

Mercury is present in many forms within the environment including Hg2þ , volatile
Hg0, and organicmercury, specificallymethylmercury [120, 121]. Hussein et al. [122]
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displayed that expression of merA and merB via the chloroplast genome of tobacco
provided increased tolerance to mercury. merB encodes for a protein that removes
organic groups from organomercury, which is highly toxic to plants due to inter-
ference in electron transport and chlorophyll in the chloroplasts.merA encodes for a
protein that reduces toxic Hg2þ to volatile elemental Hg0. With high levels of these
detoxifying enzymes in the chloroplasts, transgenic tobacco was able to accumulate
high mercury levels and volatize mercury at high rates compared to tobacco not
expressing these genes.

An alternative approach for mercury phytoaccumulation instead of phytovolati-
lization was performed in tobacco [109, 123]. Nagata et al. engineered tobacco to
expressmerT, a mercury transport protein, and ppk, a bacterial polyphosphate kinase
that is able to chelate mercury ions and prevent volatilization. Themercury transport
protein drastically increased the uptake of mercury compared to ppk only plants at
Hg2þ concentrations of 2.5 mMand below. When comparing ppk tobacco, ppk/merT
tobacco, and wild-type plants growing in media containing Hg2þ , both plants
containing the ppk transgene gained the ability to accumulate significantly higher
biomasses, indicating fewer effects of the toxicity of mercury. Addition of the merB
gene to tobacco containing ppk/merT transgenes further increased mercury
tolerance [124].

46.7
Conclusions

The convenience of being able to genetically engineer both nuclear and plastid
genomes separately or simultaneously is present only in tobacco.Despite the fact that
Arabidopsis has emerged as the dicot model over the years, tobacco continues to be
employed extensively in analysis of several plant mechanisms as is evident in this
chapter.
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Sunflower: Improving Crop Productivity
and Abiotic Stress Tolerance
Carlos A. Sala, Mariano Bulos, Emiliano Altieri, and María Laura Ramos

Conventional breeding has been successful in constantly raising the sunflower
(Helianthus annuus var.macrocarpus) yield potential and its stability. This improve-
ment has been possible through both the direct manipulation of several genes
controlling resistance to fungal diseases, pests, and parasitic weeds and the indirect
selection of quantitative trait loci that control heritable variability of the traits and
physiologicalmechanisms that determine biomass production and its partitioning.
However, this approach may now be insufficient, since genetic progress has been
slower in recent decades, and it is necessary to provide improvements at a rapid
pace due to the redistribution of sunflower production toward marginal areas, due
to the rapid changing cultural practices such as no-till planting or weed manage-
ment, and due to the increases in the frequency and severity of abiotic constraints
because of global climate change. Research in the last decades led to three main
approaches to change the objectives and the current tools for sunflower breeding.
First of all, plant physiology provided new tools and models to understand the
complex network of yield- and stress-related traits in order to identify target traits
useful to improve selection efficiency. Second, molecular genetics has led to the
discovery of a large number of loci affecting yield under potential and stress
conditions or the expression of stress tolerance-related traits. Third, molecular
biology has provided genes that are useful either as candidate sequences to dissect
QTL or for transgenic approaches. In this chapter, we reviewed and discussed
molecular breeding strategies to improve sunflower yield potential and its tolerance
to abiotic stresses and xenobiotics, emphasizing the requirement to face this task
through an integrated multidisciplinary approach based on plant genetics and
genomics, physiology, and modeling.

47.1
Introduction

Sunflower (Helianthus annuus L. var.macrocarpus Ckll.) is grown all over the world
with three main purposes: beauty (ornamental sunflower), direct consumption of
the seeds (confectionary sunflower), and oil production (oilseed sunflower). By far,
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the last of them is the most important objective in terms of acreage and
production [1] and is the subject of this chapter. Sunflower oil has been traditionally
viewed as a healthy vegetable oil and it is considered a premium oil for salad,
cooking, and margarine production [2] and is also being evaluated as a source of
biodiesel [3].

With a cultivated acreage of over 22million ha and an annual production of around
9 million ton, sunflower is grown on every continent, but its production is mainly
concentrated in theRussianFederation,Ukraine, India, andArgentina. Sunflower oil
is the fourth most important vegetable oil in world trade after soy, palm, and canola
oils. Unlike soybean, sunflower is primarily an oil crop, with high proteinmeal being
a by-product. The world production of sunflower pellets is also important, as it is the
principal grinding subproduct. Argentina is the leading exporter and the European
Union is the greatest importing block [4].

Morphological, geographical, molecular, and archeological evidence indicates that
sunflower domestication took place in eastern North America [5–7], where it was
used as a source of food, pigment, and medicine by the Native American Indians [8].
A substantial genetic bottleneck occurred during domestication, both at the nucle-
ar [9] and at the plasmon levels [7]. In fact, the cultivated sunflower gene pool has
retained only 40–50% of the nucleotide diversity that can be found in wild sunflower
populations [10].

The transformation of sunflower into a major oilseed crop, however, took place
only in the second half of the twentieth century due to two major breeding
achievements: the drastic increase in oil percentage in sunflower achenes achieved
in the former Soviet Union from 1920 to 1960 [11] and the development of a
cytoplasmic male sterility system [12] combined with fertility restoration by nuclear
genes [13] that enabled the commercial production of hybrid seed [14, 15]. Even
though domestication and breeding create population bottlenecks and eroded
genetic diversity in sunflower [6, 9, 10], diverse and complex parentage andmigration
have apparently partially counteracted the effects of domestication and other diver-
sity-reducing processes in modern oilseed sunflower inbred lines [16]. Significant
nucleotide diversity was discovered across inbred lines despite the effects of genetic
drift and the winnowing of unfavorable alleles through intense selection and
inbreeding in single-cross hybrid sunflower breeding programs. Surprisingly, nucle-
otide diversity was estimated to be 1.7-fold greater in elite inbred lines than primitive
and early open-pollinated (OP) cultivars. In fact, nucleotide diversity in sunflower is
only slightly lower than maize, two- to fivefold greater than other domesticated
grasses, eight- to tenfold greater than soybean, and several-fold greater than other
autogamous plant species [17].

Crop performance is the end result of the action of thousands of genes and their
interactions with environmental conditions and cultural practices. Conventional
breeding has been very successful in constantly raising the sunflower yield potential
and its stability. This improvement has been possible through the direct manipu-
lation of several genes controlling resistance to fungal diseases, pests, and parasitic
weeds, and the indirect selection of quantitative trait loci (QTL) that control heritable
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variability in the traits and physiological mechanisms that determine biomass
production and its partitioning. This last approach came into being with little or
no knowledge of the factors governing the genetic variability exploited by breeders for
crop improvement. However, this approach may now be insufficient since it is
necessary to provide improvements at a rapid pace due to the redistribution of
sunflower production towardmarginal areas and due to the increase in the frequency
and severity of abiotic constraints because of global climate change. Cold stress,
drought, and salinity will probably become more prevalent in certain areas, while
there will be an increased demand for agricultural products and reduced availability
of agricultural land and natural resources such as water and fertilizers. Finally,
breeding also needs to exploit positive interactions with rapid changing cultural
practices such as no-till planting or weed management.

We review and discuss published results about molecular breeding strategies to
improve sunflower yield potential and its tolerance to abiotic stresses and xenobio-
tics, emphasizing the requirement to face this task through a multidisciplinary
approach based on plant genetics and genomics, physiology, and modeling.

47.2
Breeding Achievements

Scientific sunflower breeding was started in 1910–1912 at Krasnodar by Vasilii
Stepanovich Pustovoit, an academic, based on the varieties locally developed during
the nineteenth century [18]. The efforts of breeders were initially devotedmainly to
genetically control parasitic weeds (broomrape, Orobanche cumana) and insects
(sunflower moth, Homeosoma electellum), but the development of varieties with
high oil content by Pustovoit became amilestone in the evolution of sunflower as an
oil crop throughout the world. The local varieties cultivated in Russia in 1913
contained only 30–33% of oil in dry seeds. This percentage increased up to 43% in
1935, 46% in 1953, and 51% in 1958, when the variety �Peredovik�was released [18].
This spectacular increase in oil content of the achenes did not cause any decline in
the seed yield of the varieties released. The open pollinated Russian cultivar
Peredovik, with high oil content, introduced during the 1960s in the Western
countries (the United States, Canada, Western Europe, and Argentina), was the
basis of the first sustained commercial production of oilseed sunflower in these
countries [19].

The discovery of cytoplasmic male sterility, with its inherent advantages, pro-
vided a highly efficient method for commercial production of hybrid seed and was
the second milestone in the development of sunflower. The first stable source of
cytoplasmic male sterility was discovered by Patrice Leclercq in 1968 from an
interspecific cross involving H. petiolaris and H. annuus [12]. Subsequent identi-
fication of genes for fertility restoration in wild species [13] and in certain obsolete
sunflower cultivars [20] allowed an efficient and economical production of hybrid
seed. The development of the first sunflower hybrids based on cytoplasmic male

47.2 Breeding Achievements j 1207



sterility in the early 1970s intensified the interest of seed companies in the crop,
which led to a considerable increase in sunflower production in many countries.
When comparing sunflower yields in the countries that grew open-pollinated
varieties before the introduction of hybrids, seed yields increases of about 20%
were estimated [19].

Information regarding breeding achievements with respect to seed and oil yields
after the initial introduction of hybrids is scarce. The main exceptions are the results
reported for Argentina [21–25]. Taking into account that approximately 1.9million ha
of sunflower is grown inArgentina between latitudes 26�S (Chaco province) and 39�S
(southern Buenos Aires province), that this area includes a wide range of environ-
mental conditions (subtropical and temperate climates and different types of soils)
and management practices, breeding achievements for sunflower in Argentina are
a representative example of other regions in the world and will be considered in
this chapter.

The relative contributions of plant breeding and crop management to yield
improvement over time in a given cropping region can be separated (e.g.,
[26, 27]). Genetic gains can be estimated by comparing a historic set of cultivars
with uniformmanagement practice or the trial data collected by breeding programs.
This gain in relative terms is subtracted from the total gain in farmers� fields and the
residual is assumed to be due to changes in management practices [28].

Using this approach and a set of sunflower cultivars released inArgentina between
1930 and 1995, L�opez Pereira et al. [21] found that both grain and oil yields were
positively associated with the year of cultivar release and that there was a clear
discontinuity in yield trends with a marked step around 1970, when the first hybrids
were released. On average, hybrids outyielded open-pollinated cultivars by 23% for
grain and 36% for oil. No improvement in yield potential, however, was apparent
during long periods before and after this turning point (Figure 47.1). These authors
hypothesized that the historic requirement for disease tolerance and grain quality,
together with a rather narrow genetic base, has imposed restrictions on the improve-
ment in yield potential. In further studies, focusing on the genetic gain by selection in
the period between 1983 and 1998, Sadras et al. [24] found a positive association
between oil yield and year of commercial release, whichwas related to both resistance
to fungal diseases (specially verticillium wilt, caused by Verticillium dahliae, [29, 30])
and response to intraspecific competition.

Usingmeta-analysis ofmultienvironment trials [31], de la Vega et al. [32] quantified
increases in oil yield and determined the contributions of change in both biotic stress
resistance and yielding ability in favorable environments for sunflower hybrid
varieties released during the period 1995–2005. Genetic gains came about due to
both an increase in the number of hybridswith resistance to themajor biotic stress (V.
dahliae) and a genetic gain in oil yield of 14.4 kg ha�1 yr�1 in these resistant hybrids. It
is likely that at least part of the slowdown observed in grain yield gains in the national
data during 1995–2005 was a result of a breeding process that, for that period,
increased oil yield mostly through an increase in grain oil concentration [32] and,
also, because of the presence of large and regional genotype� environment (G�E)
interactions [25].
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47.3
Identification of Key Traits Useful for Increasing Yield Potential and Abiotic Stress
Tolerance

Conceptually, the environmental effect on a genotype depends on three main
elements: soil, cultural practices, and weather. Soil and cultural practices are
usually persistent from year to year and can be regarded as fixed. The weather
element ismore complex because it has a persistent part represented by the general
climatic zone and an unpredictable part represented by time variation (year to year).
Once the environmental effect has been conceptually subdivided into predictable
and unpredictable components, a similar subdivision can be made for the G�E
interaction [33, 34]. Understanding of the underlying physiology of the genotype-
specific responses to predictable and unpredictable environmental variation would
improve the efficiency of selection within a complex target population of environ-
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Figure 47.1 Comparison of sunflower, maize,
and soybean grain yields per hectare in
Argentina over the past 40 years. Two main
aspects permit to explain the bilineal
relationship between mean sunflower yields
and year, as shown in the box: (a) national data
accounts only for mean grain yield and not oil
content that was a main breeding objective

during the past two decades; (b) the explosive
growth of soybean in Argentina, which
increased from 6.0 million ha planted area in
1994 to more than 15 million ha in 2010, has
pushed sunflower production to more
marginal areas [32] (data obtained from
[298]).
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ments [25, 35, 36]. On the other hand, it permits to identify key traits as targets for
selection to cope with the predictable and unpredictable elements of the environ-
ment in a given region, namely, (i) attributes that can be selected to achieve
adaptation to the target environment by emphasizing predictable interactions
(e.g., phenology and photoperiodic response; duration of grain filling, a trait
associated with canopy stay green; and salt and cold tolerance) and (ii) attributes
that allow the unpredictable G�E interactions to be accommodated, improving
yield stability in a target production environment (e.g., osmotic adjustment, leaf
expansion, etc.).

Sunflower is a glycophyte species moderately tolerant to salinity and is
considered in the same tolerance category as soybean [37]; therefore, it can be
grown successfully on most agricultural soils [38]. However, if the competence
with other crops requires the expansion of the sunflower crop to regions with
saline soils, apparently there exists enough genotypic variability and medium-to-
high heritabilities for salt tolerance in sunflower, in order to develop salt-tolerant
sunflower hybrids by conventional breeding methods [39–41]. In addition,
genetic resources from wild species [42–46] have been exploited to develop
salt-tolerant lines [47, 48].

Higher yield stability in regions with marked interyear variability in rainfall, a
characteristic of drought-prone areas, involves the identification, testing, and breed-
ing for particular attributes. Identification of such attributes can be assessed by
comparing a range of genotypes over several years, under both irrigated and rainfed
conditions that produced terminal droughts. This approach was followed by Fereres
et al. [49] and Gim�enez and Fereres [50] in an extensive comparative analysis of
drought tolerance in sunflower. They showed that yield under drought was closely
associated with harvest index and found intraspecific variability in root depth, which
in turn was linked to cultivar maturity type. They also identified variability for both
sensitivity of leaf conductance to leaf water potential and for osmotic adjustment
(OA). Furthermore, they found no association between yield potential and suscep-
tibility to drought indicating that the development of high-yield, drought-tolerant
cultivar is possible [51].

As was pointed out by Connor and Hall [51], evidence suggests that it should
be possible to breed for tolerance to some categories of stress in sunflower
without loss of yield potential because there are firm indications of intraspecific
variability in traits that confer tolerance (see Ref. [52] for a review). The
likelihood of success will be increased if work is geared toward the identifi-
cation of key attributes based on a good understanding of the causal relation-
ships between the presence of a trait and the physiology of yield loss mini-
mization under stress [53]. Further progress will depend on the introduction in
high-yield genotypes of traits able to improve stress tolerance without detri-
mental effects on yield potential, thus reducing the gap between yield potential
and yield in stress-prone environments. This goal can be achieved through the
identification of stress tolerance-related traits and the subsequent manipulation
of the corresponding genes using marker-assisted selection (MAS) and/or gene
transformation.
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47.4
Linkage Mapping

47.4.1
Genetic Linkage Maps and other Genomic Resources

Over the past decades, several genetic linkage maps differing in length and density
were developed for cultivated sunflower (a paleopolyploid, [54]; with 2n¼ 2x¼ 17
chromosomes) or for crosses between cultivated andwild sunflowers (see Refs [15, 55]
for reviews). Thesemaps are based on differentmolecularmarkers such as restriction
fragment length polymorphism (RFLP) and/or random amplification of polymorphic
DNA (RAPD) markers for the first reported maps [56–63]. RAPDs have been used
primarily for taggingphenotypic loci in sunflower, for example, rust (Puccinia helianthi
Schw.) and broomrape-resistance genes [64, 65]. Later on, the addition of Amplified
Fragment Lenght Polymporphism (AFLPs) [66–68] and direct amplification of length
polymorphism markers (DALPs) [69] allowed further saturation of genetic linkage
maps. The distribution of DALPs and AFLPs revealed that both markers tagged
different regions to enable covering most of the sunflower genome.

Another multipoint marker developed for sunflower and used for mapping
purposes are the so-called target region amplification polymorphisms (TRAPs),
using EST database information to generate polymorphic markers around targeted
candidate gene sequences [70]. TheTRAP techniquehas been employed in sunflower
to construct a linkage map [71], to define the sunflower linkage group (LG) ends
through the use of TRAP markers based on Arabidopsis-type telomere repeat
sequences [72], to map several traits (e.g., ms9, [73]; a gene for downy mildew
resistance, [74]; the chlorophyll-deficientmutation yl, [75]; the fertility factorRf1, [76]),
and to assess germplasm relationships.

Two of the RFLP maps have been used as tools for mapping phenotypic and
quantitative trait loci [77–85]; however, the widespread use of RFLP markers and
maps in sunflower has been restricted by lack of public RFLP probes, a consequent
lack of a dense public RFLP map, and low-throughput nature of RFLP markers. The
difficulties posed by the historic lack of public, single-copy DNA markers were only
slightly offset by the emergence of facile, universal DNA markers, such as RAPDs,
AFLPs, and TRAPs. While RAPD, AFLP, and TRAP markers have a multitude of
uses, they are dominant, multicopy, and often nonspecific in nature and, as a whole,
unsatisfactory for establishing a genome-wide framework of DNA markers for
anchoring and cross-referencing genetic linkage maps. Single-copy, codominant
DNA markers are preferred for such purposes and until 2002 were lacking in
sunflower [86].

The concomitant development of a large number of simple sequence repeat (SSR)
markers and the automation of mapping procedures [87–89] eliminated the long-
standing bottleneck caused by the scarcity of single-copy DNAmarkers in the public
domain and supplied the critical mass of DNA markers needed to create a public
reference map, unify independently developed molecular genetic linkage maps, and
establish an universal LG nomenclature. Tang et al. [88] constructed the first genetic
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linkage map for sunflower on the basis of SSR markers and the first dense public
genetic linkagemap on the basis of single- or low-copyDNAmarkers. Since the three
RFLP maps of sunflower lacked common, public domain DNA markers, QTL and
other traitmapping results could not be universally exploited, compared, or validated,
this resource created the basis for rapidly, efficiently, and fully integrating first-
generation genetic linkage maps developed by using RFLP markers. Yu et al. [90]
integrated and cross-referenced the Tang et al. [88] SSR map with the RFLP maps of
Berry et al. [58] and Jan et al. [59] using the Gedil et al. [67] RFLP map as a bridge.
Insertion–deletion (INDEL) markers were also developed from RFLP markers by
sequencing the cDNA clones, aligning sunflower cDNA and Arabidopsis genomic
DNA sequences, predicting from such an alignment intron sites in sunflower genes,
and designing flanking primers to amplify the introns and flanking coding regions
spanned by the primer pairs. The density and utility of the molecular genetic linkage
map of cultivated sunflower was increased by adding unmapped SSR markers
developed by European researchers (Cartisol, CRTx SSRs), together with those
already developed by North American (ORSx SSR markers) and South American
researchers (INTA Argentina, Hax markers; [87]). These efforts contributed to the
availability of more than 2000 SSRmarkers for mapping purposes in sunflower [55].
All the reported linkagemaps can be easily viewed and compared using a useful web-
based application: CMap [91].

Most of the SSRmarkers used in sunflowermapping are neutral (usually located in
intergenic genomic regions), as they were developed from genomic libraries using
microsatellite motives as hybridization probes [87–89]. In recent years, due to the
rapid increase in sequence information, sunflower transcript assemblies were built
and mined to identify SSRs and INDELs for marker development, comparative
mapping, and other genomics applications in sunflower. In fact, more than 320 000
expressed sequence tags (ESTs) have been generated and are available for sunflower
and related species of the genus Helianthus [92]. The information can be accessed
through the Compositae DataBase [93], the GenBank dbEST division [92], the
Compositae Genome Project [94], and the Gene index accessible through the
GenBank UniGene division [95].

To create a transcript map for sunflower, Lai et al. [96] identified 605 ESTs that
displayed small INDEL or single-nucleotide polymorphism (SNP) variations in silico,
had apparent tissue-specific expression patterns, and/or were ESTs with candidate
functions in traits such as development, cell transport, metabolism, plant defense,
and tolerance to abiotic stress. Primer pairs for 535 of the loci were designed from the
ESTs and screened for polymorphism in recombinant inbred lines (RIL). In total, 273
of the loci amplified polymorphic products, of which 243 mapped to the 17 LGs of
sunflower. Comparisons with previously mapped QTL revealed some cases where
ESTs with putatively related functions mapped near QTLs identified in other crosses
for salt tolerance and for domestication traits such as stem diameter, shattering,
flowering time, and achene size. The generation of EST-SSR and SNP markers
complemented existing SSR marker collections [97, 98] allowing the inclusion of
functionalmarkers in geneticmaps [96, 99]. Through direct sequencing of sunflower
genomic regions, belonging to a small group of inbreds and landraces, more than
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1700 SNPs and 147 INDELs were obtained [10, 17, 100]. Recently, a restriction site-
associated DNA sequencing technology for SNP discovery identifiedmore than 1400
unique contigs with at least one high-quality SNP [101].

Sequencing more diverse EST libraries within cultivated sunflower or from wild
sunflower species could enhance the number of polymorphisms discovered. It is
questionable, however, whether all these polymorphisms would also be segregating
in the available mapping populations. As shown in maize and its wild relative
teosinte [102], cultivated maize harbors much less polymorphism than teosinte. A
framework to integrate all the reported information concerning sunflower genomics
and to generate the basis for future research is the Sunflower Genome Sequencing
Project [103], which is still in progress.

47.4.2
Recombinant Inbred Lines Used for Mapping Purposes

Populations of RILs have been used for developing reference linkage maps of the
sunflower genome and for QTL mapping studies. Two of them were used and
reported on several occasions and for this reason both of themwill be described here
in some detail.

The population of RILs from the cross RHA266�PAC2 was developed by the
INRA in France. RHA266 is a restorer, unbranched, oilseed sunflower line, released
in 1971 by the USDA-ARS and Texas Agricultural Experiment Station [104]. It is
based on Peredovik germplasm crossed by a linewith rust resistance, 953-102-1-1-41.
PAC2 is a line developed by INRA and was obtained from a cross between the USDA
line HA61 and a wild H. petiolaris population [57].

The other population of RILs was developed by US researchers from the cross
RHA280�RHA801 [88]. RHA280 is a restorer, unbranched, nonoilseed sunflow-
er (confectionary) inbred line developed by selection from Sundak and released in
1974 by the USDA. RHA801 is a restorer, branched, oilseed sunflower line,
developed and released by USDA in 1981, and derived from a restorer population
with a complex pedigree after one cycle of recurrent selection for improved
yield [105].

These populations represent interesting tools for mapping studies because they
were used as a framework for developing linkagemaps obtained with different kinds
of molecular markers. However, their use as populations to identify yield or stress-
related traits may be limited by the little differences between their parental lines for
many of the features under study and because none of them is a high-yield modern
inbred line, so the QTL obtained using these RILsmay now be ubiquitous in the elite
germplasm.

47.4.3
QTL Mapping

Yield and tolerance to abiotic stress are complex traits regulated by a number of
factors that can be studied as component traits. The development of different
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genetic maps for sunflower allowed genetic dissection of the quantitative traits
controlling a wide range of physiological characteristics related to oil yield and
the adaptive response of sunflower to abiotic stress. This is a prerequisite to
allow cost-effective applications of genomics-based approaches to breeding
programs aimed at improving the sustainability and stability of yield under
adverse conditions.

47.4.3.1 Oil Yield
Most cultivated sunflower is grown as a source of vegetable oil. Thus, the principal
goal of sunflower breeding programs is to develop F1 hybrid cultivars with high oil
yield. Sunflower oil yield per unit area is determined by the product of seed yield per
unit area and oil percentage in the seed. Therefore, consideration of both compo-
nents is important when breeding for high oil yield hybrids.

Seed oil concentration is a complex trait determined by the genotype and the
environmental conditions. Search for seed oil concentration QTL using a
genetic map of 205 loci defined by RFLP [81] and composite interval mapping
resulted in the detection of eight QTL on seven LGs that accounted for 88% of
the phenotypic variation for seed oil concentration across environments [79].
Gene action was additive for four QTL and dominant or overdominant for the
others. Four of the eight QTL were detected in two or more environments, and
the parental effects were the same across generations and environments. In
another study, six QTL for percentage of oil in the grain were detected using a
set of 244 F3 families derived from another cross and a genetic map based on
170 AFLP and SSR markers. The percentage of phenotypic variance explained
was 90.4% [106]. On 220 F2 and 180 F3 progenies of different genetic origin,
and using a genetic map based on RFLP and SSR [107], four QTL were
identified in both F2 plants and F3 families on four LG, which explained
68–70% of the phenotypic variance. Tang et al. [108] identified six QTL for seed
oil content in a low-� high-oil (RHA280�RHA801) RIL mapping population
segregating for apical branching (B), phytomelanin pigment (P), and hypoder-
mal pigment (Hyp) loci. The seed oil concentrations of RHA280 and RHA801
differed dramatically, from 254 to 481 g kg�1, respectively. Interestingly, three of
the QTL were tightly linked to B, P, and Hyp. The same relationship between
apical branching and seed oil content was observed in other mapping popula-
tions [109, 110].

Hajduch et al. [111] using a proteomic approach reported 77 protein spots
differentially expressed in the high oil line RHA801 versus the low oil line RHA280.
Identification of 44 of these proteins indicated that the two main processes affecting
low or high oil concentration in these lines were glycolysis and amino acid
metabolism suggesting that seed oil content is tightly linked to carbohydrate
metabolism and protein synthesis in a complex manner. Although the number of
differences found by these authors should not be related only to seed oil content as
they stated, since RHA801 and RHA280 are not isolines but members of rather
different gene pools, their results describe the proteomic differences between
confectionary and oilseed varieties.
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47.4.3.2 Seed Weight
Seed weight is an important property under complex genetic and environmental
control, and associated with morphological and developmental characteristics such
as plant height or flowering dates. A set of 244 F3 families was screened with AFLP
andmicrosatellitemarkers and a linkagemapwas constructed based on 170markers.
One putative QTL for 1000-grain weight was detected explaining 5.4% of total
phenotypic variance [106]. Al-Chaarani et al. [68] reported three QTL for this trait
and one of them was a major QTL that explained 37% of the phenotypic variance for
this trait.

Using a genetic map with 290 markers for a cross between two inbred sunflower
lines and 2 years of observations on F3 families, two QTL controlling seed weight
were detected. Phenotypic variation explained by both QTLwere 16.0 and 25.2 for F2
an F3 populations, respectively. Some of the QTL controlling seed weight overlapped
with those controlling oil content. TheQTL on the same LGas the branching gene b1,
also reported by Mestries et al. [109] for another cross, was almost certainly linked to
capitulum size. The second QTL for seed weight was close to the one for flowering
date. The seed weight character measured is not �yield� in the agricultural sense of
seed production per hectare of hybrid genotypes. It was seedweight per capitulumon
selfed plants, with little involvement of heterosis [110].

In the RIL population from the cross RHA280�RHA801 mentioned before, five
QTL controlling seed weight were reported explaining 72.8% of the phenotypic
variation. However, the contribution of the pleiotropic effect of the apical branching
gene B accounted again for the bulk (52.5%) of this variation.

47.4.3.3 Days to Flowering
Sunflower can be grownunder awide variety of climatic conditions so awide range of
total crop durations are required around the world. In addition, knowledge of the
relative lengths of the period from sowing to flowering, when potential seed number
is determined, and of the period fromflowering tomaturity, when seedfilling occurs,
can be important in breeding for yield. Present-day sunflower varieties show wide
variation in these characters.

Diversity of the production area together with the characteristic of the original
germplasm base and the subsequent introduction of foreign germplasm determined
the coexistence of a great variability in types of hybrids grown in Argentina.
Historically, two major hybrid types of different genetic origin were grown in the
Argentine sunflower production area from the 1970s to early 1990s: (i) intermediate-
late to late maturity hybrids of white-striped seed, low grain oil concentration, and
high relative grain yield, mostly developed from locally bred, open-pollinated
varieties, and (ii) intermediate-early to early maturity hybrids of black seed, high
grain oil concentration, and low relative grain yield, largely derived from Eastern
European and US germplasm. Breeding and selection by recombining both types
converged to a third hybrid type that combined high grain yield and high grain oil
concentration with an intermediate maturity. The breeding process involved the
selection of the maturities that tended to maximize yield potential and stability in
each of the three megaenvironments or subregions of sunflower production in
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Argentina [25]. This process reduced the original range of phenological responses
within subregions, but tended to concentrate on different maturity types among
megaenvironments. The modern high-yield hybrids are late, intermediate, or early
compared to the mean of the old ones in the northern, central, and southern
subregions of Argentina, respectively, which in turn reflects the positive, orthogonal,
and negative associations between oil yield andmaturity in the three subregions [25].

Le�on et al. [78] mapped QTL associated with growing degree days (GDD) to
flowering and photoperiod (PP) response in an elite sunflower population derived
from a cross of two divergent lines representative of the two original germplasm
pools: HA89 and ZENB8 [25]. HA89 exhibits an ambiphotoperiodic response (short-
or long-day response depending on photoperiod); it shows its longest relative
maturity when the photoperiod at emergence is about 11–13 h and a long-day
response at longer day lengths. Relative to ZENB8, HA89 line types require more
growing degree days to flower when the photoperiod during emergence is equal to or
less than 14 h. This type of response reflects that of group II hybrids, which are
relatively late in the northern subregion, where emergence and vegetative period
occur under short photoperiods, and relatively early in the central and southern
subregions, where later planting and higher latitudes are associated with longer
photoperiods for the same crop phase. The line ZENB8 exhibits a day-neutral to
short-day response, and takes more days to flower than HA89 under photoperiods
longer than 14 h; this type of response being representative of that of group I hybrids.

Twohundred and thirty-five F2-generation plants and their F2 : 3 and F2 : 4 progenies
of a single-cross population derived from the crossHA89�ZENB8were evaluated in
six environments (locations, years, and sowing dates) with photoperiods known to
elicit a PP response between the inbred lines. Detection of QTLwas facilitated with a
genetic linkage map of 205 RFLP loci and composite interval mapping. Six QTL in
LGs A, B, F, I, J, and Lwere associated with GDD to flowering and accounted for 76%
of the genotypic variation in the mean environment; however, QTL in LG A and B
accounted for 72% of the genetic variation and were highly dependent on PP. QTL
mapping of the ratio of the GDD required by a progeny to flower at a PP of 12.1 and
15.0 h, defined as the photoperiod response (PPR), suggested that alleles at QTL in
LGAandBwere responsive to PP.QTL in LGFand J showedQTL�E interaction but
the LOD values were not associated with PP. QTL�E interactions for additive effects
were highly significant for LG A, B, and F. QTL�E interactions for QTL with
dominant effects were significant for LG A, B, and J. The dominant effect of QTL in
LG B increased in environments with a longer PP [78].

Given these two QTL (A and B) that are strongly associated with the photoperiod
response that controlsGDD toflowering, Fonts et al. [112] examined the phenology of
near-isogenic families bearing all combinations of alleles for both of them associated
with photoperiodic response when growing in controlled environment chambers
under short and extended photoperiods. Plants were harvested at intervals, the apices
dissected out, and apex development from the start (apex transformation) to the end
offloral differentiation scored.Near-isogenic lines (NILs) exhibited significant effects
of photoperiod, QTL, QTL� photoperiod, and QTL�QTL interactions for the
timing of apex transformation and for the inverse of rate of development during
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floral differentiation. The strong QTL A�QTL B interaction for both traits reflects a
much greater delay in development under both photoperiods when QTL A was
derived from HA89 and QTL B from ZENB8. Also, they found a three-factor
(QTL A�QTL B�photoperiod) interaction, acting on the rate of development
during the floral differentiation process [112]. Interestingly, some of the combina-
tions of alleles at both QTL should be representatives of the type III group of high-
yield hybrids grown in Argentina. These and other alleles may be used to achieve a
better match between the edaphoclimatic supply and the physiological requirements
during critical periods of the crop in different production areas of the world. This
better adaptation to the predictable environmental variation should be complemen-
ted with a better understanding of the physiological and genetic causes underlying
genotypic differences for the duration of the grain filling period.

47.4.4
Mapping QTL for Yield-Related Traits under Stress Conditions

Generally, QTL studies in sunflower have been performed under only one water
regime. Such studies do not lead to separation of constitutive QTL from adaptive
ones. Sorting out constitutive from adaptive QTL effects is possible by evaluation of
the same mapping population under different conditions. These studies permit to
investigate the genetic basis of trait association by looking for colocation of corre-
sponding QTLs for yield-related traits on the geneticmap under stress and nonstress
conditions as exemplified below.

Using a set of sunflower RILs derived from the cross PAC2�RHA266, Ebra-
himi et al. [113] determined the effects of water stress on several seed quality traits
including oil content in the seed, and mapped QTL controlling these traits under
two different water treatments. Interestingly, in spite of that there were no
significant differences for oil content in the seed between both parents in the
four environmental conditions, significant variation among RILs was observed.
Genotype� environment interaction was detected only for the RILs under green-
house but not under field conditions. Eighteen QTL for oil content were detected
under well-watered conditions and eleven under stress conditions, but only three
of themwere common to both treatments, although the phenotypic correlation for
oil content under both water regimes was significant. Both parental lines con-
tributed to the expression of oil content. The most important QTL for oil content
was found on LG 16 and explained 16% of the phenotypic variance. The positive
alleles for this QTL come from RHA266. Four other QTL for this trait under both
water treatments were found on LG 16, so this region appears to be important for
oil content under water-stressed and well-watered conditions. Two QTL, in LG1
and LG16, were also reported by Tang et al. [108] for oil content in sunflower
recombinant inbred lines.

QTL controlling four chlorophyll fluorescence parameters were analyzed in the
same population of RILs under well-watered andwater-stressed conditions in 45 day-
old plants at stage near flower bud formation. A large genetic variation and
transgressive segregation were observed for the traits studied under two water
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treatments. Results showed that the progressive water stress did not cause long-term
downregulation of photosynthesis apparatus, but it reduced actual efficiency of PSII
electron transport. QTL analysis showed that several putative genomic regions were
involved in the total variation of chlorophyllfluorescence parameters under twowater
treatments. Among the 26 QTL detected under well-watered conditions, 5 were
shown to be constitutive by QTL-by-water treatment (environment) interaction.Most
of the QTLwere specific for one condition, demonstrating that the genetic control of
the expression of the traits related to photosynthesis differed under different water
conditions. In several cases, one QTLwas found to be associated withmore than one
trait. The results also showed overlapping QTL for some of the chlorophyll fluores-
cence parameters and plant water status traits described above, mainly on LGs 7 and
16 [114].

The same population of RILs was used to study agronomical traits under
greenhouse and field conditions, each with two water treatments. The difference
among RILs was significant for all the traits studied under all conditions; and water
treatment�RIL interaction was also observed for most of the traits under both field
and greenhouse conditions. Several QTL were identified for yield-related traits with
the percentage of phenotypic variance explained by QTL (R2) ranging from 4 to 40%.
QTL for grain yield per plant under fourwater treatmentswere identified on different
LGs, among which two were specific to a single treatment. Three QTL for grain yield
per plant were overlapped with several QTL for some of the drought-adaptive traits
described before [115].

Differential display analysis was used to compare overall differences in gene
expression between drought- or salinity-stressed and unstressed (control) plants of
sunflower. Five drought-regulated cDNAs and twelve salinity-regulated cDNAs were
cloned and sequenced. Thirteen of these cDNAs were confirmed to be expressed
differentially in response to drought or salinity stress by quantitative reverse
transcriptase polymerase chain reaction (RT-PCR). Regulation of the expression of
these 13 genes was analyzed in leaves of drought-stressed plants and in roots and
shoots of drought- and salinity-stressed seedlings. Results showed that certain genes
respond to both stresses, while others are uniquely regulated either in terms of the
stress stimulus or in terms of the plant tissue [116]. In this context, results of QTL
analysis for different traits under stress and nonstress conditions confirm the
differential display results and highlight the existence of adaptive QTL (or genes)
that are detected (expressed) only under specific environmental conditions ormodify
its expression with the level of an environmental factor, andQTL (genes) consistently
detected (expressed) across most environments.

Selecting which QTL/traits follow with MAS is crucial. The improvement of
drought tolerance should not be achieved with a parallel limitation of yield potential.
Hence, drought-tolerance traits should be tested in both stressed and nonstressed
environments before being introduced in an MAS breeding program. QTL for
drought-related traits coincident with QTL for yield potential should be considered
as priority targets for MAS. However, confirmation and validation of the reported
QTL in different genetic backgrounds should be performed prior to their utilization
in breeding.
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47.4.5
Mapping QTL for Stress-Related Traits

Genetic mapping with dense marker maps can be used to identify the number and
genetic positions of QTL associated with specific traits that confer yield advantages
under stress conditions. In addition, this process can be used both to estimate effects
of the segregating QTL and their contributions to trait variation (individually and in
combinedQTLmodels) and to obtain estimates of their stability across environments
and across genetic backgrounds. Trait-based physiological approach has been used
successfully in other crops to improve performance in drought-prone environ-
ments [117] and it can be used in sunflower, integrated with an MAS approach, to
improve yield and yield stability efficiently.

Three target traits in sunflower that can confer yield advantages in stress-prone
environments and for which QTL analyses were reported are osmotic adjustment,
leaf expansion, and cold tolerance during initial stages of development, and will be
reviewed below.

47.4.5.1 Osmotic Adjustment
Osmotic adjustment refers to the lowering of osmotic potential due to the net
accumulation of solutes in response to water deficits [118]. Since OA helps to
maintain higher leaf relative water content (RWC) at low leaf water potential (LWP),
it is evident that OAhelps to sustain turgormaintenance and hence growth, while the
plant is meeting transpirational demand by reducing its LWP [119, 120].

Chimenti and Hall [121] examined intraspecific variation in osmotic adjustment in
sunflower using a collection of 33 genotypes of different origin, which were exposed to
water stress at the 8-leaf stage. Changes in osmotic adjustment with ontogenywere also
evaluated in the pre- and postanthesis phases using seven genotypes drawn from this
collection. Estimates of OAwere derived frommeasurements of leaf RWCand osmotic
potential during a period in which the soil was allowed to dry gradually. All genotypes at
the 8-leaf stage showed some degree of OA and significant differences in RWC were
found between extreme genotypes in all three ontogenetic phases. The value of OA as a
trait that can contribute effectively to yieldmaintenanceunderdrought in sunflowerwas
later examined byChimenti et al. [122]. They screened a set of 25 inbred lines reputed to
differ for drought tolerance for OA expressed in the 8-leaf stage. They crossed the
extreme lines (high and low OA) and selected four individuals (two high OA, two low
OA) from the F2 population derived from this cross. Crops of F3 families obtained by
self-pollination of these individualsweregrownunder a rainout shelter and subjected to
a 30 day drought ending at anthesis. High OA families expressed greater OA at full
turgor, estimated as the difference in osmotic potential between drought and control
treatments, than the lowOA families at the end of the drought period. Crops of highOA
families extracted more water from the profile during the stress period, had greater
shoot biomass and harvest index at physiological maturity, and greater grain yield
(�30%). There was no effect of OA on these variables in the irrigated controls [122].

The significant value of OA as a key trait contributing to drought tolerance in
sunflower prompted the analysis of QTL and the development of markers for this

47.4 Linkage Mapping j 1219



trait. Jamaux et al. [123] identified both physiological and molecular markers of OA
based on two pools of genotypes differing for the trait. Two families of sunflower lines
with contrasting OA, T� (low desiccation rate) and Tþ (high desiccation rate),
differed significantly in relative water loss (RWL) of excised leaves under watered and
dry conditions. Since the T�/Tþ lines had contrasting OA, the RWL criterion could
be considered amarker ofOA, at least in the T�/Tþ genetic background. The higher
the values of OA, the lower were the RWLvalues. Differential screening of two cDNA
libraries, one obtained from a T� and the other from a Tþ nonstressed sunflower
plant, led to the isolation of three constitutive clones, DRS12, DRS14, and DRS26.
Although no DRS12- and DRS14-related protein was found in databases, the DRS26
cDNA showed a high sequence homology and identity with amammalian amino acid
transporter, suggesting that the DRS26 polypeptide could be involved in vacuolar
transport of osmolytes such as amino acids. RFLP analysis with the restriction
enzyme BamHI and the DRS26 cDNA probe differentiated the two families of
sunflower and suggested a role for DRS26/BamHI as a marker of T� genotypes.
When bulk analysis with RAPDs was conducted, a primer was found that easily
differentiated T� and Tþ individuals [123]. Using an integrated and high-density
linkage map based on SSR and AFLPs, Poormohammad Kiani et al. [124] localized 8
QTLs for OA on a population of 129 RILs. Four of them were colocated with QTL for
other plant water status variables. Amajor QTL for OA on LG 5 accounted for 29% of
the phenotypic variation. These exciting results indicate not only that OA is a key trait
for developing sunflower genotypeswith increased tolerance towater deficits but also
that this complex and technically difficult-to-assess trait can be approached by MAS.
However, more research is needed for QTL confirmation and validation before its
practical implementation in sunflower breeding programs.

47.4.5.2 Leaf Expansion
During the vegetative phase, and to maintain plant water status within tolerable
limits, the sunflower crop relies more on restricting interception of radiation and
hence evaporative demand than it does on stomatal closure, due to its explorative root
system. The sensitivity of leaf expansion to water deficit has been demonstrated in a
number of studies. The results showed that crops subjected to water deficits before
anthesis develop small leaf area index (LAI), but maintain activity per unit leaf
area [125–129]. Even in crops that are visibly wilted, stomata do not close completely
and photosynthesis continues [130]. The effects of water stress on leaf expansion are
mediated by changes in both cell number and cell size. The latter effect predominates
in leaves unfolding early during stress episodes and the former in later stages of
exposure to stress, consistent with the partial temporal separation of the processes of
cell division and expansion [131].

The extent of leaf growth reduction caused by water deficit is very important in
determining the adaptation of a certain crop variety to a climate scenario. In a
scenario where long-term droughts are expected, a genotype that reduces its leaf
growth is more likely to reach maturity with a certain amount of available water. On
the other hand, in a scenario where short-termwater deficits are expected, a genotype
thatmaintains leaf growth is likely to havehigher yields [132]. It has been shown that a

1220j 47 Sunflower: Improving Crop Productivity and Abiotic Stress Tolerance



genotype canmaintain its leaf area bymaintaining growth rate [132] or by increasing
the duration of leaf growth [133]. Moreover, an increased duration of growth could
have the benefit of increasing the opportunity for recovery after rainfall [134]. The
natural genetic variability for these traits could be used to develop crop varieties
adapted to specific scenarios. Despite this, breeding for these traits is not a common
approach for obtaining drought resistance in crop species, probably because of a lack
of well-characterized sources of genetic variability. In this sense, thework reported by
Pereyra-Irujo et al. [135] is an important first step to determine the feasibility of this
approach in sunflower breeding. Eighteen nonbranching sunflower inbred lines,
comprising most of the genetic variability of cultivated sunflower, were selected by
these authors to analyze the response of leaf growth towater deficit in order to identify
and quantitatively describe sources of genetic variability for this trait that could be
used to develop sunflower varieties adapted to specific scenarios. Plants were
subjected to long-term, constant-level, water deficit treatments [136] and the response
to water deficit quantified by means of growth models at cell, leaf, and plant scale
[137, 138]. Significant variation among lines was found for the response of leaf
expansion rate and of leaf growth duration, with an equal contribution of these
responses to the variability in the reduction of leaf area. Intrinsic genotypic responses
of rate and duration at a cellular scale were linked to genotypic differences in whole-
plant leaf area profile to water deficit. The results reported suggested that genetic
differences in leaf growth rate under water deficit could be determined by cell wall
properties, while increased duration of leaf growth is partly due to a prolonged phase
of epidermal cell division. This implies that rate and duration responses could be the
result of different physiological mechanisms and are therefore capable of being
combined to increase the variability in leaf area response to water deficit in
sunflower [135]. Identifying the mechanisms underlying genetic differences in the
response of leaf growth to water deficit and exploring the genetic base of the crop for
these mechanisms are of paramount importance as initial steps toward marker
dissection of the relevant traits and their validation in different genetic backgrounds
that, ultimately, will allow the implementation of this novel strategy in sunflower
improvement for drought tolerance.

47.4.5.3 Cold Tolerance during Germination and Emergence
The anticipation of planting dates as a strategy tomaximize the growing season and to
escape drought stress during flowering or grain filling has increased the importance
of low-temperature stress tolerance in sunflower during germination and early
growth to increase yield potential and its stability [139, 140].

Even though it has been reported that growth of sunflower seedlings was
inhibited to some degree when they were subjected to suboptimal tempera-
tures [141], there exists genetic variability for cold tolerance during initial growth
stages. Genotypic variability for emergence rate under field conditions during
early planting and for germination rate at low temperatures under controlled
conditions has been reported for a set of 13 commercial hybrids and 26 inbred
lines [139]. Also, it has been shown that there exists variability in the cultivated
gene pool for the relative crop growth rates under low-temperature conditions by
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screening a group of 21 inbred lines under field conditions [140]. More recently, a
study was conducted to identify physiological traits associated with cold tolerance
in sunflower and to identify the genomic regions involved in their variation [142]. A
population of 98 RILs and their two parents were sown in the field under the
conventional sowing date (control) and 1 or 2 months earlier (long-term low-
temperature treatments). Several traits putatively associated with cold tolerance
and acclimation mechanisms to stress conditions have been investigated at early
development stages. Significant differences were observed among the three
sowing dates for all traits. Chlorophyll content and specific leaf area were
genetically associated with cold tolerance, which suggests that they could be used
as selection criteria in conventional breeding programs. QTL analyses show that
several putative genomic regions are involved in the variation in the physiological
traits studied under low-temperature conditions [142].

All these results indicated that there exist enough variability and phenotypic and
molecular tools to breed sunflower for cold tolerance during initial stages of growth.

47.4.6
Traits that are Awaiting More Research

47.4.6.1 Stay Green
Delayed leaf senescence during the grain-filling phase of grain crops, or stay green
(SG), may be functional, when the loss of canopy capacity for carbon fixation is
delayed or occurs at a slower rate, or is cosmetic, when maintenance of leaf
chlorophyll is combined with the disassembly of the photosynthetic apparatus
[143, 144]. Functional SG has been recently demonstrated in sunflower and is
considered a valuable trait in sunflower breeding since it may contribute positively
to increases in yield potential through increments in biomass production or yield
stability under conditions of water shortage, late sowings, or high plant population
density [145]. Functional SG can also increase resistance to stalk breakage (stem
lodging) by preventing (or minimizing) remobilization of carbohydrates from the
stem during grain filling by maintaining crop photosynthesis [146]. Susceptibility to
stem and root lodging in sunflower increases with crop population density suggest-
ing that SG could be a valuable secondary trait in selection for higher andmore stable
yields in this crop species [147, 148].

Studies on variability and inheritance of the stay-green trait in sunflower using two
crosses indicated that additive effects were the main source of genetic variation and
the authors concluded that selection for this trait could be made in early-generation
segregating populations [149]. However, the trait studied by them was stem color at
maturity and not delayed leaf senescence.

Identification of sources for the functional SG trait in sunflower by exploring
the genetic base of this crop will lead to a significant advance in breeding for
yield potential and stability and greater adaptation to drought conditions. Also, it
will allow the discovery of stay-green drought tolerance QTL or genes to speed
up their introduction into elite genotypes, as was the approach in other
crops [150–152].
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47.4.6.2 Tolerance to Stem Lodging
Root and stem lodging, defined as the permanent displacement of the stem from its
vertical position, causes important yield losses in sunflower. The prostrate head of
lodged plants is not retrieved during mechanical harvesting causing significant
losses. Also, lodging may contribute to fixing the upper limit to commercially viable
crop population density since yield is known to increase up to densities higher than
those used at present [148]. Sunflower lodging has been observed to result from
failure of the root anchorage system or from tensile failure of the stems. The
susceptibility to lodging and its occurrence in stems or roots of crops exposed to
high winds depend on complex interactions between the mechanical properties of
the stems and the soil–root system that anchors the plants, the shape of the upper
sections of the plant that capture wind gusts, and rain. The values of these variables
vary throughout crop development and can change with cultural practices, genotype,
and soil properties. Stem lodging can occur in well-anchored crops when the force
applied to the lower portion of the stem exceeds the stem failure moment. Root
lodging is usually associated with rain that weakens the anchorage (i.e., the soil–root
system) via a reduction in soil strength [147, 153]. Crops are particularly susceptible to
stem lodging during grainfilling and at harvestmaturity, but the temporal and spatial
unpredictability of lodging events under field conditions has hampered systematic
research on this issue [148].

Sposaro et al. [154] have successfully adapted previous models for lodging in
cereals to the sunflower crop, and this model has been shown to perform well under
field conditions [148, 154]. It provides a systemic framework that can handle the
multiple determinants of lodging and can serve to establish the relative importance of
several plant variables critical to the determination of root and stem lodging
susceptibility, providing useful guidelines for conventional breeding and for the
dissection of this complex trait by molecular markers. The demonstration of the
existence of genotypic differences in tolerance to root [147] and stem lodging [148]
should encourage the exploration of the sunflower genetic base in order to identify
sources of tolerance at high crop population densities in sunflower.

47.4.6.3 Reduced Height
Progress in improving the standability of conventional height sunflower has been
slow [1]. Present hybrids, when protected from lodging and disease, show increase in
yield potential with crop population densities almost three times the commercial
density of 5 plantsm�2 [155]; it seems very likely that propensity to lodge at high crop
population densities also plays a part in reducing realizable yield potential in this
crop [148]. Therefore, reduced height germplasm has the potential to increase both
stem strength and yield potential of the sunflower crop.

Reduced height controlled by recessive genes in lines with a reduced number of
leaves has been reported on several occasions [156–161]. However, none of them has
been used to improve yield as yet because of the excessively severe phenotypes of
these mutants. On the other hand, three sources of reduced height (�DDR�,
�Donsky,� and �Donskoi 47�) with an equal or similar number of leaves as conven-
tional-height sunflowers were reported [162, 163]. DDR and Donsky were used to
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develop several restorer and maintainer lines [164–166]. The inheritance of reduced
plant height in the sunflower line Dw89, which traces back to �Donsky,� was
determined to be controlled by alleles at two loci, designated dw1 and dw2 [166].
Reduced height in Donskoi 47, on the other hand, is controlled by a single dominant
gene, Dw [163]. The inheritance of dwarfism in the source DDR has not been
determined. The utilization of traits for reduced plant height to maximize yield
potential and reducing stem lodging in other crops [167, 168] is a strategy that
deserves to be fully explored in sunflower.

47.5
Tolerance to Herbicides

Weeds compete with sunflower for moisture and nutrients, and depend on species
for light and space. Weed competition causes substantial yield losses in sunflower,
ranging from 20 to 70% [169–173]. The amount of yield reduction varies depending
on the weed species, weed density, time of weed and crop emergence, climatic
conditions, and type of soil. Competition can occur from early germinating weeds,
such as species of winter annuals that germinate early in the spring and develop a
competitive advantage if they emerge before the sunflower. Competition can be a
serious problem under drought conditions, since several weeds have tolerance to
limited moisture (e.g., Kochia scoparia), and even under cool temperature conditions
following planting since sunflower emergence and initial growth are reduced, but
these variables remain unaffected for many weed species [174].

Herbicides are the most desirable method for weed control; however, the avail-
ability of selective herbicides for the sunflower crop is quite limited and due to the
high cost of herbicide registration, new molecules of herbicides are unlikely to be
specifically developed for weed control in sunflower. For this reason, gene discovery
and trait development for herbicide resistance in sunflower is one of the most
important issues in raising the productivity and the competitive ability of this crop in
the near future.

47.5.1
Nontarget-Site Herbicide Resistance

Herbicides can cause several injury problems to the sunflower crop (see, for example,
Blamey et al. [174], Table 12–13, pp. 642–644). As a matter of fact, sunflower
genotypes varied widely in their response to soil-applied and to postemergence
herbicides [175]. For diclofop {2-[4-(2,4-dichlorophenoxy)phenoxy] propanoic acid),
for example, genotypic response can range from susceptibility to tolerance and the
tolerance level also varies according to growth stage of the plants, herbicide rate, and
environmental conditions, such as temperature and relative humidity [176]. Natural
variation in tolerance was recently investigated by screening 97 inbred lines with a
combination of the herbicide imazamox and the insecticide Malathion, an inhibitor
of cytochrome P450 monooxygenases (P450s). One tolerant line, named TolP450-1,
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was selected and characterized in the field and in the greenhouse to evaluate its
response to the herbicides imazamox, prosulfuron, and atrazine at different plant
development stages (germination, VE, and V3) with and without Malathion. For all
herbicides and all development stages analyzed, TolP450-1 showed significantly
higher tolerance compared to the susceptible line RHA266, and in all cases the
tolerance was reversed by Malathion [177]. The P450 gene family in plants encodes
the most versatile class of enzymes involved in the metabolic detoxification of
xenobiotics and in nontarget-site herbicide resistance in plants [178]. One of the
first P450 genes identified for herbicide resistance, CYP76B1, was cloned from a
sunflower relative, the Jerusalem artichoke, H. tuberosus [179, 180]. CYP76B1
metabolizes with high efficiency a wide range of xenobiotics, including alkoxycou-
marins, alkoxyresorufins, and several herbicides of the class of phenylureas [181].
These observations indicate that there exists natural variation for P450s genes in the
cultivated and wild sunflower germplasm to be used in developing new traits for
nontarget herbicide tolerance for the sunflower crop.

47.5.2
Target-Site Herbicide Resistance

Imidazolinone and sulfonylurea herbicides have been demonstrated to have a broad
spectrum of weed control activity, flexibility in timing of application, low usage rates,
and low mammalian toxicity [182, 183]. These herbicides inhibit the enzymatic
activity of acetohydroxyacid synthase (AHAS, EC 4.1.3.18, also known as acetolactate
synthase, ALS [184, 185]), the first enzyme in the pathway for the synthesis of the
branched chain amino acids valine, leucine, and isoleucine [186]. The same enzyme
has been shown to be the site of action for the triazolopyrimidines [187], pyrimi-
dyloxybenzoates [188], and sulfonylaminocarbonyl-triazolinones [189].

Imidazolinone- and/or sulfonilurea-tolerant plants with altered AHAS genes and
enzymes have been discovered in many species, which permitted the development
and commercialization of several herbicide-tolerant crops [183]. Resistance in most
of these cases is due to a formof theAHAS large subunit enzyme (AHASL) that is less
sensitive to herbicide inhibition and is conferred by a single, partially dominant
nuclear gene [183, 190]. This reduction inherbicide binding is caused bymutations at
key sites in the genes coding for the catalytic subunit of AHAS. Several authors have
reviewed known mutations of the AHAS genes that confer tolerance to AHAS-
inhibiting herbicides in plants [191, 192].

On the basis of molecular studies, Kolkman et al. [193] identified and characterized
three genes coding for the AHAS catalytic subunits in sunflower (Ahasl1, Ahasl2, and
Ahasl3).Ahasl1 is amultiallelic locus and the onlymember of this small familywhere all
the induced andnaturalmutations for herbicide resistance have beendescribed thus far
in sunflower.Ahasl1-1 (also knownas Imr1orArpur [193, 194]) harbors aC-to-Tmutation
in codon 205 (Arabidopsis thaliana nomenclature) that confers a moderate resistance to
imidazolinones, Ahasl1-2 (also known as Arkan) shows a C-to-Tmutation in codon 197
conferring high levels of sulfonylurea resistance [193], and Ahasl1-3 presents a G-to-A
mutation in codon 122 that confers high levels of imidazolinone resistance [195].
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All these alleles are being used for the production of sunflower hybrids resistant to
herbicides. The first commercial herbicide tolerance trait in sunflowers is known as
�Imisun� and its development started in 1996, when imidazolinone-tolerant wild
sunflowers were discovered in a field in Kansas, USA. Subsequent crossing of these
plantswith cultivated sunflower lines gave rise to imidazolinone-tolerant populations
and lines [196] that were released as donor materials for developing hybrid varieties
commercially launched in the United States, Argentina, and Turkey in 2004. The
inheritance of Imisun is additively controlled by two genes, where one of them is the
partially dominant allele Ahasl1-1 and the other (Imr2) is a modifier or enhancer
factor [194, 197]. Synergistic effects of imidazolinones andMalathion on tolerance in
Imisun genotypes suggest that Imr2 is a member of the P450 gene family (Bulos and
Sala, unpublished). To produce Imisun sunflower hybrids that express commercial
tolerance levels to imidazolinone herbicides, both components need to be homozy-
gous in the final variety. The second imidazolinone tolerance trait in sunflowers,
known as CLPlus, is controlled by the expression of the partially dominant nuclear
allele Ahasl1-3 that was developed by seed mutagenesis and selection with imaza-
pyr [198]. Biochemical studies together with the results of several years of evaluation
under field conditions in many countries permit to conclude that CLPlus provides a
better level of tolerance to imidazolinones than Imisun [199].Owing to the high levels
of tolerance, only onehomozygous component, namely,Ahasl1-3, or the combination
of both Ahasl1-1 and Ahasl1-3 alleles in the final hybrid variety, is required to achieve
commercial tolerance levels [199, 200].

Sulfonylurea-tolerant sunflowerswere developed fromwild sunflower populations
discovered in the United States [201]. The tolerance allele Ahasl1-2 was introgressed
into cultivated sunflower by forward crossing and selection with the herbicide
tribenuron, and gave rise to the trait known as �Sures� [202]. The same type of
tolerance was obtained by EMS mutagenesis [203] and was developed and commer-
cialized under the name �ExpressSun� [204].

Introgression of genes for herbicide resistance into high-yield sunflower germ-
plasm is being facilitated by MAS with diagnostic markers for each one of the
resistance alleles [193, 205]. Selection of cultivated germplasm, wild Helianthus
species, and mutagenized libraries will allow the discovery of new sources of
herbicide resistance (e.g., [206]), especially other modes of action apart from the
inhibition of AHAS in order to complement the current technologies.

47.6
Candidate Gene Approach

A large number of abiotic stress-induced genes have been identified in a wide
range of plant species although a molecular basis for plant tolerance to these
stresses remains far from being completely understood. Some examples of
candidate genes obtained as a result of transcriptomic analysis and that plausibly
play a relevant role in stress tolerance in sunflower have been reported, and they
are described below.

1226j 47 Sunflower: Improving Crop Productivity and Abiotic Stress Tolerance



47.6.1
Dehydrins

Late embryogenesis-abundant proteins are extremely hydrophilic proteins that were
first identified in land plants. Intracellular accumulation is tightly correlated with
acquisition of desiccation tolerance, and data support their capacity to stabilize other
proteins and membranes during drying, especially in the presence of sugars such as
trehalose. Among the water stress-induced proteins so far identified, dehydrins, the
D-11 subgroup of late-embryogenesis abundant proteins [207], are frequently
observed. Dehydrins are highly abundant in desiccation-tolerant seed embryos and
accumulate during periods of water deficit in vegetative tissues. These proteins
display particular structural features such as the highly conserved Lys-rich domain
predicted to be involved in hydrophobic interaction leading to macromolecule
stabilization [208, 209]. These drought-induced proteins lack a fixed three-dimen-
sional structure. Their specific molecular action, as well as the reason for their
disordered character, is as yet poorly understood. It has been speculated, however,
that dehydrins are tuned to acquire a biologically active structure only under the
conditions in which they normally function (i.e., upon dehydration) [210]. Very little
is known about dehydrin functions in planta. Studies have established correlations
between drought adaptation and dehydrin accumulation in several species. Positive
correlations were also reported for species tolerant to stresses that have a dehydrative
component such as salt stress [211, 212] and freezing and cold stress [209, 213–215].

To investigate correlations between phenotypic adaptation to water limitation and
drought-induced gene expression, Cellier et al. [216] studied a model system
consisting of a drought-tolerant line (R1) and a drought-sensitive line (S1) of
sunflower subjected to progressive drought. R1 tolerance is characterized by the
maintenance of shoot cellular turgor. Drought-induced genes (HaElip1, HaDhn1,
andHaDhn2) were previously identified in the tolerant line.HaDhn1- andHaDhn2-
deduced proteins belong to the dehydrin family, andHaElip1 is a related homologue
of early light-induced protein (ELIP) [217]. The accumulation of the corresponding
transcripts was compared as a function of soil and leaf water status in R1 and S1
plants during progressive drought. In leaves of R1 plants, the accumulation of
HaDhn1 and HaDhn2 transcripts, but not HaElip1 transcripts, was correlated with
the drought-adaptive response. Drought-induced abscisic acid (ABA) concentration
was not associated with the varietal difference in drought tolerance. Stomata of both
lines displayed similar sensitivity to ABA. ABA-induced accumulation of HaDhn2
transcripts was higher in the tolerant than in the sensitive genotype. HaDhn1
transcripts were similarly accumulated in the tolerant and in the sensitive plants
in response to ABA, suggesting that additional factors involved in drought regulation
of HaDhn1 expression might exist in tolerant plants. In leaves of R1 plants, the
steady-state level of each transcript increased gradually as the water potential
declined. In the S1 plants, the fluctuations of the steady-state level of HaElip1
transcripts were not correlated with the decreases in leaf water potential. Similar
levels ofHaElip1 transcripts were accumulated in S1 and R1 plants except in leaves
with water potentials between 20.9 and 21.2MPa. Steady-state levels ofHaDhn1 and
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HaDhn2 transcripts in S1 plants remained low and constant in leaves with a water
potential of less than 20.6MPa. At an equivalent water potential, they accumulated at
a higher level in R1 than in S1 leaves. At low leaf water potential, steady-state levels of
HaDhn1 and HaDhn2 transcripts were nine- and fivefold higher, respectively, in
leaves of R1 compared to S1 plants [216]. Sequence analysis of the deduced dehydrin
(Dhn1) proteins showed diversity in cultivated and wild sunflower accessions, the
latter being more variable [218, 219]. Despite these exciting findings, no other study
concerning mapping or validation of these genes for their role in drought tolerance
was reported.

47.6.2
Tanscription Factors

As was described in Section 47.4.5, a large array of genes are activated by stress
conditions, meaning several proteins are produced to join the pathways that
subsequently lead to synergistic enhancement of stress tolerance [220–228]. These
genes are classified into two groups: regulatory genes and functional genes. The
regulatory group includes genes encoding various transcription factors (TFs), which
can regulate various stress-inducible genes cooperatively or separately and may
constitute gene networks. The functional group contains genes encoding metabolic
components such as sugar, sugar alcohols, and amines, which play an important role
in stress tolerance. Gaining an understanding of the mechanisms that regulate the
expression of these genes is a fundamental issue in plant biology and will be
necessary for the genetic improvement of plants for abiotic stress tolerance.

Stress tolerance seems to be controlled mostly at the transcriptional level [229],
where the main players are proteins called transcription factors or trans-acting
elements. Transcription factors are able to enhance or reduce the rate of transcription
of their target genes. They specifically recognize and interact with DNA sequences
(cis-acting elements) located in the regulatory regions of their targets. These TFs and
cis-motifs function not only as molecular switches for gene expression but also as
terminal points of signal transduction in the signaling processes. Typically, the TFs
contain a distinct type ofDNAbinding domain and transcriptional regulation region,
and are capable of activating or repressing transcription of multiple target genes
[230, 231]. In plants, approximately 7% of the genome encodes for putative TFs [232].
It has been estimated that Arabidopsis and rice have between 1300 and 1500
transcription factor encoding genes [233, 234]. Some of them have been identified
as stress responsive. Each of these stress-related transcription factor families exhibit a
distinctive DNA binding domain [235].

Hahb-4 is a member of sunflower subfamily I of homeodomain-leucine
zipper proteins, which constitutes a family of transcription factors found only in
plants. Hahb-4 was found to be regulated at the transcriptional level by water
availability and abscisic acid [236]. Transgenic A. thaliana plants that constitutively
overexpress Hahb-4 developed shorter stems and internodes, rounder leaves, and
more compact inflorescences than their nontransformed counterparts. Transgenic
plants were more tolerant to water stress conditions, showing improved
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development, a healthier appearance, and higher survival rates than wild-type
plants [237]. Indeed, either under normal or drought conditions, they produce
approximately the same seed weight per plant as wild-type plants under normal
growth conditions. It has been proposed that Hahb-4 may participate in the
regulation of the expression of genes involved in developmental responses of plants
to desiccation and that it is a component of ethylene signaling pathways inducing a
marked delay in senescence [238]. Furthermore, transgenic plants expressing this
gene under the control of its own inducible promoter showed that the expression of
this TF is regulated by external factors such as drought, extreme temperatures,
osmotic stresses, and illumination conditions, and is specific to different tissues and
organs of the plant. Their role as transcription factors is related to developmental
events in response to such environmental conditions, particularly those in which
abiotic factors generate stress [239–244]. Interestingly, this family of TFs was found
only in sunflower and for this reason, it can be a useful candidate for obtaining
transgenics with enhanced resistance to abiotic stress in other crops (see
Section 47.8).

Another TF from sunflower isHAhb-10, amember of subfamily II homeodomain-
leucine zipper proteins, whose expression is regulated by illumination conditions in
photosynthetic tissues, and their function in plant development is associated with
this environmental factor, particularly in the case of the shade avoidance
response [245–247]. Transformed plants of Arabidopsis overexpressing HAhb-10
have a shorter time to maturity maintaining their seed yield [248], and also showed
increased tolerance to oxidative stress produced by paraquat [248, 249].

47.6.3
Other Genes

AcDNAmicroarray containing about 800 clones coveringmajormetabolic and signal
transduction pathways allowed to identify many differentially expressed genes in
leaves and embryos of drought-tolerant and -sensitive genotypes of sunflower
subjected to water-deficit under field conditions [250]. The majority of the cDNA
clones differentially expressed under water stress was found to display opposite gene
expression profiles in a drought-tolerant genotype when compared to a drought-
sensitive one. These dissimilarities suggest that the difference between tolerant and
nontolerant plants ismainly associatedwith changes inmRNAexpression.However,
phenotypic variation resides also in changes in allelic sequences that can affect the
efficiency of the encoded proteins.Hence, sequence variability of stress-related genes
can modulate the stress response within a species.

Differential expression of four water stress-associated genes, aquaporin, dehydrin,
leafy cotyledon1-like protein, and fructose-1,6 bisphosphatase, was examined using
four RILs and parental lines presenting contrasting responses to dehydration and
rehydration [114]. Water stress revealed a high genetic variability for water status and
gas exchange parameters compared to well-watered genotypes. QTL mapping
showed that RILs carrying different genomic regions for some QTL also presented
physiologically different characteristics and gene expression patterns. The expres-
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sion level of aquaporin genes in leaves of four RILs and their parents was down-
regulated by water stress and was associated with relative water content. Down-
regulation was also associated with genomic regions having alleles with negative
effects on plant water status. The level of dehydrin transcripts, on the other hand,
increased in leaves of all studied RILs in response to water stress. Transcript
accumulations of dehydrin and leafy cotyledon1-like genes, likely involved in
protective tolerance processes, were not correlated directly with plant water status
or QTL effects. Downregulation of fructose-1,6 bisphosphatase was observed under
water stress. Net photosynthesis rate and the fructose-1,6 bisphosphatase gene
expression levels were associated mainly after rehydration [114]. These results
indicate that there exists an association between physiological response to water
stress and differential expression of water stress-related genes.

Sequence polymorphisms of eight unique genes putatively involved in drought
response in eight inbred lines of sunflower of different origin and phenotypic
characters and showing different drought response in terms of leaf RWC were
analyzed. The selected genes encode a dehydrin, a heat shock protein, a nonspecific
lipid transfer protein, a z-carotene desaturase, a drought-responsive element binding
protein, a NAC-domain transcription regulator, an auxin binding protein, and an
ABA-responsive C5 protein. A pairwise comparison between genetic distances
calculated on the eight genes and the difference in RWC showed a significant
correlation in the first phases of drought stress [219].

These initial results concerning sequence variability for putative stress-related
sequences encourage more research in this area, using a broader and diverse set of
lines, coupled with association mapping and extensive phenotyping. The likelihood
of this approach for MAS will depend on the confirmation and validation of the
selected candidate genes in modifying the stress response on different genetic
backgrounds.

47.7
Marker-Assisted Selection

The fundamental advantages ofMASover conventional phenotypic selection that can
be exploited by breeders to accelerate the breeding process are as follows: (a) MAS
may be simpler than phenotypic screening, which can save time, resources, and
effort; (b) selection can be carried out at the seedling stage; and (c) single plants can be
selected [251, 252].

In previous sections, we described numerous studies on DNA markers linked to
genes or QTL for different traits related to yield potential or tolerance to abiotic
stresses. In contrast, literature on practical application of thesemarkers in sunflower
breeding programs remains very limited. Even though it was assumed that most
markers associated withQTL from preliminarymapping studies were directly useful
in MAS, it has become widely accepted that QTL confirmation, QTL validation, and/
or fine (or high resolution) QTL mapping may be required. Although there are
examples of highly accurate preliminary QTL mapping data as determined by
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subsequent QTL mapping research [253], ideally a confirmation step is required
because QTL positions and effects can be inaccurate due to factors such as sampling
bias [254]. QTL validation refers to the verification that a QTL is effective in different
genetic backgrounds [255]. Additional marker-testing steps may involve identifying
markers within a 10 cM �window� spanning and flanking a QTL and converting
markers into a form that requires simpler methods of detection [251, 256].

Ideal markers for MAS are those based on gene mutations underlying the trait of
interest. This kind of markers has been developed in sunflower for oil quality traits
(e.g., [108]) and resistance to herbicides [193, 205]. For traits related to yield, yield
components, or tolerance to abiotic stresses, the situation is more complex. Factors
such as population structure and size, parental selection and genetic background
effects, epistasis, inaccurate phenotyping, or QTL� environment interactions con-
tribute to bias the estimation of QTL effects, thus reducing the likelihood of
successful use of these QTL in MAS programs [15, 257, 258].

QTL validation in independent samples and in different genetic backgrounds and
environments is, therefore, necessary before using them inMASbreeding programs.
Amajor challenge that remains is to confirm thatQTL discovered in a givenmapping
population will improve yield potential or drought tolerance when introduced into
high-yield elite genotypes. This is particularly difficult when the traits are governed by
�context-dependent� gene effects (i.e., interaction with other genes and/or environ-
ment). In these cases, the value of theQTL alleles can differ depending on the genetic
structure of the current germplasm set in the breeding program [259]. Also, a
desirable QTL allele discovered in nonelite genetic material may not offer any
improvement because the allele may already be ubiquitous in present varieties. In
addition, the effects of the positive allelemay not be transferable to elite backgrounds
due to unfavorable epistatic interactions [260].

Taking into account all these considerations, there exist examples of successful
implementation of MAS for yield-related traits in sunflower. QTL for oil content, for
example, have been validated across generations, environments, and mapping
populations [77, 108] and some of theQTLunderlying differences between genotypes
have been associated with phenotypic markers (Hyp, hypodermal pigment [77, 80,
108]), which allowed Le�on et al. [261] to establish combined marker and phenotypic-
assisted selection for high oil content during the backcross process.

47.8
Transgenic Breeding

Tissue culture and plant regeneration are key steps of the transformation process.
Therefore, sunflower biotechnologists invest considerable effort in this area. Based
on the tissue type for regeneration, sunflower culture systems include somatic and
zygotic embryos, hypocotyls, mature cotyledons, and protoplasts (see Ref. [262] for
review). The regeneration rate of whole sunflower plants is variable and depends on
genotypes used, explant type, and development stage, and culture media and
conditions [263]. Genetic variation is closely associated with regeneration ability.
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Organogenetic traits were mapped to QTL by Deglene et al. [264] and Flores Berrios
et al. [265]. Some segments of the LG 1, 15, and 17 are likely to contain genes
important for organogenesis, somatic embryogenesis, and protoplast division. The
QTL identified in these three LGs should be involved in cell division in early events
associated with cell differentiation [266].

Sunflower genetic transformation was achieved by Agrobacterium tumefaciens-
mediated protocols [267–269] and by combining this technique with particle bom-
bardment [270], sonication [271], wounding with glass beads [272], or enzymatic
treatments [271, 273]. Most of the published protocols of sunflower transformation
showed a low efficiency [268, 270, 273–279]. Efficient transformation protocols with
high reproducibility and high transformation frequency have been reported
[280, 281] together with techniques to enhance the selection of transformed
explants [279]. The usefulness of these methodologies remains to be assessed. On
the other hand, an optimized protocol for Agrobacterium-mediated transient trans-
formation of sunflower leaf disks was developed with the aim of quickly over-
expressing or silencing a given gene, enabling the study of several biochemical
processes and the characterization of sunflower regulatory sequences [282].

Most of the transgenic traits in sunflower under field trials at present are focused
on biotic stress andherbicide resistances. Cantamutto andPoverene [283]mentioned
several examples of them, including tolerance to glyphosate and glufosinate ammo-
nium and resistance to insects, fungal diseases, and broomrape, and quality traits
such as enhanced protein quality andmodified stereate content. Theywere developed
mainly by private companies, but some of them were obtained also from public
institutes [278, 284, 285]. Traits related to abiotic stresses in sunflower using the
transgenic approach remain to be developed.

Although transgenic sunflower varieties have already been obtained, and they
remain the subject of ongoing research in both the United States and Argentina,
the interest in GM sunflower research has decreased in the twenty-first century,
mainly because official control bureaus have imposed restrictions in the face of
ecological concerns [283]. These concerns are related to the risks associated with
the gene flow from transgenic cultivars to the wild flora and are a matter of general
controversy not only in the United States but also in other parts of the world [286].
Gene flow from domesticated, transgenic, or mutant sunflower plants to wild
species is well documented [287–290]. This potential gene containment is dis-
couraging the advancement and realization of transgenics� full development in
sunflower.

In spite of the low transformation efficiency and biosafety concerns related to
transgenic sunflower, the use of sunflower genes to mitigate abiotic stresses in other
crops has been described. A xenobiotic-inducible cytochrome P450 gene, CYP76B1,
obtained from H. tuberosus was constitutively expressed in tobacco and Arabidopsis
conferring to the transformed plants an enhanced resistance to several herbicides
and xenobiotics. Beside increasedherbicide tolerance, expression ofCYP76B1has no
other visible phenotype in the transgenic plants and can be a potential tool for
phytoremediation of contaminated soils [291]. Sunflower transcription factors, like
those described in Section 47.6, have been proposed as candidates for genetic
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transformation of different crops in order to enhance the tolerance not only to abiotic
stresses but also to modify the growth cycle and the tolerance to xenobiotics in
transgenic plants [248, 249].

47.9
Prospects

Improvements in sunflower yield potential and stability during the last decades have
been slow and mainly based on the unconscious pyramiding of yield associated
characters with biotic and abiotic stress-related traits. Research has led to three main
approaches to change the objectives and the current tools for sunflower breeding. First
of all, plant physiology provided new tools and models to understand the complex
network of yield and stress-related traits in order to identify target traits useful for
improving selection efficiency. Second,molecular genetics has led to the discovery of a
large number of loci affecting yield under stress conditions or the expression of stress
tolerance-related traits. Third, molecular biology has provided genes that are useful as
candidate sequences to dissect QTL or are useful for transgenic approaches.

Even though there exist some successful results of synergistic interactions among
these three approaches, the great challenge in the near future is to formalize the
integration ofmolecular geneticswith physiology andbreeding in order to (a) identify
the most relevant traits as targets for research, (b) screen the genetic base of the
sunflower crop to detect the most promising genotypes as putative sources for these
traits, (c) establish and screen introgression libraries fromwild species ofHelianthus
that are reservoirs of potential useful genes for stress tolerance [292], and (d) dissect
yield and other integrative traits that influence stress tolerance into heritable traits by
using phenotyping platforms with model-assisted methods [293–296]. Routine
cloning of the genes underlying the QTL is still a long way off, but it will, ultimately,
provide simple markers for an effective MAS.

To date most plant QTL have been cloned by the positional cloning approach,
although alternative strategies based on candidate genes and linkage disequilib-
rium may represent an interesting shortcut to QTL cloning [258, 297]. Cloning
genes for stress-related traits offers the opportunity to approach stress tolerance by
means of reverse genetics. So far, the utilization of mutagenesis as a source of new
traits for increasing stress tolerance has been unaffordable. However, reverse
genetics coupledwith a tilling strategy and an efficient phenotyping platform could
be a virtual inexhaustible source of new useful allelic variants for increasing stress
tolerance.

Ultimately, as was pointed out by Collins et al. [258], integration of QTL
information into a breeding pipeline aimed at improving tolerance to abiotic
stresses will best be achieved within a multidisciplinary context able to provide
the operational framework required to correctly link the stress-responsivemechan-
isms of crops with the functional variation of the relevant networks at the cellular
and molecular levels.
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48
Sesame: Overcoming the Abiotic Stresses in the Queen
of Oilseed Crops
Suman Lakhanpaul, Vibhuti Singh, Sachin Kumar, Deepak Bhardwaj,
and Kangila Venkataramana Bhat

Sesame, one of the important oilseed crops, is valued for its high quality oil rich in
polyunsaturated fatty acids (PUFA) and thus offers excellent health benefits. The oil
also has unique antioxidative property that increases its keeping quality by preventing
oxidative rancidity. However, the research efforts for developing improved sesame
cultivars having tolerance to biotic and abiotic stresses have been rather meager so
far. Sesame is largely cultivated in marginal lands by resource-poor farmers and is
thereby prone to several abiotic stresses. The crop possesses effective tolerance to
drought due to its extensive root system. Preliminary studies have been carried out in
sesame regarding salt, drought, and heavy metal stress. Parameters such as root and
shoot morphology, cuticle thickness, antioxidative enzymes, malondialdehyde, pro-
line content, and so on have been assessed under stressed and control conditions.
Role of stress-associated genes and their products such as lipid transfer proteins,
caleosins, steroid dehydrogenase, phytostatins, g-aminobutyric acid, metallothio-
neins involved in diverse stresses are under investigation. The presence of phenyl-
propanoid compounds, namely, lignans, an innate nonenzymatic antioxidant
defense mechanism against reactive oxygen species in sesame, is a special area
being researched. However, the areas that still remain untouched include water-
logging and chilling stress, both of which are highly detrimental to the crop survival.
Inspite of huge repertoire of germplasm collection, limited research efforts on the
use of conventional and biotechnological methodologies have resulted in minimal
success in developing abiotic stress-tolerant cultivars. The absence of efficient in vitro
regeneration protocols further compounds challenges for development of desired
novel genotypes. The possible strategies that could be helpful in incorporating abiotic
stress tolerance in plants have been discussed here along with the fundamental
studies dealing with different stresses and their effects on sesame, followed by
information on stress-related genes under focus in sesame.
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48.1
Introduction

Global population has increased with the unprecedented rate over the past few
decades resulting in shortage of resources at all fronts. However, the biggest problem
is the shortage of food particularly in the underdeveloped parts of the world.
Providing additional land for cultivation is already becoming unrealistic due to
increasing demands of urbanization on the one hand and the need to maintain and
restore the much reduced forest cover on the other hand. In addition, a series of
natural calamities and global environmental changes have compounded the abiotic
and biotic stresses that adversely affect the productivity of the crop plants. Abiotic
stress is, in fact, a general term referring to physical stresses experienced by the plant
vis-a-vis the unfavorable conditions posed by the environmental factors or the
substratum where the plant is growing. The negative influences of abiotic stresses
such as drought, salinity, cold, chilling, flooding, and so on affect survival, biomass
production and accumulation, and grain yield in most crops [1]. About 85% of crop
productivity losses are due to different kinds of abiotic stresses [2], which is much
more significant in comparison to the losses that occur due to insects/pests, weeds,
and diseases [3].

Plants have evolved several adaptations to survive the harsh environmental
conditions due to innate plasticity in their physiological and metabolic processes.
The conquest of nearly the entire planet with the living organisms spanning extreme
conditions on both sides of all the physical parameters provides evidence for the
range of functional capability of the biological machinery and hope for the incor-
poration of such traits in the desired taxa. Theneed for the addition of traits imparting
tolerance to abiotic stresses cannot be overemphasized. Both conventional breeding
and biotechnological tools, individually or in combination, have yielded superior
genotypes in major crop plants. However, several other crop plants that not only
contribute significantly to the food and nutritional requirement but also play an
important role in diversification of the crops are far from researched. Sesame
(Sesamum indicum L.) is one such crop that deserves urgent and immediate attention
of the scientific community.

48.2
Sesame: an Oilseed Crop

Sesame, an important oil yielding plant, is one of the most ancient crops known and
used as oilseed. The high regard it enjoys among the users has earned it the poetic
label �queen of oilseeds� [4]. Ironically, it has also been considered an �orphan crop�
due to lack of research efforts ascribed to the fact that it is not a mandate crop for any
international crop research institute [5]. Though sesame is cultivated on a worldwide
basis for its seeds, oil, and protein, it is predominantly an annual crop of warmer
areas, particularly Asia and Africa [6] where it is used both as a leafy vegetable and an
oilseed crop. The presence of unique antioxidant compounds such as sesamin,
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sesamolin, and sesaminol makes the sesame oil one of the most stable vegetable oils
in the world. The oil content ranges from 32.5 to 58.8%, which is generally greater in
white than black seeds [7]. In general, the oil content compareswell with other oilseed
crops (Figure 48.1). The oil is rich in linoleic acid (LA) (Figure 48.2) and has been
recommended for healthy diets with low LA and high alpha linoleic acid in
combination with canola or mustard oil [8]. Seeds as a whole serve as nutritious
food for humans and are widely used in bakery and confectionery products [9].
Sesamemeal contains 35–50% protein, which is rich in tryptophan andmethionine,
and is used as poultry feed. Its leaves used as a vegetable are a rich source of carotene,
ascorbic acid, iron, and calcium along with adequate quantities of protein [10].

Figure 48.1 Oil and protein content of selected oilseeds (% content per weight basis) (http://www.
fao.org/inpho/content/compend/text/ch05-01.htm).

Figure 48.2 Fatty acid composition of common oilseeds. Adapted from [11, 12].
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Sesame cultivation has many advantages as the seed set and yields are relatively
well under high temperature and the crop can be grown even on residual moisture
without any extra rainfall. Sesame crop also improves water percolation of the soil as
its extensive branching systemof feeder roots penetrates very deep into the soil. It can
be grown in pure stands and also as a companion crop [5]. Furthermore, it responds
well to additional inputs in terms of irrigation and fertilization (by at least doubling
the yield capacity), and thus has an important role in intensivemanagement systems,
including sequential multiple cropping [13].

Sesame is grown in the tropical to temperate zones from about 40�N latitude to
40�S latitude [14]. The plant is adapted to many soil types, but it thrives best on well-
drained, fertile soils of medium texture (typical sandy loams) and at neutral pH. In
India, sesame as a sole crop is mainly cultivated in drier parts of Maharashtra,
Madhya Pradesh, Rajasthan, Gujarat, Andhra Pradesh, Uttar Pradesh, and Karna-
taka. However, it is grown in almost all states of India either as a mixed crop or in
other forms of small-scale cultivation [15]. In Northern India, the crop is taken as
rain-fed kharif crop and in Central India as a semi-rabi crop. However, in the South
the crop is taken in both the seasons and in the Northeast the crop is taken three
times in a year.

According to the Food and Agriculture Organization of the United Nations (FAO,
2002), sesame ranks 6th in the world production as an edible oil seed (2 893 114
million ton) and 12th in the overall world production of vegetable oil (754 159million
ton). The world production of sesame seed and seed oil is 3.2 million ton and 0.8
million ton, respectively (http://www.agmrc.org/agmrc/commodity/grainoilseeds/
sesame/sesameprofile.htm). However, the world production fluctuates due to local
economic crop production pressures and weather conditions. India accounted for
7.4% of the world�s edible oil consumption with an estimated production of 28.21
million ton of nine cultivated oilseeds in 2007–2008 (http://fcamin.nic.in/dfpd/
EventDetails.asp?EventId¼561&Section¼EdibleþOil&ParentID¼0&Parent¼1&
check¼0). The major oilseeds responsible are groundnut, soybean, and rape/
mustard seeds covering 80% of the total oilseeds grown in India. The consumption
of edible oils in India reached 142.62 lakh ton that exceeded from their net
availability of 86.54 lakh ton from all domestic sources. This gap bridged by import
of mainly soybean and sunflower oil, takes them away from the reach of majority
population due to their high costs. Inspite of this lacuna, export of oilmeals,
oilseeds, and minor oils from India has increased from 5.06 million ton in the
financial year 2005–2006 to 7.3 million ton in 2006–2007 in order to hold the
agricultural economy. In year 2009, of the 0.6 million ton of sesame seed
production, 0.194 million ton was exported (http://fcamin.nic.in/dfpd/EventDetails.
asp ?EventId¼561&Section¼EdibleþOil&ParentID¼0&Parent¼1&che ck¼0).High
prices of both soybean and sunflower oil are still a major concern. In light of these
aspects from both Indian and global perspective, sesame oil needs to find a strong
foothold tomeet the demands of a healthydiet. In this constrained scenario, increasing
the production of sesame offers some kind of hope, which can be achieved only by
overcoming various hurdles limiting the crop yield.
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48.3
Constraints on Sesame Productivity

The plant architecture of sesame is poorly adapted to modern farming systems
because of its indeterminate growth habit causing nonuniform ripening of capsules,
sensitivity to wilting under intensive management, and absence of nonshattering
cultivars suited for mechanical harvest [16]. Other physiological and biotic aspects
include low yielding varieties and yield losses due to pests. These along with abiotic
stresses are responsible for the reduced output,making it a small holder�s crop.More
importantly, sesame seedlings apparently show slow growth to develop root mass for
soil penetration, the duration in which it is susceptible to various pest infestations
and fluctuations of soil environments.

48.4
Abiotic Stress and Sesame

Incorporating abiotic stress tolerance in sesame necessitates first and foremost the
identification of the important stresses that delimit its productivity. Baseline studies
regarding effects of various abiotic stresses have been carried out on sesame, mostly
concerned with breeding aspects. Of all the abiotic stresses such as drought, salinity,
extremes of temperature, and so on, waterlogging and chilling sensitivity are the two
specific abiotic stresses encountered by the cultivated sesame. It does not in any way
undermine the need to address other stresses. Although, it is important to note that
sesame crop is specifically prone to suffer significant losses if faced with water
logging and its cultivation is restricted to areas and duration that are not subjected to
low temperatures. However, due to its locally adapted drought tolerance the crop is
valuable in many semiarid regions.

48.4.1
Waterlogging Stress

Sesame crop is highly susceptible to waterlogging, as the crop undergoes imme-
diate senescence and declines within 2–3 days of exposure to flooding stress. This
causes excessive devastation in fields (Figure 48.3) where accumulated water needs
to be regularly drained out. Increased irrigation has shown to significantly reduce
the sesame yield [17]. Even drought-tolerant sesame accessions are very susceptible
to high moisture [18]. Hence, waterlogging is an important abiotic stress on this
crop and there is a need to develop improved genotypes that could survive the
flooding stress.

Studies on any aspect of water logging stress on sesame are entirely lacking.
However, other crops showing waterlogging susceptibility such as cotton display
significant reductions in stem elongation, shoot mass, root mass, and leaf number
along with altered expression of 1012 genes (4% of genes assayed) in root tissue 4 h
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after flooding [19]. Many of these genes were associated with cell wall modification
and growth pathways, glycolysis, fermentation,mitochondrial electron transport and
nitrogenmetabolism.Altered global gene expressionwas also observed in leaf tissues
in response to waterlogging changing 1305 gene expression profiles (5% genes
assayed) after 24 h of flooding, mainly involving genes for cell wall growth and
modification, tetrapyrrole synthesis, hormone response, starch metabolism, and
nitrogen metabolism [19]. Interestingly, in case of rice cultivars, wide variation
exhibited for the ability to tolerate complete water submergence was found to be
associated with just one locus (Sub 1) on chromosome 9. A transcriptional factor of
the B-2 subgroup comprising ethylene-responsive element binding proteins
(EREBP) located in the Sub 1 locus could explain the physiological and developmental
processes associated with submergence tolerance in rice [20].

Therefore, recent approaches used to develop flooding-tolerant plants are con-
centrating first on the fermentation pathway. The second focus is specifically on
modifying the transcriptional factor gene, AtMYB2, to finally enhance the expression
of fermentation pathway genes [21]. However, none of the developed transgenic lines
in rice or cotton using this approach has yielded significant tolerance to hypoxic
stress. The identification of novel genes from cDNA library of anaerobically induced
Arabidopsis root [22] that alsowould behelpful in developingflooding-tolerant sesame
genotypes.

48.4.2
Chilling Stress

Sesame comes under the category of chilling (0–15 �C) sensitive plants that include
crops such as rice,maize, soybean, cotton, and tomato,where the plants are incapable
of cold acclimation, that is, are unable to increase their freezing tolerance
when exposed to low temperatures [23]. There is a spontaneous retardation in
sesame plant growth observed as drying off of axillary buds and restricted growth
of plant organs, namely, leaves, floral buds, and fruits, finally leading to plant death.

Figure 48.3 Field photograph depicting
extreme susceptibility of sesame to
waterlogging during kharif crop. (a) Well-
drained plot (after regular pumping out of

stagnant water) showing normal plant growth.
(b) Plots left with stagnant rainwater for more
than 12 h showing growth retardation,
senescence, and plant mortality.
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Oplinger et al. [24] have reported that the absence of 90–120 frost-free days are
required for commercial cultivars of sesame where day temperature between 25 and
26.7 �C is favorable. The plant shows significant reduction in growth below 20 �Cand
growth and germination are totally inhibited below 10 �C. Sesame seed shows
marked reduction in content of lignans (sesamin and sesamolin) in the oil [25]
during frost damage. This reduced strength of the reactive oxygen species (ROS)
scavenging machinery that prevents the system from oxidative stress, generated due
to chilling reveals the seriousness of the situation and could be one of the factors
responsible for the cellular injury and senescence of the sesame plant.

The mechanism of chilling tolerance, although less worked out, is finding way by
the pathways deciphered for cold acclimation as the molecular changes that occur
during latter are also found to play a role in chilling tolerance [26, 27]. The few
characterized genes basically include the transcription factors that act upstream in
cold acclimation or as effector molecules that act to counter the potential damaging
effects of cold stress [28]. These cold-responsive genes aremembers of different low-
temperature regulons, as some are regulated by the C-repeat binding (CBF) tran-
scription factor while the others are not [29].

Exogenous application of chemicals such as glycine-betaine has proved fruitful in
improvement of tolerance in chilling-sensitive tomato plants [30]. In another
approach, chilling-tolerant plants were obtained by increasing levels of trienoic fatty
acids [31] or the accumulation of cold-responsive proteins (COR) by increased
expression of the genes positively regulating their expression such as SCOF-1 from
soybean [32], CBF-1 [33], and ABI3 [34]. CBF3 is known to integrate various
components of the cold response and its overexpression, in addition to increasing
the tolerance of cold-induced accumulation of proline and soluble sugars (reviewed
by Yuanyuan et al. [35]) [36]. Activation of stress-inducible genes by binding of factors
such as DREB1A on the upstream regulatory elements (DRE, dehydration-respon-
sive element) has also led to substantial increase in stress tolerance, including cold
stress [37]. Other important category of genes involved in providing cold stress
tolerance includes KIN (cold-induced), LTI (low-temperature-induced), and RD
(responsive to dehydration) genes. The proteins with multiple hydrophilic ice
binding domains termed antifreezing proteins (AFPs), having the ability to inhibit
the growth and recrystallization of ice in intercellular spaces [38], are being worked
out. The heterologous overexpression of genes encoding AFPs in freezing-sensitive
plants enhanced the freezing tolerance of host plants as observed in case of
transgenic tobacco plants (made of AFPs of carrot) that survived subfreezing
temperature of �2 �C [39].

The role of cellular metabolic signals and RNA splicing, their export, and
secondary structure unwinding has emerged out to be of central importance in
regulating cold-responsive gene expression and chilling tolerance. One of the key
players is ubiquitination-mediated proteasomal protein degradation that has a crucial
role in regulating one of the upstream transcription factors, INDUCER OF CBF
EXPRESSION 1 (ICE1), and thus in controlling the cold-responsive transcrip-
tome [40]. The knowledge of such key players in plants under cold stress is paving
the way for more efficient tools to make them chilling tolerant.
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48.4.3
Salt Stress

High salt concentrations limit sesame cultivation especially in arid and semiarid
regions. Sesame cultivars show a considerable variation in the degree of salt toler-
ance [41]. In response to highNaCl treatments (50 and100mM), two sesamecultivars
Orhangazi and Cumhuriyet showed reduction in root and shoot length, increased
lipid peroxidation while dry weights were affectedminimally [42]. These affects were
more pronounced in the cv. Orhangazi than in cv. Cumhuriyet. Similar studies have
shown that dry weight was less affected in salt-tolerant sugar beet and moderately
tolerant cotton [43].Change in freeproline levels in relation to salinityhavefiguredout
its roles such as balancing capacity as an osmolyte, stabilizing proteins, regulating
cytosolicpH,andscavenginghydroxyl radicals [44].CultivarCumhuriyetwassuperior
to the other one in proline content, which increased with time and concentration of
NaCl treatment as observed in relatively salt-tolerant plants such as Beta vulgaris [45],
Brassica juncea [46], and alfalafa [47]. Increase in the activities of ROS scavenging
enzymeshasbeen foundclosely related tosalt tolerance incaseofmanyplants [48–52].
Constitutive and induced levels of superoxide dismutase (SOD) activity was observed
for cv.Cumhuriyet compared to cv.Orhangazi thatwas accompaniedby an increase in
the activity of major H2O2 scavenging enzymes such as ascorbate peroxidase (APX),
catalase (CAT), and peroxidase (POX). This activity declined after 2 weeks that was
suggested to be taken care of by lignans (nonenzymatic antioxidative processes in
sesame) that also showed increased level of accumulation under stress.

Germinated seedlings of different sesame cultivars grown in the presence of
varying concentrations of NaCl (30, 50, and 70mM) showed alterations in electro-
phoretic patterns of proteins and other metabolites. Analyses revealed cv. RT-46, RT-
54, and RT-127 to be salt tolerant, while cv. RT-125 to be sensitive as it showed
retarded seedling growth along with low levels of total soluble sugars, sucrose, SOD
activity, and higher malondialdehyde (MDA) and proline content in the presence of
more than 30mM NaCl [53].

During seed germination in sesame, expression of SeMIPS (myo-inositol 1-
phosphate synthase) showed downregulation with increase in concentration and
duration of exposure to the saline environment. The protein catalyzes glucose-6-
phosphate tomyo-inositol 1-phosphate, which is the first product in the biosynthetic
pathways of myoinositol, phytic acid, and other essential cellular components
[54–56]. The SeMIPS protein was highly homologous with those from other plant
species (88–94%). It was present in several copies and expressed in an organ-specific
manner. In case of Arabidopsis, Nelson et al. [57, 58] have also shown salinity to affect
transcription of the MIPS gene during biosynthesis of myo-inositol and its deriva-
tives. Similar salinity stress studies on Arabidopsis thaliana showed its upregulation
in salt-tolerant plants and its reduction in the salt-sensitive ones [59]. Downregulation
of ESTcoding forMIPSwas also observed in sunflower (a salt-sensitive crop), under
salt stress [60]. Genes responding to salinity have been reported from rice [61],
common ice plant (Mesembryanthemum crystallinum) [62–64], and tomato [65], which
could be implemented in achieving salt tolerance.
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48.4.4
Drought Stress

Sesame is known to be endowed with the property of drought tolerance due to its
extensive root system. However, drought severely limits sesame production in
marginal and low rain-fed areas. In addition, accessions from wet areas such as
Korea and Bangladesh are very susceptible to drought [18]. Assessment of drought
tolerance as a ratio of yield under water stress to that under normal irrigation carried
out for 17 sesame genotypes showed that the seed yield was sensitive to water
shortage more than the morphological characters [66], while the mean weight of
individual seeds escaped such effects. This depicts that postflowering response of
drought in sesame is production of less seeds, instead of compromising on the seed
size [67]. A survey of 27 sesame genotypes inMoghan region for tolerance to drought
revealed Karaj1, Naz takshakhen, Varamin237, and Varamin2822 genotypes to be
mid-resistant and suitable for cropping under drought stress on the basis of six
drought tolerance indices [68].

Assessment of enzymes involved in prevention of ROS generated as an outcome of
drought stress revealed increased activities for SOD, POX, CAT, and polyphenolox-
idase (PPO) both in leaves and roots of sesame [69]. On the other hand, fresh and dry
mass and total protein content of leaves showed a decreasing trend. Assay for MDA
content was indicative of reduced lipid peroxidation. Yekta cultivar of sesame was
found to be more resistant than the cultivar Darab14 [69].

Improved tolerance against drought is reported to have an association with
increased content of cuticular waxes per unit leaf surface area in oats, rice, sorghum,
alfalfa, and crested wheat grass [70]. However, the increased wax deposition does not
always correlate inversely with transpiration rate. Imposition of water deficit on
sesame cultivars caused an increase in wax amount by 30%, with 34% increase in
alkanes, 13% in aldehydes, and 28%of the unknown ones [67]. An increase of 49% in
cuticle thickness due to monomers of alkanes has also been observed in Arabidopsis
plants on subjection to water deficit. Under such conditions, the gene ECERI-
FERUM1 having role in alkane metabolism showed upregulation [70]. Transcrip-
tional factors such as WAX INDUCER 1 (WIN 1) in Arabidopsis have also been
implicated in increasing wax deposition [71]. Deciphering of drought induction of
alkane metabolic pathway, role of cuticle, and the actual mechanism behind slowing
down of transpiration rate in drought tolerance, which regulates survival of sesame
plant, is still awaited.

48.4.5
Heavy Metal Stress

Previous investigations have found oil-yielding plants, namely, mustard and sun-
flower, to be suitable for rhizoextraction as they accumulatedmore Cr from the soil in
comparison to 36 other agricultural plant species [72]. Within oilseeds the pattern of
heavy metal accumulation showed sesame to stand third after peanuts and rapeseed
with sunflower being the last. The distribution pattern in the plant organs of sesame
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showed an order of leaves > stem > roots > fruit shell > seeds [73] (Figure 48.4),
revealing that the content was very less in the economically important edible organ,
the seeds. The respective accumulation of heavymetals after 60 days of growth period
in sesame followed anorder of K>Na> Fe>Zn>Cr>Mn>Cu>Pb>Ni>Cdas
determined by the technique of sequential extraction using EDTA [7]. In addition, the
translocation of thesemetalswas found less in upper parts. The potential of sesame to
extract heavy metals from contaminated soils has also been determined by chemical
fractionation analysis of S. indicum var. T55, which depicted an increased accumu-
lation of toxicmetals (Cr,Ni, andCd)with increase in sludge ratio. The tannery sludge
favored plant growth at lower amendment rates (25%) as depicted by increased fresh
weight and number of leaves [74].

Increased affinity of sesame seeds toward accumulation of trace elements has also
been reported in comparison to corn grains (0.54–1.94 ppm). Range of Cr content in
sesame seeds was 0.77–2.14 ppm, with recommended daily allowances being 0.05–
9.2 ppm [75]. Application of organic waste compost includingmunicipal waste (MW)
had no effect on the chemical constituents (oil, carbohydrates, and total protein) of
sesame seeds.With treatment ofMW, lead and cadmiumconcentrations increased in
the plant; however, the amount of metals tested did not exceed the phytotoxic
level [76]. Seeds of the high-yield sesame cultivar PB-1 showed significant tolerance
to lead as shown by accumulation of more dry mass during early growth phase,
although fresh weight showed slight inhibition at higher levels (2mM of Pb2þ ). On
the other hand, cultivar HT-1 was shown to be Pb2þ sensitive [77]. Accumulation of
Pb2þ increased with increasing concentration of the heavy metal in root, stem, and
leaves. Estimation of in vivo nitrate reductase activity showed inhibition in roots and
leaves with less effect on the latter, correlating with the respective accumulation of
Pb2þ in the organs. However, in vitro nitrate reductase activity was not inhibited by

Figure 48.4 Organ-wise distribution of heavy metals in sesame at commercial ripeness stage
(adapted from Angelova et al. [73]). Error bars represent the standard deviation.
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the metal. Total organic nitrogen was higher in young roots proposed due to
increased N translocation from seeds to roots [77]. All these studies suggest that
sesame shows tolerance to the presence of heavy metals in the soil and in fact shows
significant ability to accumulate such elements. Therefore, sesame plant provides an
interesting research system to understand the mechanisms involved in heavy metal
accumulation, an area that is gaining importance for dealingwith themanagement of
degraded ecosystems due to contamination by undesirable concentration of toxic
metals. However, it is of utmost importance to ensure the complete absence of these
harmful moieties in the seed and seed oil for the safe edible consumption.

48.5
Abiotic Stress and Areas of Special Focus in Sesame

Out of the vast repertoire of genes governing abiotic stress tolerance in plants, few
genes and gene products have gained special focus in sesame.

48.5.1
Lipid Transfer Proteins

The transfer of phospholipids betweenmembranes is facilitated by group of proteins
called lipid transfer proteins (LTPs) [78]. These are small (7–10 kDa), abundant, basic
proteins containing eight conserved cysteine residues involved in four disulfide
bridges. On the basis of the number of amino acids between the fourth and fifth
cysteine residues in the motif�s core, plant LTPs have been categorized into eight
groups (LTP1–LTP8) [79]. Initially observed in spinach leaves, maize coleoptiles, and
barley aleurone layers, they show ubiquitous expression in seedlings, leaves, stamen,
tapetum, andmicrospores, as well as in somatic and zygotic embryos [78]. LTP genes
are shown to be responsive to environmental changes such as salt, drought, abscisic
acid (ABA) or cold treatment [80–84]. A nonspecific LTP gene isolated by subtractive
hybridization between drought-tolerant and -sensitive sunflowers showed transcript
induction by water stress and ABA [85]. cDNA microarray analysis in sunflower
revealed upregulation of an LTP under chilling stress. However, downregulation of
LTP was exhibited in saline environment as earlier shown in case of Arabidopsis [86].
LTPs are proposed to have a function in repairing stress-induced damage in
membranes or changes in their lipid composition, perhaps to regulate their perme-
ability to toxic ions and the fluidity [87, 88]. LTPs have also been shown to be secreted
in response to NaCl stress and even affect cell wall extensibility [89]. Periodic
dehydration stress in tree tobacco (Nicotiana glauca) leaves increased LTP mRNA
expression and cuticular wax deposition. In addition, immunolocalization and LTP::
GFP fusion studies have localized LTPs to the cell wall and predominant expression
in the epidermis [90, 91] suggesting their role in cutin and wax assembly [92]. Most
plant LTPs are secreted to the cell wall by unidentified pathways. Although some
intracellular LTPs have been observed in glyoxysome matrix of castor (Ricinus
comunis) seed and protein storage vacuoles of cowpea (Vigna unguiculata) [93, 94].
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These LTPs are present in multiple isoforms as detected in Arabidopsis and rice
genome, showing differential expression pattern, whose functions are yet to be
discovered [79, 83].

It is important and pertinent to point out that LTPs constitute one of the most
abundant ESTs of immature sesame seeds of which 21 isoforms were identified [95].
Partially purified LTP isoforms of sesame (SiLTP) showed the ability to bind
fluorescent fatty acids and transfer fluorescent phospholipids. Five SiLTP isoforms
were most abundantly expressed in developing seeds, but also detected in flower
tissues. SiLTP3 and SiLTP4 transcripts were also expressed in leaves and seed walls,
respectively. SiLTP2 and SiLTP4 isoforms exhibited significantly inducible expres-
sion patterns with exogenous application of 300mM NaCl and 300mM mannitol.
Exogenous ABA, which has been shown to mediate plant tolerance to water or cold
stresses, also significantly induced the SiLTP2 and SiLTP4 isoforms. These were
localized to plant cell membranes as seen by transient expression in Arabidopsis and
were found to be associatedwith large organelles such as ER, probably being secreted
from the cells via the classical secretory pathway. However, the biological roles of
SiLTPs in response to salt and osmotic stresses remain to be elucidated, whichmight
play an important role in plant acclimation to water stress during seed development.

48.5.2
Caleosins

Caleosins are calcium binding proteins of 27 kDa, ubiquitous among higher plants
with similar candidates in algae and fungi [96]. Thesewere identified in sesame seeds
asminor proteins (Sop1) of oil bodies (OB) by immunolabeling [97]. Sop1 was found
to be homologous to a rice protein (OsClo) that expresses abundantly in late
embryogenesis and is responsive to ABA and osmotic stress (dehydration and NaCl)
in seedlings and in vegetative tissues [98]. Similarly,mRNAof anArabidopsis caleosin
homologue (AtClo1) was detected in response to ABA during dehydration [99].
Sesame caleosin (SiClo1) mRNA accumulates in OBs, withmaximal expression seen
2 weeks after flowering, thereafter undetectable in mature seeds [100]. In contrast to
OsClo, SiClo1 is therefore apparently seed specific. Recent analyses indicate that
Arabidopsis contains at least five caleosin-like genes situated on four of the five
chromosomes (AtClo1–5, [96]). AtClo2–4 are expressed at low levels in various
tissues, including nonoil storage tissues, while At-Clo1 expression is seed specific.
Interestingly, AtClo1–4 expression is not responsive to ABA or osmotic stress in
vegetative tissues, as in case of riceOsClo. Carrot oleosin is responsive only to ABA in
embryonic tissue, and not in adult tissue [101]. A better understanding of this
expression pattern in plant stress responses would be beneficial.

Caleosins have been located on the surface of OBs or associated with an endo-
plasmic reticulum (ER) subdomain [96]. Caleosin comprises three distinct structural
domains: a unique N-terminal hydrophilic domain (containing a single Ca2þ

binding EF hand), a central hydrophobic anchoring domain, and a C-terminal
hydrophilic domain containing four possible phosphorylation sites [98, 100].
The central hydrophobic domain of SiClo1 is proposed to consist of an amphipathic
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a-helix followed by a short anchoring region formed by a pair of antiparallel b-strands
connected by a proline knot-like motif [100]. The EF hand ofOsClo is known to bind
calcium in vitro [98]. Similar probability exists for SiClo1 to bind calcium as SiCLO1
purified from oil bodies or heterologously expressed exhibits EGTA-retarded and
calcium-rescued migration in SDS-PAGE [100].

An Arabidopsis caleosin, RD20 (responsive to dehydration 20) is reported to show
enhanced expression by ABA, salt, dehydration, and osmotic stresses [99, 102]. It is
among the early induced genes, one of themost highly expressed and often used as a
stress marker gene [103, 104]. RD20 is located at the bottom of chromosome 2, a
region that appears to be important in the regulation of plant transpiration efficiency
in Arabidopsis. It is expressed in particular tissues or organs during plant develop-
ment. In contrast to other Arabidopsis caleosin genes RD20 promoter sequence is
enriched with AtMYC2 binding sites such as the ABRE (ABA-responsive element),
ABRE-like, and DRE. Interestingly, AtMYC2 acts as a positive regulator of ABA
signaling under drought stress [105].RD20 is able to bind calcium and also support a
putative peroxygenase activity as in case of OsClo and AtClo1 [99, 106]. Such
peroxygenase activity in maize is involved in cuticle and wax synthesis [107], the
latter is enhanced under water deficit conditions and ABA, to prevent water
losses [70]. Recently, RD20 was shown to be one of the components involved in
enhancing tolerance to water deficit mechanisms through the regulation of stomatal
aperture, plant growth, andwater use efficiency [108] and in salt stress response, thus,
hypothesized to act as a stress signaling hub that sets up multiple abiotic responses.
The ability of sesame caleosins to undergo ubiquitination at two sites in the lysine
residues in the C-terminal domain has been reported [109]. As ubiquitination of
proteins has also been observed in stress responses [110], it would be interesting to
establish such a role, if any, for SiClo.

48.5.3
Steroid Dehydrogenase

Sesame steroleosin (Sop2), a 39 kDaprotein comprising 348 amino acid residues, is a
minor protein of OBs [111]. The Sop2 gene was obtained by immunoscreening that
showed transcription in the maturing seeds. The protein possesses a hydrophobic
anchoring segment preceding a soluble domain homologous to sterol binding
dehydrogenases/reductases known to be involved in signal transduction in diverse
organisms. Structure of the soluble domain consists of a seven-stranded parallel
b-sheet with the active site, S-(12X)-Y-(3X)-K, between an NADPH and a sterol
binding subdomain. Its sterol-coupling dehydrogenase activity has been demon-
strated both in the overexpressed soluble domain of steroleosin and in purified oil
bodies. Southern hybridization suggests the presence of one steroleosin gene and
certain homologous genes in the sesame genome [111]. In contrast, eight hypothet-
ical steroleosin-like proteins are present in the Arabidopsis genome with a conserved
NADPH binding subdomain, but a divergent sterol binding subdomain. Steroid
dehydrogenase-like protein (SDs) has been found to be induced by drought
stress [112] and in response to high light stress and ascorbate deficiency in
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Arabidopsis [113]. This indicates role of SDs in protecting against ROS produced by
high light and in the absence of ascorbate (vitamin C), one of the major antioxidant
species of chloroplasts that is a cofactor of thylakoid-bound and stromal ascorbate
peroxidases that detoxify H2O2 produced by SODs. Transgenic Arabidopsis plants
overexpressing hydroxylsteroid dehydrogenases (AtHSD1) also provide increased
tolerance to salinity stress [114]. Whether this tolerance is mediated by brassinoster-
oid signaling or increased ABA catabolism remains to be elucidated, before getting
utilized in other crops such as sesame.

48.5.4
Phytostatins

Phytocystatins, homologues of cystatins of animals, are a small family of plant
proteins commonly ranging from 12 to 16 kDa, consisting of more than 80 mem-
bers [115]. In general, they possess three conserved residues, a G residue in the
vicinity of the N-terminal end, a highly conserved QVVAG motif in a central loop
segment, and a PWdipeptidemotif closer to the C-terminal end of the protein, which
are known to interact with the active site cleft of cysteine proteinases belonging to the
papain family, causing their reversible inhibition [116]. In addition, plant cystatins
possess a unique and conserved LARFAVDEHN sequence at the N-terminal end of
an a-helix segment [117]. Apart from their participation in biotic stresses and seed
germination, their role in abiotic stresses has been proposed. Accumulation of
phytocystatin mRNA (AtCYS1) has been observed in Arabidopsis under high-tem-
perature stress [118], in the vegetative tissues of barley plants subjected to anaero-
biosis, darkness, and cold shock [119], and in the leaves and roots of chestnut plantlets
exposed to cold, saline- or heat-stress [120]. Similarly, in grain amaranth, increased
expression of cystatins (AhCPI) was seen in roots and stems substantially in response
to water deficit, salinity, cold, and heat stress, whereas heat stress induced a rapid and
transient accumulation in leaves [117].

Low-abundant endogenous cystatin (22 kDa) has been purified to homogeneity via
a papain-coupling affinity column frommature sesame seeds. These were shown to
express in germinating seeds; however, their ability to inhibit endogenous cysteine
proteases was not revealed [121]. These proteins from sesame have been expressed
and purified via artificial oil bodies forfinal biotechnological application in protection
of plants and other industrial uses [122]. The role of sesame phytocystatins in abiotic
stresses requires further research efforts.

48.5.5
Lignans

Stresses such as drought, salt, UV radiation, ozone, chilling, heat shock, pathogen
attack, and so on increase the production of ROS in plants leading to development of
several enzymatic and nonenzymatic defense systems against ROS. Under such
oxidative stress conditions, plants with high constitutive and induced antioxidant
levels are known to have better resistance to damage [123–125].
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In contrast to the meager knowledge on enzymatic antioxidative defense system
operating in sesame, the nonenzymatic antioxidant substances termed lignans
effective in oxidative defense system are well studied. Widely distributed in vascular
plants, lignans comprise a large group of natural products characterized by coupling
of two p-hydroxyphenylpropane (C6C3) units and possessing ab,b0-linkage. These are
represented by about 20 compounds in sesame, basically in the form of oil-soluble
and glycosylated lignans [126]. Among the oil-soluble ones, the most predominant
are sesamin and sesamolin, accompanied by traces of others. Interestingly, the two
lignans, sesamolin and sesamolinol, possess an oxygen bridge between their
benzene and furofuran rings, the feature unique to the genus Sesamum [127].
Sesame seeds have on average 0.63% lignans with sesamin and sesamolin contents
ranging from 0.07 to 0.61% (mean� SD, 163� 141mg/100 g) and from 0.02 to
0.48% (101� 58mg/100 g), respectively [7, 128]. Among sesame cultivars of India,
those collected from the Northeastern states are found to be higher in lignan content
(18 g sesamin/kg, 10 g sesamolin/kg) [129]. The most frequent technique used for
lignan-type detection and quantification in sesame is high-performance liquid
chromatography [130–132] that has now been subsequently simplified [133]. LC-
NMR-MS has also emerged as the fast screening device for the characterization of
sesame lignans from various sesame oil-based sources, for assessing the antioxidant
activity of the extracts, and especially for modifying the lignan profile of the
conventional sesame oil extract to get a sesaminol-enriched extract [134].

Studies on these lignans with respect to stress have displayed their stress
combating ability. Under in vitro experimentation, sesaminol was shown to inhibit
Cu2þ -induced lipid peroxidation in low-density lipoprotein and was found to be
more effective scavenger than eithera-tocopherol or probucol in reducing the peroxyl
radicals in aqueous solution [135]. The analysis of sesame oil extracts for antioxidant
activity has revealed the following order: sesamin< sesame oil extract< sesaminol-
enriched sesame oil extract< sesamol. The combination of sesaminol and c-tocoph-
erol has been proposed to be synergistically responsible for the actual oxidative
stability of sesame oil [134].

Sesamin, one of the major furofuran lignan in sesame seeds, has been extensively
studied by Ono et al. [136]. The gene responsible for the catalysis of sesamin
biosynthesis from pinoresinol (the first lignan in the pathway) is deciphered out
to be a cytochrome SiP450, CYP8101. The protein requires NADPH for its activity
and is unique due to its dual catalyzing ability leading to the formation of two
methylenedioxy bridges (producing sesamin via piperitol), which is restricted to only
one such bridge in all known P450 proteins. This biosynthesis has been localized to
the cytoplasmic surface of endoplasmic reticulum as revealed by the expression of
CYP81Q1-GFP protein in onion epidermal peel via transient system. The gene is
present singly and its functional validation has been obtained by the observation of a
functional homologue isolated from S. radiatum (having sesamin in seeds) and the
presence of a nonfunctional P450 homologue from S. alatum that lacks sesamin. The
P450 proteins are shown to have evolved independently as the CYP81Q1 shows only
24% sequence identity with the Ranunculaceae member, Coptis CYP719A1. The
mode of action of CYP81Q proteins has also been proposed, the diagrammatic
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representation of which is given in Figure 48.5. Genes involved in biosynthesis of
antioxidant lignans and accumulation of storage products have been identified in the
form of 3328 ESTs from a cDNA library of immature seeds [137]. When compared to
themodel plantArabidopsis proteome, a total of 62 ESTs from sesame were proposed
to be involved in lignan biosynthesis (Figure 48.6).

Apart from being beneficial to human health as anticancerous and anticholestrol
agents, studies on rats showed lignans to increase the expression of b-oxidation-
associated enzymes in peroxisomes (upregulation of 38 genes, 16 of which are
involved in lipid metabolizing function) [138]. Several mechanisms of action have
been proposed to explain the potential physiological role of sesame lignans. Espe-
cially in animal systems, namely, cultured liver cells. The role of sesamin on the lipid
metabolism has been studied extensively and the following mechanisms of actions
have been proposed: inhibition of D5-desaturase activity [139], inhibition of HMG-
CoA reductase activity [140], and inhibition of acyl-CoA cholesterol acyltransferase
(ACAT) activity [141]. However, such gene profiling studies and their potential status
associating lignans with different stresses are lacking with respect to plants as a
system. Overall, this area needs further attention to decipher the actual mechanism
behind the combating of stress in plants in general and sesame in particular.

48.5.6
Geranylgeranyl Reductase

Tocopherols are lipid-soluble antioxidants known collectively as vitamin E. These
compounds are the major line of defense against ROS generated during various

Figure 48.5 Diagrammatic representation of
the two alternative models proposed for the
mode of action of cytochrome P450 of sesame,
CYP81Q (adapted from Ono et al. [136]).
(a) Sequential methylenedioxy bridge
formation. Piperitol reverses in the active site

after the first catalysis for formation of second
methylenedioxy bridge at the opposite end.
(b) Piperitol is released after first catalysis and
then recaptured for secondone, a part of it being
converted to its derivatives.
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abiotic stresses. Plants synthesize four isoforms of tocopherols, a-, b-, c-, and
d-tocopherol, which differ by the numbers and positions of methyl substituents on
the aromatic rings of themolecules [142]. The highly efficient antioxidant sesame oil
contains about 528 mg/g of total tocopherols [143]. Formation of the first tocopherol
intermediate requires reduction of geranylgeranyl diphosphate (GGPP) to phytyl
diphosphate [144] that is catalyzed by the enzyme GGPP reductase (Chl P) [145].
Sesame GGPP reductase (SiChl P) encoded as a 465 amino acid polypeptide shows
high degree of similarity to the plantChl Ps with the closest evolutionary relationship
to tobacco Chl P [146]. In contrast to the bacterial Chl Ps, the SiChl P contains an
aminoterminal extension that resembles a plastid transit peptide sequence, indicat-
ing the possible localization of the enzyme in chloroplasts as known for plant Chl
Ps [147]. The sequence consists of 55 amino acids with the cleavage site located
between A55 and A56 in the sequence NLR ! VAV. This transit peptide predicted
from SiChl P is rich in serine and threonine but deficient in acidic amino acids [148].
GGPP belongs to the family of oxidoreductases that contain a nucleotide cofactor-
binding domain for stabilization of theb-strand anda-helix interaction, connected by
a short loop in which the ligand binding domain is located [149]. The presence of
typical motif commonly found in oxidoreductases, V/IXGX1- 2GXXGXXXG/A, in
the N-terminus of the mature SiChl P polypeptide clearly indicates its function [146].
SiChl P is present as a single gene with its high expressions observed in developing

Figure 48.6 Putative ESTs involved in synthesis of lignan, an innate antioxidant defense system
in plants (a) sesame and (b) Arabidopsis (adapted from Suh et al. [137]). Sectors unique to the
respective plant are highlighted with white borders.
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seeds and leaves supporting its role in tocopherol biosynthesis in sesame. In addition
to factors such as dark and ethylene, SiChl P was shown to be repressed by ABA,
which is generally produced upondrought and cold stresswith subsequent induction
of expressions of various subsets of downstream genes [150, 151]. Similar dimin-
ished expression was seen for PpChl P in peach leaves in response to cold stress and
wounding [152]. Chl P has been identified from soybean, ice plant, and several
photosynthetic bacteria, although detailed investigations have been performed only
in a few plant species such as tobacco [145] and Arabidopsis [153].

48.5.7
c-Aminobutyric Acid

c-Aminobutryric acid (GABA) is a four carbon nonprotein amino acid found in all
prokaryotic and eukaryotic organisms. The metabolic pathway involving synthesis
and catabolism of GABA is known as �GABA shunt,� as it bypasses two steps of
tricarboxylic acid cycle. It rapidly accumulates in responses to heat, drought, salt and
low-temperature stresses [154–157]. GABA is proposed to be involved in stress
perception in sesame, as application of stresses such as drought, salt, heavy metal,
and high temperature showed increment in GABA levels, but it was not able to
sustain normal plant growth [158]. Highest increment of GABAwas in case of heavy
metal treatment, followed by drought, while accumulation rates under salt and high-
temperature treatmentswere almost the same.Differential ability of the sesameplant
in coping with these stresses was proposed to be the reason behind variation in the
rate of GABA synthesis [158]. Upregulation of a GABA receptor has been observed in
two tolerant genotypes of barley [159] and increased expression of genes for GABA
shunt in response to drought [160]. GABAhas been shown to reduce accumulation of
ROS in aluminum and proton-stressed barley [161]. Its other proposed roles under
different stresses include maintenance of C:N balance, regulation of cytosolic pH,
and osmoregulation and as a signaling molecule [162]. Furthermore, the role of
Ca2þ /CaM in GABA-mediated tolerance to oxidative stress, heat shock, and osmotic
and salt tolerance through effector molecules has also been suggested [163].

48.5.8
Metallothioneins

Metallothioneins (MTs) are ubiquitous low-molecular weight, cysteine-rich cyto-
plasmic proteins that can bind metals via mercaptide bonds. On the basis of the
number and arrangement of cysteine residues, all the plantMTs belong to class II (in
contrast to the vertebrate class I) and can be further subdivided into four types
according to the distribution pattern of Cys residues [164, 165]. Expression analysis
has shown type 1 MTs to express preferentially in roots [166], type 2 mainly in
leaves [167, 168], type 3 in ripe fruits and leaves [169], and type 4 in developing
seeds [170–172]. In plants, MTs are known to participate in maintaining the
homeostasis of essential copper (Cu) and zinc (Zn) at micronutrient levels and in
heavy metal stress for detoxification of nonessential toxic metals such as cadmium
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(Cd) and arsenic (As) [173–176]. The expression of MTgenes is affected by oxidative
stress, and other abiotic stresses, such as drought and salt [177, 178], hence their role
as protectants from oxidative damages has been proposed [179–182]. MTs from
Tamarix hispida (ThMT3) was upregulated by high salinity and heavymetal ions, with
predominant expression in the leaf [183]. Transgenics for MTs in rice (OsMT1a)
enhanced its drought tolerance and increased activity of ROS scavenging
enzymes [184] showing expression in roots. Tobacco plants overexpressingGhMT3a,
a type 3 MT isolated from cotton (Gossypium hirsutum), were shown to have reported
only half of H2O2 levels in transgenic than those in wild-type plants under salt,
drought, and low-temperature stresses, suggesting that changes in ROS signaling
might be the reason for higher stress tolerance [185]. It has been hypothesized that
MTs scavenge the superoxide radicals either independent of SOD or act as an
activator of SOD by supplying metals such as Cu or Zn to apo-SOD [186]. Tran-
scriptome analysis of mature sesame seeds has revealed the presence of abundant
transcripts for metallothioneins [171] indicating the presence of a conserved metal
toxicity combating mechanism in sesame. Further research on overcoming the
limitations regarding in vivo protein expression studies would be beneficial in
dissection of the actual process of scavenging performed by the MTs.

48.6
Approaches for Incorporation of Abiotic Tolerance

The process of incorporation of genes imparting tolerance to abiotic stresses would
involve either avoiding the stress or combating the stress by inducing expression of
genes that directly or indirectly are responsible for the synthesis of required
metabolites. The basic strategies initiating synthesis of these metabolites can be
targeted either at the functional genes or regulatory genes. Advances in high-
throughput techniques have enabled identification of large number of genes that
are differentially regulated in response to a specific environmental stress. Both
conventional and nonconventional methodologies await their utilization for incor-
porating abiotic stress tolerance in sesame. The final goal of developing stress-
tolerant genotypes can be achieved by different approaches, but the key steps that
need to be undertaken (Figure 48.7) are as follows:

. Search for useful traits/genotypes.

. Identifying and understanding the precisemechanism and genes responsible for
the stress tolerance.

. Transfer of the trait using conventional or biotechnological tools.

. Screening of the target genotypes for successful transfer of the desired trait.

. Acceptance of the farmers for growing the novel genotypes.

Therefore, irrespective of the approach used for incorporation, the first and
foremost requirement is the search of the donor of the desired trait. Conventional
approaches can be applied only if taxa having the desired trait constitute the primary,
secondary, or even tertiary gene pool of the crop plant. In the absence of desired trait
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within the conventional gene pool, the biotechnological approaches provide the
required tools for the transfer of the traits from the donor taxa to the desired
background. Once the transfer has taken place, the screening methodologies would
remain the same in both the approaches. However, the acceptance of the improved
cultivar by the farmer and the consumer can again have different reactions depend-
ing upon the approach used.

48.6.1
Search for Useful Genes in the Sesame Germplasm

Natural genetic diversity is a sustainable resource that can enrich the genetic basis of
cultivated genepool with novel alleles that improve productivity and adaptation.

Figure 48.7 Schematic representation of the fundamental steps involved in development of abiotic
stress-resistant plants using different approaches.
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Substantial genetic variation existing in the cultivated genepool of sesame can be
exploited in breeding programs addressing abiotic stress tolerance. Furthermore, the
wild species of Sesamum have been reported to possess desirable genes for the
characters ofmajor importance in sesamebreeding including drought resistance and
tolerance to heavy rainfall [187]. Desirable characters have been identified for the
sesame improvement with aims to maintain and enhance sesame production in
addition to high yield potential coupled with harvest index, seed retention, uniform
maturation through determinate habit, and tolerance to biotic and abiotic stresses. A
list of major characters identified [6, 188–192] with an emphasis on overcoming
abiotic stresses are listed below.

Seedling characters: Fast vigorous germination and emergence with strong hypo-
cotylar elongation, rapid growth in early stages, and ability to germinate and
withstand lower temperatures.
Plant characters: Rapid root growth, deep taproot penetration with well-distributed
secondary root system; leaves with medium to broad base, narrow lanceolate toward
apex, short petioles, higher photosynthetic efficiency, and early abscission.
Physiological characters: Photo- and thermoinsensitivity, early maturity, and higher
nutrient uptake under low fertility; tolerance to water logging, drought, salinity;
nonlodging under high fertility; and uniform ripening.
Yields: High and stable under a wide range of environmental conditions.

Significantly large germplasm collections have beenmade for sesame by different
sesame growing countries and have been characterized for morphoagronomic traits
following the IBPGR (now Biodiversity International) descriptors.

Being the center of origin and diversity for sesame [4], India has particularly rich
diversity for economically important traits that are largely underexplored for use in
crop improvement programs [5, 193]. However, a systematic screening of the
germplasm or even the core collections identified is entirely lacking. Few frag-
mented studies using limited collections have been attempted for tolerance to
different abiotic stresses. Therefore, there is need to undertake systematic and
comprehensive screening of sesame germplasm for tolerance to individual abiotic
stresses giving suitable environment. The specific trait-based core collections can
be identified and used as reference collections for individual stresses. The prom-
ising germplasm accessions identified can be directly used as the donor in the
conventional breeding programs and also subjected to detailed investigations for
gene prospecting.

The major challenges in successful incorporation of abiotic stress tolerance in the
desired taxa or genotypes are the gaps in the understanding of the mechanisms
responsible for their expression. First, the precisemetabolic and structural attributes
that impart such valuable adaptations in the plants are far from understood. Next
major challenge is the transfer of these traits to the genotypes of our choice. A synergy
between traditional breeding and genomic approach is the need of the hour in
meeting these challenges. Characterization of sesame genetic diversity should
employ the tools of functional genomic approaches. Therefore, discovery of gene
trait from the diverse genetic resources available coupled with phenotyping and
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bioinformatics followed by proof of the candidate gene function in planta leading to
successful expression of the trait in the desired background is being advocated [194].
Growth or yield penalty in the stress-resistant plants under the unstressed conditions
is yet another challenge that can be addressed by driving expression of genes in
response to stress by an inducible promoter [195].

48.7
Conventional Approach

The conventional approaches to develop the genotypes of interest involve creation of
new gene combinations by either crossing the genotypes having the desired traits
individually or by introducing new germplasm. The desired variability thus obtained
needs to be narrowed down to few genotypes. The success of the effort necessitates
exercising high selection intensity (i.e., selection of few genotypes) on genotypes
having large differences (i.e., having high genetic variance) using accurate methods
to assess characters that are transmitted to subsequent generations (i.e., having high
heritability).

Conventional breeding approaches for incorporation of the desired trait have
always been the first choice of the breeders provided the source of the desired gene
and the target genotypes do not pose uncircumventable crossability barriers. This
approach essentially requires identification of stress-resistant genotype within the
gene pool, followed by their crossing with agronomically superior cultivar and
repeated backcrosses and selection of the desired phenotypes in each generation.
Although attempts are being made to develop drought-tolerant sesame cultivars
through breeding approach [66], the process is challenging because of gaps in
understanding/information on precise phenotypic traits to be selected in the
segregating generation. This process can be made more specific and targeted by
marker-assisted breeding. However, there are still no such usable validated markers
available in sesame. Furthermore, the very basic requirement of MAS, that is, a
saturated linkagemapbased onmolecularmarker, is still lacking and is a prerequisite
for background selection for recipient�s genotypes.

48.7.1
Recent Approaches in Utilization of Genetic Variation

48.7.1.1 Association Genetics
Association mapping, a high-resolution method for mapping quantitative trait loci,
based on linkage disequilibrium, holds great promise for the dissection of complex
genetic traits. Most traits related to abiotic stress tolerance are controlled by multiple
quantitative trait loci. Genetic mapping and molecular characterization of these
functional loci would facilitate genome-aided breeding for stress tolerance. Two of
the most commonly used tools for dissecting complex traits are linkage analysis and
association mapping. Linkage analysis exploits the shared inheritance of functional
polymorphisms and adjacent markers within families or pedigrees of known
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ancestry. Linkage analysis in plants has been typically conducted with experimental
populations that are derived from a biparental cross. Although based on the same
fundamental principles of genetic recombination as linkage analysis, association
mapping examines this shared inheritance for a collection of individuals often with
unobserved ancestry. As the unobserved ancestry can extend thousands of genera-
tions, the shared inheritance will persist only for adjacent loci after these many
generations of recombination. Essentially, association mapping exploits historical
and evolutionary recombination at the population level [196]. By exploring deeper
population genealogy rather than family pedigree, associationmapping offers several
advantages over linkage analysis such as much higher mapping resolution, greater
allele number, broader reference population, and less research time in establishing
an association. Linkage analysis and association mapping, however, are comple-
mentary to each other in terms of providing prior knowledge, cross-validation, and
statistical power.

The linkage disequilibrium approach that forms the basis for associationmapping
is useful in identifying the genetic mechanisms responsible for abiotic stress
tolerance and their fine dissection. Linkage disequilibrium (LD) refers to the
nonrandom association of alleles between genetic loci. The core collection of sesame
representing the genetic variation in cultivated sesames [197] is a good source for
identifying the basic mechanisms contributing to abiotic stress tolerance in sesame.
The process is also useful in detection of molecular markers closely linked to the
genes of interest, thereby providing a mechanism to transfer the genes identified
from donors to recipients through marker-assisted breeding programs.

48.7.1.2 Phenomics
Precision of association analysis depends to a large extent on the accuracy of
phenotyping. Although enhanced yield of economically important product of a crop
is the ultimate target in crop breeding, yield as a trait is highly complex to be
deciphered in terms of effects of a gene or its allelic forms. Furthermore, association
analysis attempts to relate a product of expression to an allele. Therefore, accurate
estimation of gene effects is basic to the success of the approach. Association analysis
requires accurate �phenotyping� of genotypes on a scale larger than any breeding-
related analysis; hence, an approach such as �phenomics� is essential for unbiased
estimation of effects of genes [198]. State-of-the-art phenomics facilities such as the
Australian Plant Phenomics Facility with the Plant Accelerator involving the Waite
Campus of the University of Adelaide and the High Resolution Plant Phenomics
Centre involving CSIRO Plant Industry and the Australian National University in
Canberra have highlighted the scientific advantages of automation in large-scale
phenotyping in cropmodeling. Such facilities include infrared andRGB imaging and
other facilities to estimate total biomass, canopy temperature, and other features that
are useful in evaluating a plant response to environmental stress and impulses. Since
the procedures involved are nondestructive in nature, there is an added advantage for
carrying forward the genotypes selected.

Besides, molecular dissection of tolerance mechanisms in heterologous systems
that is an integral part of such approaches may lead to isolation of novel genes and
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promoters. These genes can be used to improve tolerance in cultivated species or
agronomically superior cultivars of sesame. Several genes for abiotic stress tolerance
such as codA, metD, tps1, mdh, hsp(s), acdS, and sigma factors and antioxidant
enzymes have been identified and utilized for development of transgenic crop plants.
Isolation of such genes and alleles from indigenous resources will enrich the gene
pool, which can further enhance both the transgenic and the conventional crop
breeding programs. Phenomics approach also enables us to understand the precise
molecular mechanism involved in conferring tolerance against different kinds of
abiotic stresses.

Breeders conventionally go for early selection for characters such as biotic stresses,
desirable plant type, and other yield-related traits. It is only at the advanced testing
stages that the entries are tested for abiotic stresses when their numbers have been
significantly reduced and are far from a complete representation of the initial
material. Therefore, the success for breeding abiotic stress-resistant genotypes has
been poor due to low selection intensity at this stage. The various reasons for having
apprehensions on selection at early stages range from the presence of fewer
differences between entries leading to reduction in the selection gain due to low
heritabilities and variance for yield traits under abiotic stresses as the yields fall. Also,
there are practical problems in selecting the best germplasm due to experiment-to-
experiment variation because of high genotype� environment interaction in stress
experiments. In addition, a general assumption that the high-yield entries in the
stress-free environments will have the increased grain yield potential under the
abiotic stress condition prevails. Finally but perhapsmost importantly, lack of interest
on the part of private seed sector for the resource-poor farmers due to their
commercial interest in favor of rich farmers prevails that in turn unfortunately
influences the public sector scientists also.

In addition to the constraints due to conventional breeding practices, the genetic
considerations for the lack of abiotic stress tolerance in the cultivated gene pool
cannot be ignored. Foremost among the genetic reasons is the founder effect that
results in the genetic bottleneck during domestication of the crop plants. Occurrence
of wild relatives as natural populations under the harsh environmental conditions in
case of most of the crop plants confirms the loss of useful alleles during
domestication.

Though the traditional/conventional approaches of plant breeding have contrib-
uted significantly to the increase in the crop productivity resulting in cultivars having
higher tolerance to biotic stresses and better plant types, there is need to adopt
modern biotechnological approaches for dealing with abiotic stresses as the success
stories in this aspect are rather few. The basic causes responsible for this shift
are [195] as follows:

1) Focus has been on yield rather than on specific traits.
2) Difficulties in breeding for tolerance traits as they are subjected to GXE

interactions.
3) Relatively infrequent use of simple physiological traits as measures of tolerance.
4) Desired traits can be used only from closely related taxa.
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48.8
Transgenic Approach

Transgenic approaches being employed for the transfer of abiotic stress tolerance to
other crops could be helpful in sesame. The use of transgenic approaches for
incorporation of useful genes often depends upon the efficient in vitro regeneration
protocols. However, a highly efficient regeneration protocol for sesame has yet to be
optimized. Several attempts have beenmade to develop efficient in vitro regeneration
and transformation protocols for sesame in the past decades. The first initiative was
taken by Govil and Singh [199] for haploid production using anthers. Whole plants
were obtained by shoot tip culture by Lee et al. [200]. Further studies using shoot tip as
explants resulted in callus [201], while multiple shoot buds to single plantlet were
obtained when shoot tips used were pretreated [202] or were supplemented with
kinetin in addition to BA [203]. Leaf segments as explants showed responses such as
adventitious shoot formation and rooting of shoots [204]. Using anther as explant
caused callus generation in most cases [205]. The use of hypocotyls and cotyledon
gave no callus even under various combinations of media [201], while Lee et al. [206]
were successful in attaining the callus stage. Adifferent attempt via protoplast culture
of hypocotyls also resulted in callus production [207]. Although, embryo-like struc-
tures and adventitious shoots were observed when reducing the concentration of
both NAA and BA from the earlier adopted ones [208, 209]. In addition, direct usage
of callus in protoplast culture also failed to generate plantlets and terminated at
callusing [210]. Rooting of the regenerated shoots also poses problem. Some success
was achieved by Takebayashi et al. [211], but the use of seedling or seed resulted only
in callus formation [212] and subsequent variations of explants aswounded cotyledon
lamina or deembryonate cotyledon as a whole ended up with multiple shoots [213,
214]. There is no report of standardized protocol for indirect regeneration of plants
from callus. Xu et al. [215] reported a low plant conversion rate from somatic embyos
that was followed by the report of induction of multiple shoots from nodal segments
with axillary buds [216]. Further progress in shoot regeneration has been achieved at a
maximum frequency of 63% and 4.4 shoots per regenerating explants [213]. Only
recently, internodal thin-cell layer culture was reported to produce efficient shoots
with rooting and establishment of 80% plantlets [217].

Success stories of Agrobacterium-mediated genetic transformation in sesame are
few. Ogasawara et al. [218] transformed sesame for increasing the yield of naphtho-
quinone by the means of Agrobacterium rhizogens ATCC 15834 mediated hairy root
culture. The use of A. tumefaciens by Taskin et al. [219] for expression of carrot
calmodulin gene in another species of sesame (S. schinzianum) has been
reported [220]. Production of recombinant proteins (a fungal protein, phytase) has
been achieved by sesame hairy root cultures [221]. Recently, successful recovery of
fertile transgenic plants was achieved using A. tumaefaciens strain with cotyledon
explants that displayed a transformation efficiency of 1.01% [222]. In view of the
above, any attempt to use transgenic technologies for incorporating abiotic stress in
sesame should prefer methods where the in vitro regeneration step is not needed.
This includes floral dip method where flowering shoots are swirled in a solution of
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Agrobacterium, resulting in the formation of transgenic seeds [223, 224]. Of the
various biolistic methods that involve physical DNA delivery, microprojectile bom-
bardment of tissues has also proven useful for transforming plants that lack good
regeneration systems [225]. Another method involving infection of apical meristem
of the differentiated embryo of the germinating seedling with Agrobacterium has
worked well in the recalcitrant cotton resulting in transgenic T1 plants [226].
However, in groundnuts infection of Agrobacterium after pricking of embryo axes
ofmature seedswith one excised cotyledon directly gave transformed seedlings [227].
Nevertheless, lack of protocols necessary for transgenic development in sesamemay
get compensated with extremely high genetic variability present in the cultivated
gene pool of sesame and its wild allies [5].

High-throughput technologies along with powerful bioinformatics tools are
proving useful to meet the challenges in understanding the abiotic stress tolerance
in more than one way. The �omics� approaches have opened up the genome, its
transcriptional products, regulatory networks, signaling pathways and their inter-
actions, and themetabolites involved in the entire gamut of stress tolerance spanning
from its perception, differential gene expression, and imparting protection from
damage caused due to abiotic stress. Therefore, the functional genomics approaches
involving transcriptome, interactome, and metabolome profiling of the plant sub-
jected to specific stress environment are required in sesame (Table 48.1).

Table 48.1 The generalized key steps, activities, and expected outputs involved during
incorporation of abiotic stress tolerance.

Key steps What needs to be done Output

Identification of trait
donor

Large-scale germplasm screen-
ing including wild relatives

Core/reference collection for
fine scale analysis

Phenomics for fine dissection of
underlying mechanism

Donors for specific mechanisms
of tolerance

Functional genomics Understanding the natural
mechanisms and pathways

Association genetics SNPs for specific traits
Genome-wide approach Allelic variations for specific

mechanisms
Candidate gene approach Marker tags for specific traits
Allele mining Superior/elite germplasm for

direct utilization
Gene mapping and marker
tagging

Understanding the
mechanism of tolerance

Functional genomics Identification of genes/path-
ways/networks for tolerance

Systems biology approach
Incorporation of the
stress tolerance

Conventional back cross
breeding

Abiotic stress resistant varieties

Marker assisted breeding
Transgenic approach
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Research efforts on incorporation of abiotic tolerance in sesame can greatly benefit
from the lessons learnt from other crops where considerable progress has already
been made. The studies on large number of crops indicate that pathways and gene
networks between different abiotic stresses overlap significantly. On the other hand,
managing tolerance to one type of stress can result inmaking the plants susceptible to
other type of stress due to opposingphysiological andmolecular processes. Thorough
investigations into the individual stress response may contribute to the understand-
ing of the basic mechanisms involved, but would be largely unsuccessful in
translating this knowledge for developing genotypes that exhibit superior perfor-
mance in the field. Therefore, there is need to study the multiple stresses simul-
taneously in various combinations. In addition, due consideration needs to be given
to the phenology-related parameters of the plant also as similar stresses are known to
affect plants with different life cycle differently.

Research efforts and funds to �orphan� crops such as sesame that go beyond the
mere increase in crop yields deserve special emphasis as they are crucial for food and
nutritional security on a regional or local basis. Though gross economic and welfare
impacts of investmentsmade in crops such as sesamemay appear to give low returns,
the alternative indicators such as promotion of crop and genetic diversity leading to
overall agricultural stability highlight the urgent need to pay attention to these
crops [228]. In addition, an understanding of the basic mechanisms of the unique
traits lacking in major plants and model systems such as extraordinary antioxidative
ability of sesame seed oil, drought tolerance, ability to accumulate heavy metals, and
so on can be utilized for the improvement of major cops subsequently.
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49
Jatropha curcas: Approaches to Engineer Fatty Acid
Synthesis and Abiotic Stress Tolerance
Nalini Eswaran and Tangirala Sudhakar Johnson

Owing to volatile crude oil prices, increased demand for transportation fuel in
emerging economies, and changes in global climatic conditions, it is widely agreed
that more sustainable alternative energy sources need to be developed in the near
future. Jatropha curcas, a member of Euphorbiaceae, is emerging as the most
promising tree-borne oil seed as a source of biodiesel as it does not compete with
conventional food crops and has a lipid composition similar to that of fossil fuel.
However, nonavailability of improved varieties and production under semiarid
conditions marred the prospects of being a successful energy crop. In this review,
we present the progress and genetic engineering approaches toward the improve-
ment of two important traits, namely, fatty acid synthesis and abiotic stress tolerance.
Integration of �omics� approach for identifying key regulatory elements, genes, with
metabolic engineering is essential to realize the full potential of Jatropha curcas as an
energy crop.

49.1
Introduction

Increase in crude oil prices, global warming, and limited reserves of fossil fuels
underlined the importance of renewable and alternative energy sources such as
biofuel. Among biofuels, bioethanol and biodiesel are considered thefirst-generation
fuels, which are progressively contributing to the decrease in dependency on fossil
fuel. The keen interest in biofuels is mainly driven both by climate change issues,
aiming to reduce carbon emissions, and by geopolitical issues, aiming to reduce
nations� dependence on fossil fuels. Biofuel production holds significant economic,
social (food security and local empowerment), and environmental risks (such as loss
of biodiversity and water shortage). Research on the use of vegetable oils as a diesel
fuel has been intense during periods of petroleum shortages such as World Wars I
and II and the energy crisis of the 1970s [1]. Many countries are using edible oil-seed
crops such as soybean, groundnut, sunflower, and oil palm for producing biodiesel.
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Table 49.1 summarizes woody oil plant resources for biodiesel production. The
European Union is the global leader in biodiesel production and use, with Germany
and France accounting for 88% of world production, followed by the United States,
which produces 8% of global production [2, 3]. As a feedstock, about 84% of the
world�s biodiesel production comes from rapeseed oil. However, a prolonged use of
such edible oil in many developing countries will lead to shortage of food, especially
to the poor, by adversely affecting food supplies and prices. Moreover, agricultural
land or lands that are valuable for biodiversitymay also be used for cultivating biofuel
crops creating a severe competition with food crops [3].

In this context, primary thrust is on exploitation of underutilized nonedible oil
crops as a feedstock for biodiesel production. There are many such nonedible
oleaginous plants such as neem (Azadirachta indicaA.), karanja (Pongamia pinnata

Table 49.1 Characteristics of the main oil crops for biodiesel production (adapted from Ref. [3],
reprinted with kind permission from ASA, CSSA, and SSSA Book Publishing).

Plant species Source of oil Oil content (%)

Aconitum flavum Seed 46.9
Arachis hypogaea (peanut) Kernel 40–43
Attalea speciosa Seed 66.0
A. indica (neem) Kernel 25–45
Brassica spp. (canola) Seed 40–48
Calophyllum inophyllum Kernel 75
Carthamus tinctorius (safflower) Seed 32–40
Cocos nucifera (coconut) Fruit 55–60
Elaeis guineensis Kernel 45–55
Garcinia indica Kernel 41
Glycine max (soybean) Seed 20
Helianthus annus (Sunflower) Seed 38–48
Hevea brasiliensis Seed 40
J. curcas Seed 25–40
Madhuca pasquieri Kernel 46.6
M. phillippinensis Seed 60
Mesua ferra Seed 70
Persea americana (avocado) Fruit 7–35
P. pinanta Seed 25–40
R. communis (castor) Seed 45-48
S. album (sandalwood) Kernel 62.6
Salvadora Seed 40
Sesamum indicum Seed 51
Shorea robusta Kernel 18
Simarouba glauca seed 65
Simmondsia chinensis (Jojoba) seed 54
Terminalia catappa Kernel 59
Thevetia peruviana Kernel 72.4
Vernicia montana Kernel 52.5
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L.), mahua (Madhuca spp.), castor bean (Ricinus communis L.), simarouba (Simar-
ouba glaucaDC.), physic nut (Jatropha curcas L.), and so on [4]. Among these crops,
J. curcas has gained importance since it is a nonfood plant, it does not put any
pressure on food supply, and it can be cultivated on wasteland instead of agricul-
tural land.

J. curcas, a perennial shrub, belonging to theEuphorbiaceae family is one of the 170
known species of the genus Jatropha. J. curcas thought to have been native of South
America is widely distributed in the wild or semicultivated areas in Africa, Asia, and
parts of Europe. J. curcas is a shrub that can reach a height of 8–10m. The plant root
system proceeds through the development of a main taproot and four shallow lateral
roots. It typically grows between a temperature range of 15–40 �C with a rainfall
between 250 and 3000mm. However, it is an open field plant species that requires
intense sunshine. J. curcas is well adapted to arid and semiarid climates with a
demonstrated ability to drought tolerance. It can also grow on a wide range of soils
provided they are well drained and aerated. Seeds contain 30–35% nonedible oil that
can be easily converted to biodiesel thatmeets theAmerican andEuropean standards.
The profile of fatty acid composition is C14:0 (1.4%), C16:0 (15.6%), C18:0 (9.7%),
C18:1 (40.8%), C18:2 (32.1%), and C20:0 (0.4%). The seeds can also be used for
manufacturing other useful products such as candles, high-quality soaps, and
cosmetics as well as for healing several skin disorders. Because of its several
industrial and medicinal uses, initial investments toward commercial-scale planta-
tions of this plant are under process. As per the Indian planting system, tree density
for commercial cultivation is 2500 ha�1. The total seed production ranges from 2000
to 4000 kg ha�1 depending on the genotype.

49.2
Industry Participation in Basic Research and Cultivation of Jatropha

Considering its importance, several companies from many countries all over the
world have been involved in the development and propagation of J. curcas large-scale
plantation ventures and basic research. In India, DaimlerChrysler AG has been
involved in Jatropha research since 2003 in collaboration with an Indian research
institution on J. curcas cultivation along 2500 km of Indian railroads. Experiments
have been conducted along with Central Salt and Marine Chemicals Research
Institute (CSMCRI) located in Gujarat in India and University of Hohenheim,
Germany. Many companies such as Australia�s Mission New Energy Ltd. have
invested in India and have taken the initiative for feedstock procurement. The
Chinese government is also playing an active role in the development of these
biofuels. Chinese oil companies such as China National Petroleum Corporation
(CNPC), China Petroleum and Chemical Corporation (SINOPEC), and China
National Offshore Oil Corporation (CNOOC) are involved in large-scale investments
for plantations of J. curcas in provinces of Sichuan, Yunnan, Guizhou, Guangxi,
Guangdong, and Hainan. Major commercial airlines are also joining in to boost the
biofuel market. Air New Zealand, British Airways, Virgin Atlantic Airways, Japan
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Airlines, Boeing Company, and Pratt &Whitney are some of the companies that are
planning and conducting test flights using biofuelsmade of J. curcas. There are also a
number of J. curcas plantation development programs being run by Japanese
companies such as Nippon Biodiesel Fuel Co. Ltd., IS Corporation Ltd., and Japanese
Bioenergy Development Corporation [5]. Toyota Tsusho Corporation, the parent
company of Toyota Motor Corporation, is investing in the cultivation of Jatropha,
which Toyota intends to refine into biodiesel. Carbon Credited Farming (CCF) joined
hands with Crest Global Green Energy to develop Jatropha plantations in Mali and
Senegal. NASA recently experimentedwith accelerating the production and breeding
process of Jatropha by sending Jatropha cells and cultures to space in Endeavor Space
Shuttle. NASA�s decision to experiment with accelerating the production process of
Jatropha-based biofuels underscores the validity and urgent need for the production
and mass implementation of biofuels in the marketplace.

In India, Indian Oil Corporation and Ruchi Soya Industries have forged
a partnership to establish 50 000 ha of Jatropha plantations and a 31.5 Mgy
(119 million L) biodiesel plant. General Motors and the US Department of Energy
(DOE) have formalized a 5 year partnershipwith India�s CSMCRI to develop Jatropha
as a sustainable biofuel energy crop. The goal of the project is to explore the
development of new varieties of the plant that have high yields and can withstand
adverse environmental conditions.

Tata Chemicals Ltd. partnered with JOil, a Singapore-based Jatropha seedling
company, to invest US$ 25million for the production of quality seedlings for its own
cultivation in India and East Africa. JOil has been set up by the Temasek Life Sciences
Laboratory in Singapore. The other companies involved in J. curcas cultivation are
Viridas plc. (www.viridasplc.com), Energem Resources Inc. (www.energem.com),
and Genetwister (http://www.Genetwister.com).

S.G. Biofuels, a California-based company, has invested in J. curcas plantations
in Latin and Central America. In 2010, they launched JMax 100 cultivar optimized
for growing conditions in Guatemala with yields 100% greater than existing
varieties. S.G. Biofuels is applying 1.6 million SNP markers for J. curcas toward
the development of marker-assisted selection (MAS) methods to produce elite, high-
performing cultivars. The company claims to have more than 12 000 unique
genotypes of Jatropha, the largest and most diverse library of Jatropha genotypes
in the world.

In Indonesia, the cultivation of J. curcas as a biodiesel crop was started by a
company called P.T. Agrila in 2003 on the island of Lombok. It experienced a boom in
cultivation when the crude oil prices went up in 2006. In 2006, the Indonesian
government announced the �Blueprint: Biofuel development� as a measure against
poverty and unemployment. Under the program, it was planned that 500 000 people
would be employed and 7.5million ton of J. curcas oil would be produced in 2010 and
1million peoplewould be employed and 15 000 000 ton of crude Jatropha oil would be
produced by 2015. Myanmar is also emphasizing the development of J. curcas as a
biodiesel crop and had planned to cultivate 2.3 million ha by 2010 [5].

The present interest by various public and private sector companies highlights the
importance of Jatropha biodiesel as a source of alternative energy source.
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49.3
Projections of Jatropha Cultivation

The International Jatropha Organization has announced cultivation plans and
projections for different countries in each part of the world over the next 10 years.
It claims that by 2017 there will be 32.72 million ha of land cultivated with J. curcas
worldwide producing 160 million ton of seeds. According to this organization�s
projections for Asia, the cultivation plans of China, India, Indonesia, and Myanmar
are the most prominent [5]. The cultivation in Asia is the highest at 31.2 million ha,
followed by Africa at 1.36 million ha, Middle East at 0.1 million ha, and Latin and
Oceania with 1000 ha each.

49.4
Challenges for Commercial-Level Success

According to an analysis by Weyerhaeuser et al. [6] the challenges for developing
viable markets for Jatropha oil are considerable. The highlights are as follows:

. Ensuring sufficient quantity and quality of available, nonagricultural and non-
forest land to meet a reasonable scale of feedstock demand;

. Building institutions that facilitate between smallholder farmers upstream and
the oil and biodiesel processing industries downstream;

. Determining minimum efficient scales for Jatropha growing and processing;

. Coordinating the timing of government investments in Jatropha research with
the speed of the Jatropha biodiesel industry�s development, and ensuring that
the scale of implementation matches the appropriate scale suggested by
research results.

49.5
Target Traits for J. Curcas Crop Improvement

J. curcas chromosomes are very small in size with most species having 22 chromo-
somes. It has been an attractive crop for whole-genome sequencing due to itsmodest
genome size of 416 Mbp [7]. Synthetic Genomics Inc. (SGI) and Asiatic Center for
Genome Technology (ACGT) have announced the completion of the first draft of
sequencing project. Sequencing revealed that J. curcas has 400 million bp, which is
similar to rice. Almost at the same time, Sato et al. [8] reported whole-genome
sequencing by a combination of Sangermethod and454next-generation sequencing.
Sequencing the genome of J. curcaswill be useful in identifying genes of interest and
provide information on factors controlling oil synthesis,maximizing yield, biotic and
abiotic stress tolerance, and different toxins [8].

Genetic transformation studies using Agrobacterium [9, 10] and particle bombard-
ment [11] have been reported. A number of traits have been identified for J. curcas
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crop improvement; the traits such as seed yield, oil content, seed toxicity, female to
male flower ratio, increase in branching, early flowering, synchronous maturity,
and adaptation to abiotic stresses are considered relevant for the success of the
commercial-scale plantations [12]. Improvement in seed yield could be achieved by
increasing the ratio of female flowers [12]. Increased seed yield was achieved
by increasing the ratio of lateral branches [13] and by application of paclobutrazol,
a growth regulator [14]. Yield loss due to pests such as Scutellera nobilis and Pempelia
morosalishas also been observed in some Jatrophamonocultures. Pest- and pathogen-
resistant varieties can considerably increase yields.

49.6
Fatty Acid Biosynthesis and Abiotic Stress Tolerance in J. Curcas

49.6.1
Fatty Acid Biosynthesis Genes

Identification of cDNAs involved in fatty acid biosynthesis and biotic/abiotic stresses
through EST profiling is becoming popular and has gained importance. Costa
et al. [15] generated 13 249 ESTs from developing and germinating J. curcas seeds.
This enabled them to detect major key genes involved in lipid synthesis and
degradation. Among the most abundantly expressed transcripts they found tran-
scripts related to breakdown of the oil and carbohydrate reserves such as acetyl-CoA
C-acyltransferase. Most ESTs coding for fatty acid biosynthesis enzymes, for exam-
ple, FatA, FatB,ACC, FAD2,KAS I,KAS II, and so on (acyl-ACP thioesterase A, acyl-
ACP thioesterase B, acetyl-CoA carboxylase, oleoyl-ACP desaturase, ketoacyl-ACP
synthase I, and ketoacyl-ACP synthase II, respectively) were found in developing
seeds and for fatty acid degradation pathway, FADA, ATOB, ADH, ACADM, and so
on (aceyl-CoA acyltransferase, acetyl-CoA C-acetyl transferase, alcohol dehydroge-
nase, and acyl-CoA dehrdogenase, respectively) were found in germinating seeds of
J. curcas. The most important enzyme was found to be oleoyl-ACP desaturase (FAD)
that catalyzes the polyunsaturation of oleoyl-ACP (18: 1) to linoleoyl-ACP (18: 2).
Since oleic and linoleic acids are the major constituents of J. curcas oil, this enzyme
can be used for modulation of oil composition [15].

On similar lines, Gomes et al. [16] studied the expression levels of four genes
(palmitoyl-acyl carrier protein thioesterase, 3-ketoacyl-CoA thiolase B, lysophospha-
tidic acid acyl transferase, and geranyl pyrophosphate synthase) involved in pathways
of biosynthesis of fatty acids, biosynthesis of unsaturated fatty acid, glycerolipid
metabolism, and biosynthesis of terpenoid backbones, respectively. The genes were
more expressed in fruits than in leaves. This information can be useful for selective
breeding for traits in relation to biodiesel production and low-phorbol varieties [16].
Knowledge of expression overview of multiple genes involved in oil biosynthesis
from different stages and tissues of J. curcas is the approach adopted by Xu et al. [17].
In their study, they analyzed the expression profiles of 21 genes involved in different
steps of the pathway leading to fatty acid andTAG synthesis at different time points of
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seed development and compared it with leaf. They found the expression levels of 17
genes significantly higher in seeds compared to leaves. In a very recent study,
Popluechai et al. [18] studied the proteome composition of oil bodies in the seed of
J. curcas. The study revealed oleosins as themajor component and additional proteins
similar to those in other oil seed.

Several reports have been published to identify genes involved in the fatty acid
biosynthesis pathway and that can be used to produce transgenic Jatropha plants to
obtain new improved varieties with increased oil content. Increasing the oil content
in seeds can be achieved by altering the expression levels of enzymes in the
triacylglycerol (TAG) biosynthetic (Kennedy) pathway. Overexpression of diacylgly-
cerol acyl transferases has been shown to increase oil content in Arabidopsis [19] and
soybean [20]. The regulation of seed development and TAGbiosynthesis in seeds has
been studied in some depth [21]. Stearoyl-acyl carrier protein desaturase is an
important enzyme for fatty acid biosynthesis in higher plants, which determines
the ratio of saturated to unsaturated fatty acids. Tong et al. cloned the above gene from
developing seeds of J. curcas and functionally expressed it in Eshcerichia coli [22].
Furthermore, b-ketoacyl-acyl carrier protein (ACP) synthase III (KAS III) is believed
to be involved in carbon chain elongation. Li et al. clonedKAS III from J. curcas, which
they termed JcKASIII [23]. The authors concluded that the study might help in
understanding fatty acid biosynthesis in J. curcas. Likewise, gene involved in
termination of carbon chain elongation was studied. Wu et al. cloned JcFATB1 from
J. curcas, which encodes a putative acyl-ACP TE (involved in termination of carbon
chain). When JcFATB1 was cloned in Arabidopsis thaliana, the saturated fatty acid
content increased [24]. These results indicate that JcFATB1 might have a role in
altering the fatty acid composition.

Lipid profiling of developing seeds of J. curcas was carried out using 1H NMR
spectroscopy [25]. The oil content in seed samples ranged from 0.3 to 24.9%, lowest
being at stage I (7 days after pollination) and highest at stage IV (32 days after
pollination). Itwas concluded that free fatty acids (FFA) contributed predominantly to
the total lipids in early stages of development, whereas these were replaced by
triglycerol esters at the maturing stages.

Acetyl CoA carboxylase (ACCase) is biotinylated enzyme that catalyzes the ATP-
dependent carboxylation of acetyl CoA to form malonyl CoA. This is the first
committed step in the biosynthesis of fatty acids. A full-length cDNA of the carboxyl
transferase (accA) gene of ACCase from J. curcas was cloned by Xie et al. [26].
Fluorogenic real-time polymerase chain reaction (RT-PCR) studies on fruits showed
a significant increase in accA activities under dark condition compared to the control.
The findings suggested that the expression levels of the accA gene are closely related
to the growth conditions and developmental stages in the leaves and fruits of J. curcas.

Seed oil of J. curcas is also a source of toxins such as phorbol esters and curcin [27].
Phorbol esters have certain beneficial effects as well. Reports indicated that phorbol
esters exhibit insecticidal and molluscicidal activities [27]. Lin et al. characterized
gene 3-hydroxy-3-methylglutaryl coenzyme A reductase (JcHMGR) from J. curcas.
JcHMGR acts as one of the key regulatory enzymes for phorbol esters biosynthesis
in the cytosolic mevalonic acid pathway. Therefore, JcHMGR may be a target gene
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inmetabolic engineering to alter the content of phorbol estrers [27]. On similar lines,
another gene encoding geranylgeranyl diphosphate synthase (Jc-GGPPS) was also
cloned and characterized [28]. The genewas involved inmediating the biosynthesis of
carotenoid and general precursor for diterpenes� biosynthesis. The results provide
insight into regulation of phorbol ester biosynthesis in J. curcas. A number of studies
have indicated that it is possible to increase the oil content of seeds by manipulating
of the expression levels of key regulators of seed oil accumulation. For example,
disruption of the homeobox gene GLABRA2 led to increased oil content in
Arabidopsis [29] and overexpression of soybean transcription factor GmDOF4 and
GmDOF11 in Arabidopsis has also been shown to result in increased oil content [30].
The partial lists of genes cloned that are involved in fatty acid biosynthesis have been
summarized in Table 49.2.

49.6.2
Genes Associated with Abiotic Stress Tolerance

J. curcas is capable of growing under arid and semiarid regions on marginal lands.
However, under these conditions, it is known to complete its life cycle without
commercially acceptable yields. To understand and characterize the genes involved
during abiotic stress conditions, Eswaran et al. [31] developed functional genetic
screen using shs (salt hypersensitive)mutant of yeast. Initially, three shsmutants have
been generated by random mutagenesis that exhibited growth retardation beyond

Table 49.2 Partial list of genes cloned and characterized in J. curcas. Some of the genes have role in
fatty acid synthesis.

No. Name of gene Length (bp) References

1. Aquaporin 843 [34]
2. 3-Hydroxy-3-methylglutaryl coenzyme A 1950 [27]
3. Geranylgeranyl diphosphate synthase 1110 [28]
4. Curcin 2 927 [51]
5. JcERF 774 [43]
6. Betaine aldehyde dehydrogenase 1509 [35]
7. Curcin 882 [36]
8. b-ketoacyl-acyl carrier protein synthase III 1203 [9]
9. JcFATB1 1257 [24]
10. Stearoyl-acyl carrier protein desaturase 1191 [22]
11. Plastidial v3 fatty acid desaturase 1368 [46]
12. Superoxide dismutase [39, 40, 46]
13. Peroxidase [39, 40, 46]
14. Catalase [39, 40, 46]
15. Phenylalaline ammonia-lyase [39, 40, 46]
16. Carboxyl transferase or ACCase 1149 [26]
17. Allene oxide cyclase 924 [48]
18. Phospholipase D 2427 [49]
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500mMNaCl. Thesemutants have beenused to screen cDNA library generated from
salt stressed roots of J. curcas (Figure 49.1). The authors obtained several full-length
functional genes expressed in response to abiotic stress conditions (Table 49.3). Gene
expression analysis of five selected genes in leaf and root tissues of J. curcas was
studied in order to correlate gene expression pattern under imposed stress condi-
tions [31]. The selected genes were late-embryogenesis abundant protein-5 (LEA-5),
cytosolic ascorbate peroxidase (Apx-1), metallothionein, profilin, and annexin. Anal-
ysis of the gene expression data suggests dynamic changes in the transcript
abundance of these genes, with changes in transcript level being apparent from
2h time point, indicating an early regulation of the genes in response to salt stress.
Gene expression of the normalized transcripts suggests both upregulation and
repression of these transcripts. Increased expression of profilin was noted in root
tissue between 2 and 8 h time points of exposure to 150mM salt stress, whereas in
leaves profilin transcript was repressed (Figure 49.2a and b), consistent with
previously reported function during salt stress [32]. Furthermore, in contrast, an
initial repression was observed in the expression of annexin that was subsequently
induced in the root tissue, while the expressionwas downregulated upon salt stress in
the leaves (Figure 49.2a and b). Transcript abundance in the levels of Apx-1 and
metallothionein were downregulated in roots, while a more dynamic expression
pattern was observed in the leaf tissues, implicating a role in stress-adaptive

Figure 49.1 Screening and functional
evaluation of J. curcas genes in salt-
hypersensitive (shs-2) yeast mutant. shs-2
mutants were selected by randommutagenesis
that has salt sensitivity beyond 500mM NaCl,
whereas plasmids containing stress-tolerant
genes can grow under high salt (750mMNaCl)
in synthetic media. (a) Growth of shs-2 mutant
(filled circle) at 0mM NaCl. (b) Arrest of the

shs-2 mutant growth was seen at high salt level
(filled circle), whereas plasmids containing late-
embryogenesis abundant protein-5 (235),
cytosolic ascorbate peroxidase-1 (392), and
metallothionein (513) were found growing
under high salt conditions. This screen provides
evidence for rapid screening of cDNA library of
J. curcas for abiotic stress-tolerant genes using
yeast mutants (adapted from Ref. [31]).
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responses. Among the transcripts profiled in this study, only LEA-5 was upregulated
in leaves at the 8 h time interval, after initial downregulation at the 2 h time point,
while in roots LEA-5 expression was unaffected under salt stress. Such an induction
of LEA-5 in leaf tissue demonstrated either a longer-range signal or the terminal
effects of long exposure to ions taken by the roots. Further experiments are required
to delineate these effects. The limited gene expression data, indirectly suggests varied
modes of gene regulation between the root and the leaf tissue in J. curcas
(Figure 49.2a and b). The data indicates a complex framework for gene regulation
during adaptation to salt stress in different tissues.

Aquaporins are membrane proteins or major intrinsic proteins (MIPs) that form
water channels or pores in biological cell membranes, controlling the water content
of the cells. These channels are widely distributed in all kingdoms of life including

Table 49.3 Cloning of abiotic stress-responsive genes derived from salt-stressed root cDNA library
of J. curcas [31].

No. Function of the gene Length of
gene (bp)

GenBank
Accession No.

1. Allene oxide cyclase 777 FJ489601
2. Thioredoxin H-type (TRX-h) 357 FJ489602
3. Metallothionein 234 FJ489603
4. Heterotrophic ferredoxin 492 FJ489604
5. Defensin 234 FJ489605
6. Calmodulin-7 (CAM-7) 810 FJ489606
7. Major allergen Pru ar1-like protein 495 FJ489607
8. S18.A ribosomal protein 495 FJ489608
9. 60S ribosomal protein L18a 537 FJ489609
10. Protease inhibitor/seed storage/lipid

transfer protein family
348 FJ489610

11. Membrane protein -2 189 FJ619041
12. Late-embryogenesis abundant protein 5 267 FJ619042
13. Cold-induced plasma membrane protein 174 FJ619043
14. Cytosolic ascorbate peroxidase -1 (Apx-1) 753 FJ619044
15. Profilin-like protein 384 FJ619045
16. Caffeoyl-CoA-O-methyltransferase (CCoAOMT) 741 FJ619046
17. Eukaryotic translation initiation factor SUI1 381 FJ619047
18. Copper chaperone 282 FJ619048
19. Ubiquitin conjugating enzyme 2 (JcE2) 447 FJ619049
20. Mitochondrial ATP synthase 6 KD subunit (JcMtATP6) 171 FJ619050
21. Ferritin-2, chloroplast precursor 771 FJ619051
22. Annexin-like protein 945 FJ619052
23. Al-induced protein 711 FJ619053
24. Avr9/cf-9 rapidly elicited (JcACRE) gene 231 FJ619054
25. 40S ribosomal protein S15 456 FJ623457
26. Plant lipid transfer/seed storage/trypsin-alpha

amylase inhibitor
306 FJ623459

27. Low molecular weight cysteine-rich 69 234 FJ623460
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Figure 49.2 (a) Semiquantitative RT-PCR
expression analysis of five different genes of
J. curcas in root tissue after treating J. curcas
seedlings with 150mM NaCl. Semiquantitative
RT-PCR was performed at 0 h, 2 h, and 8 h of
exposure to NaCl. Apx-1, cytosolic ascorbate
peroxidase-1;Mth, metallothionein; LEA-5, late-
embryogenesis abundant protein-5. Bars
represent SE of mean (adapted from Ref. [31]).

(b) Semiquantitative RT-PCR expression
analysis of five different genes of J. curcas in leaf
tissue after treating J. curcas seedlings with
150mM NaCl. Semiquantitative RT-PCR was
performed at 0 h, 2 h, and 8 h of exposure to
NaCl. Apx-1, cytosolic ascorbate peroxidase-1;
Mth, metallothionein; LEA-5, late-
embryogenesis abundant protein-5. Bars
represent SE of mean (adapted from Ref. [31]).
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bacteria, plants, and mammals [33]. In plants, aquaporins are present in multiple
isoforms.Aquaporins are thought to be involved inplant adaptation to drought stress,
controlling transmembrane water movement in plants. In order to study the role of
aquaporin in drought stress, a full-length cDNA encoding aquaporin (JcPIP2) was
isolated from seedlings of J. curcas. Heavy drought conditions were induced by
PEG6000 to study its role. It was observed thatwith increasing levels of drought stress
JcPIP2 level increased indicating its role in drought resistance [34]. The presence of
aquaporins is considered to play an important role in the rapid growth of J. curcas
under dry weather conditions. In another study, betaine aldehyde dehydrogenase
(BADH) gene called JcBD1 (cloned by RT-PCR and RACE techniques) has been
isolated from J. curcas [35]. Itwas observed that JcBD1gene transcript levelswere 79%
higher in case of plants exposed to drought, salt, and heat stress compared to control
plants, indicating its role in all three abiotic stress tolerance. Functional expression of
JcBD1 in E. coli conferred resistance to salt stress [35].

J. curcas is known to be a toxic plant. Curcin, a ribosome inactivating protein (RIP),
was found in the seeds of this plant. The full-length curcin gene has been cloned and
sequenced [36]. In one study, curcin-L, a type I RIP, was isolated from J. curcas. Its
expression could be induced in leaves by administering treatmentswith abscisic acid,
salicylic acid, PEG, temperature (45 �C), and ultraviolet radiation. The gene tran-
scripts were not detected in stem, roots, and seeds. A 654 bp fragment of a 50 flanking
region preceding the curcin-L gene, designatedCP2, was cloned from J. curcas and its
expression was studied in transgenic tobacco via the expression of b-glucuronidase
(GUS) gene. It was found that CP2 was leaf specific and could induce the expression
of the reporter gene under stress conditions [37].

In another study recently conducted on seedlings of J. curcas treated with
increasing concentrations of NaCl, it was found that superoxide dismutase (SOD)
activity in the cotyledons, hypocotyls, and radicles increased gradually up to NaCl
concentrations of 150, 200, and 150mmol by 70.8%, 86.8%, and 72.8%, respectively,
compared to controls [38]. SOD is one of the several important antioxidant enzymes
with the ability to repair oxidative damage caused by reactive oxyzen species (ROS).
Similarly, peroxidase (POD) activity in the cotyledons, hypocotyls, and radicles was
highest at NaCl concentrations of 150, 200, and 150mmol by 52, 122.2, and 62.2%,
respectively, compared to controls. POD is involved in various processes including
lignification, auxinmetabolism, salt tolerance, andheavymetal stress. Catalase (CAT)
activity in cotyledons, hypocotyls, and radicles increased gradually up to NaCl
concentrations of 100, 200, and 150mmol by 75.4, 246.9, and 588.1%, respectively,
compared to controls. CAT,which is involved in the degradationof hydrogenperoxide
into water and oxyzen, is the most effective antioxidant enzyme against oxidative
damage. Therefore, increased activity of CAT along with SOD and POD plays an
important role inROSscavengingprocess and salt-induced oxidative stress tolerance.
Another enzyme phenyalanine ammonia-lyase (PAL), a marker in environmental
stress also showed increased activity in cotyledons, hypocotyls, and radicles at NaCl
concentrations of 150, 200, and 150mmol, respectively, compared to controls [38].

Effect of high concentrations of metals such as nickel, zinc, and lead was studied.
Reports indicate high concentration of nickel (100, 200, 400, and 800 mmol) (heavy
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metal stress) on J. curcas seedlings is correlated with the activity levels of SOD, POD,
CAT, and PAL antioxidant enzymes. It was found that the activity of SOD, POD, and
CAT had a negative correlation with nickel concentrations with the activity highest at
400, 200, and 200 mmol of nickel. PAL had a positive correlation with the highest
activity at 400 mmol of nickel. Hence, the lower nickel concentrations and higher
SOD, POD, CAT, and PAL activities suggest the tolerance capacity to protect the plant
from oxidative damage due to heavy metal stress [39]. Effect of different zinc
concentrations on J. curcas seedlings and its influence on antioxidant enzymes such
as SOD, POD, CAT, and PAL have also been reported [40]. Authors found that the
biomass of cotyledons, hypocotyls, and radicles was increased with increasing
concentrations of zinc. SOD and POD activity was increased gradually with the
increase in zinc concentrations. CAT activity in cotyledons, hypocotyls, and radicles
reached the largest increments at the zinc concentrations of 0.5, 2, and 0.5mM,
respectively. A similar trend was observed in case of PAL activity when compared to
CAT.Hence, it is seen that SOD, POD, CAT, and PALmay also play an important role
in the defense mechanisms of J. curcas exposed to excess metal [40]. In another
similarfinding, it was reported that increased SOD,POD, andPAL activity is involved
in the defense mechanism of J. curcas radicles against lead toxicity [41]. Changes in
protein content, SOD, CAT, POD, and PAL in J. curcas seedlings showed a clear
correlation with copper concentrations. The results of this study also show that the
ability of J. curcas to cope with metal stress depends on oxidative stress defense
mechanisms [42].

Transcription factors and regulatory elements have amajor role inmanipulation of
the expression of key genes during abiotic stress tolerance andhas been amajor focus
of study. Tang et al. [43] characterized JcERF gene, a putative AP2/EREBP domain
containing transcription factor, from J. curcas. TheAP2/EREBP proteins in plants are
the largest transcription factor family having a role in plant development and
responses to ethylene, disease, and other biotic and abiotic stresses. In J. curcas,
it was noticed that expression of the JcERF gene was rapidly induced upon salinity,
drought, ethylene, and mechanical wounding proving that in J. curcas the gene has a
role in tolerance to abiotic stresses. Photosynthetic characteristics and chlorophyll
fluorescence parameters have also been studied in J. curcas under drought stress [44]
and cold stress [45]. Under drought stress, it was observed that when treated with
lower concentrations (�15%) of PEG, the photosynthetic rate (Pn), stomatal con-
ductance (Gs), and intercellular carbon dioxide concentration (Ci) of the seedlings
decreased with increasing PEG concentration, while the chlorophyll fluorescence
parameters did not change. There was a drop in PSII activity. When drought stress
was removed, there was recovery of PSII activity. The results demonstrated that
J. curcas has strong tolerance to drought stress [44]. Similarly, under cold stress (4 �C)
eight photosynthesis-related proteins significantly changed. The chlorophyll fluo-
rescence parameters were also sensitive to cold stress. There was a correlation
between photosynthesis-related proteins and chlorophyll fluorescence parameters
indicating that the early-stage (0–12 h) acclimation of PSII and the late-stage (after
24 h) H2O2 scavenging might be involved in cold response mechanisms in
J. curcas [45].
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Guo et al. [46] cloned a plastidal v3 fatty acid desaturase gene from leaves of J.
curcas, which is involved in the synthesis of trienoic fatty acids. It is known that high
v3 fatty acid content in leaves can increase the plant�s tolerance to cold stress. Hence,
by identifying this gene in J. curcas it will be useful to understand the molecular
mechanism of cold tolerance in J. curcas and will help in future to improve its
tolerance to cold stress. It is known that soil alkalinity can also be a stress to plants.
When the effect of alkalinity (Na2CO3 0.1, 0.2, 0.3, 0.4, and 0.5%) was studied on J.
curcas seedlings, it was observed that increase in alkalinity caused reduction in
growth. But when some beneficial microbes (Azotobacter microfoss and arbuscular
mycorrhizal fungi (AMF)) were added in combinations, it was observed that different
combinations of these microbes with 0.4% sodium carbonate increased the survival
percentages compared to control plants. The combination of AM fungi and Azoto-
bacter increased plant height, shoot diameter, shoot dry weight, leaf relative water
content, and soluble sugar content and decreased level of soluble protein at 0.4% of
Na2CO3 compared to other treatments [47].

Allene oxide cyclase (AOC) is a key enzyme in jasmonates biosynthesis pathway. A
cDNA encoding AOC, from J. curcas named JcAOC has been cloned [48]. Semi-
quantitative RT-PCR analysis revealed that JcAOC mRNA was expressed in roots,
stems, leaves, young seeds, endosperms, and flowers, but that the expression level
was highest in leaves and lowest in seeds, and mRNA expression of JcAOC could be
induced by salt stress (300mMNaCl) and low temperature (4 �C) [48]. Phospholipase
D (PLD) is a key enzyme in plants involved in phospholipid catabolism, initiating a
lipolytic cascade in membrane deterioration during senescence and stress. Liu
et al. [49] cloned 2886 bp full-length phospolipase D cDNA from J. curcas. Phylo-
genetic analysis indicated that the J. curcas PLD alpha (JcPLDa) showed a high
similarity to PLD alpha from other plants. Semiquantitative RT-PCR analysis
revealed that it was especially abundant in root, stem, leaf, endosperm, and flower
and weakly in seed. And the JcPLDa was increasingly expressed in leaf undergoing
environmental stress such as salt (300mM NaCl), drought (30% PEG), cold (4 �C),
and heat (50 �C). The JcPLDa protein was successfully expressed in E. coli and
showed high enzymatic activities.

49.7
Future Perspectives and Conclusions

Nonedible oil crops, especially, J. curcashold promise as a substitute for fossil fuel and
has a prominent future. However, large-scale production without the application of
improved farming techniques and elite breeds has diverse problems. With the
availability of genome sequence, molecular breeding programs can be accelerated
to improve yields.

A recent study to understand oil mobilization in germinating seeds, proteomic
analysis of endosperm clearly showed that oil mobilization that was initiated during
germination was used up for early seedling development [50]. Several pathways
including b-oxidation, glyoxylate cycle, glycolysis, citric acid cycle, gluconeogenesis,
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and pentose phosphate pathway were involved in the oil mobilization. These results
would benefit to further understand the mobilization and control of oil in the seed.

The future of J. curcas as a sustainable energy crop will largely depend on
successful integration of �omics� approach with metabolic engineering. The efforts
at the authors� lab as detailed in Table 49.3 in identifying abiotic stress tolerance-
governing factors have led to major discovery of transcriptional elements and genes
in the stress tolerance pathway. The genes and outcome of the results can be
successfully utilized to molecular breeding of stress-resistant J. curcas in particular
and other biofuel crops in general.
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Brassica Crop Species: Improving Water Use Efficiency:
Challenges and Opportunities
Constantine Don Palmer, Wilf Keller, Jas Singh, and Raju Datla

The Brassica species occupies a large portion of the world�s economically important
cultivated crops. These include vegetables, oilseeds, condiments, and forages. These
crops are grown globally under a wide range of climatic conditions. With current
concerns for food and energy security, expanded use of crop products, and environ-
mental stewardship, there is a pressing need to improve yield through greater
efficiency of resource utilization. Water availability is the most limiting factor to
crop productivity andwith the predicted scarcity, due to climate change and increased
nonagricultural demand, improving water use efficiency (WUE) in crop production
is an imperative. Consequently, increased carbon assimilation per unit of water used
by Brassica crops must not only be realized but this carbon must also be efficiently
partitioned into the harvested product. Thus, these plants need to be equipped with
the genetic capacity to extract more water from the soil under water-limited condi-
tions,fixmore carbon, and transpire less water. There is natural genetic variability for
WUE and this can be used for screening germplasm to identify better genotypes.
Evaporative demand is the driving force for water loss andWUE can be improved by
increasing transpiration efficiency (TE), alteration in crop phenology, increased
carbon fixation, and increased harvest index (HI) by greater partitioning of assim-
ilates into harvestable product. Modification of root architecture, leaf morphology,
and stomata conductance are important targets for developing cultivars with
improved WUE. Drought tolerance is closely associated with WUE and factors
contributing to maintenance of metabolic function under water-limited conditions
contribute to improved WUE. Studies on Arabidopsis have contributed to significant
advances in our understanding of WUE and drought tolerance. The use of genetic
engineering and genomic tools has allowed for the incorporation of identified genetic
factors for improving WUE and drought tolerance traits and will be vital to the
development of new Brassica cultivars. The carbon fixation machinery, a vital
component in yield, will require adjustments to deal with anticipated water deficits
in order to take advantage of increases in atmospheric carbon dioxide as a result of
climate change. Manipulation of assimilate partitioning and selection of genotypes
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with capacity to store water-soluble carbohydrates in stems that can be remobilized to
harvestable structures are targets for improving WUE. To maintain high yields of
Brassica crops with economic use of water will require substantial increases in our
understanding of the biological processes associated with growth under water-
limited conditions. The availability of potential gene targets from the present and
future discoveries including rapid advances coming from application of genomic
technologiesmay provide a valuable resource base for development of superiorWUE
Brassica crops in the coming years.

50.1
Introduction

The genus Brassica contains a number of species of agricultural importance that are
widely grown as oilseeds, vegetables, and forages and that are well adapted to a range
of climatic conditions. Brassica oilseed crops are an important component of the
global vegetable oil market and are valuable sources of condiments and vegetable
protein. At present, canola qualityBrassica oilseed crops are grown on over 25million
ha worldwide [1] with Brassica napus having the largest area. B. oleracea L. contains a
number of varieties that are grown for consumption as vegetables [2]. In addition to
use as a food, there are a number of secondary metabolites that are of medicinal and
nutraceutical importance [3]. A number of Brassica species, including B. napus spp.
biennis L. (forage rape) and B. rapa L. (turnip) are of importance as forages [4].
Increased yield is generally themain focus of improvement of agricultural crops and
with the projected increase in demand for food and the use of food crops for energy
and industrial feedstock, increased yield is now an imperative.Brassica crops can be a
vital component of any strategy aimed at ensuring food and energy security.
Consequently, there must be efficient use of input resources and maximization of
yield. In other words, over all plant performance must be improved. While yield is a
function of the genetic component of the plant, there are a number of environmental
constraints including biotic and abiotic stress, which affect thefinal outcome. For any
biological system,water is a vital component and in the case of agriculture, about 70%
of the available freshwater is used in crop production [5–7]. It is now recognized that
increased urbanization and the impact of climate change on water use and precip-
itation, will likely reduce the amount of water available for agriculture [8, 9]. A
significant portion of agricultural water use is in crop production [10], and to increase
yield, plants must be more efficient in water use. In this chapter, the focus will be on
the status of water use efficiency in Brassica crop species and ways to enhance this
efficiency without compromising yield. We will draw liberally from published work
on water use efficiency (WUE) in other crop species such as cereals. Water use
efficiency is interrelated to plant performance under water-limited conditions and
this necessitates discussion of this topic in the context of drought tolerance and plant
growth under water-limited conditions.
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50.2
Yield

There is now the realization that yield of all crops must be increased to meet
growing demand and this must be achieved in an environmentally sustainable
manner. In the case of Brassica crops, like other crop plants, yield is the portion of
biomass that is partitioned into seed, leaf, stem, root, or floral buds. To realize the
genetic potential of a crop, as reflected in yield, environmental factors that
negatively affect yield must be controlled. The major limitation to crop yield is
water availability or drought [11]. To improve yield, with anticipated decline inwater
availability for agriculture, plantsmust be equippedwith built-in genetic capacity to
use water more efficiently. In cases where water is the limiting factor to plant
growth, crop yield (CY) is a function of WU�WUE�HI (WU¼ total water use,
WUE¼water use efficiency, and HI¼ harvest index (harvestable biomass/total
biomass)) [12]. Assuming these three terms are independent, an increase in any one
is reflected in CY increase [13, 14].

50.3
Water Use Efficiency

The termwater use efficiency is used to detail the amount ofwater per unit of biomass
produced. This ratio of biomass to evapotranspiration is generally expressed asWUE
(biomass)¼ (TE/1) þ (Es/T). TE is transpiration efficiency, which is the dry matter/
transpiration,Es is thewater lost to evaporation from the soil, andT is transpiration by
the crop [15]. This means that to increaseWUE, TEmust be increased or Es reduced.
In general, there are several management strategies to reduce soil water evaporation
such as increasing ground cover, improving plant vigor, and optimizing nutrient
status of the plant [15]. Improving transpiration efficiency, TE, can also be achieved
through management, as less water will be transpired by crops that accumulate
maximum biomass under cooler conditions. This is the case as the main driver
for transpirational water loss is the saturated water vapor deficit. Breeding for plants
with increased transpiration efficiency is desirable as this trait is under genetic
control [16–18]. Plants with pubescent leaves are likely to transpire less water. Also
plants with thick cuticles generally have reduced leaf water loss. Genetic variation in
cuticular water loss has been reported [18, 19], and selection for genotypes with
reduced water loss by this route may improve overall TE. Selection for improved TE
may be hampered by the accuracy with which this can be measured efficiently
and conveniently. The close relationship between C13O2 and C12O2 discrimination
during photosynthetic carbon assimilation and TE was established and is
considered a reliable breeding tool for selecting genotypes with high TE, at least
in C3 plants [20, 21]. This technique has been used effectively in selecting wheat
genotypes with high TE [22]. The advantages and limitations of this technique have
been discussed [22, 23].
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50.4
Drought Tolerance and WUE

Water availability is perhaps the most important factor limiting plant growth and
crop yield. Given the prospect of future drought and water scarcity for crop
production, as a consequence of climate change, the crop plant growth will likely
occur under suboptimal water condition. Compared to other abiotic stresses
affecting plant growth, drought is the one with the most far-reaching negative
consequences [23]. Thus, a fundamental knowledge of how plants sense and
develop mechanisms to adapt to water-limiting conditions is an imperative.
Although WUE in crop production has received considerable attention, there is
a widely held view that it is effective use of water, EUW, and not WUE, which is
important in over all water conservation [24–26]. This concept is regarded as the
important aspect of achieving drought tolerance. This involves assessment of
critical periods of crop growth that are sensitive to water stress. Although
modification of agronomic practices such as a modification of crop phenology
and deficit irrigation through partial root zone drying, PRD, among others, genetic
manipulation using transgenics may be required to address the maintenance of
crop yield under water-limited conditions. Partial root zone drying may be useful
in improving WUE as it probably maintains plant water status through hormonal
signals that regulate stomatal function [27]. Two recent publications have
highlighted the importance of farming system management in association with
plant genotype to improved productivity in water-limited environments [26, 28].
Under conditions of water limitation, the main concern for improved crop yield
will be maintenance of growth and biomass accumulation and effective strategies
must be directed to this end. Modification in root and shoot traits may be essential
for maintaining plant water status under drought conditions. For example, deep
root system with increased lateral branching will be able to tap soil water at greater
depths. This deep root system may also contribute to increased nutrient uptake
resulting in more growth and biomass accumulation and consequently increased
WUE. Breeding for drought tolerance through modification of root traits is
desirable, but there are technical difficulties in accurately defining the phenotypes,
as roots of crop plants are largely inaccessible for convenient observations. The use
of closely or tightly linked molecular markers may assist in introgression of
desirable WUE traits from wide germplasm [29]. Stomatal and epidermal con-
ductances are important shoot traits relevant to drought tolerance and WUE as
about 90% of water uptake is lost by transpiration [30]. Therefore, minimizing this
loss is vital. However, gas exchange must be optimized to allow carbon assimi-
lation without excessive water loss. Breeding for leaf pubescence density will likely
increase leaf reflectance causing lower leaf temperature and lower water loss at
high irradiance [30]. This may also increase leaf boundary layer resistance and
enhance photosynthesis [31] contributing to increased WUE. Under conditions of
drought, plant cells may maintain turgor and growth by active accumulation of
solutes, a process called osmotic adjustment (OA). These solutes can be carbohy-
drates, amino acids, or sugar acids [32]. In soybean, a positive correlation was
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found between the rate of decline in relative water content and relativeOA [33]. The
effect of OA on yield is debatable [34–36], but it may allow maintenance of
metabolic machinery for growth resumption under favorable water conditions.
However, a positive correlation between seed yield and OA was observed in
Brassica species [37, 38]. There was also a close association between stomatal
conductance, canopy temperature, and OA in the same species [39, 40]. These
findings suggest that species differences or the type of osmolyte may affect
physiological and biochemical responses to OA. As a strategy for maintaining
turgor under conditions of water deficit by using OA, there may be a reduction in
biomass as significant amount of energy can be expended in the production of
osmolytes.

50.5
Stomatal Water Loss

Stomata are vital to carbon assimilation, and because CO2 uptake is tied to water
vapor loss an important aspect of WUE is to strike a balance between minimizing
water loss while maximizing CO2 assimilation. Therefore, there must a deeper
understanding of the regulatory factors that control transpiration efficiency (the
ratio of CO2 assimilated to water transpired). ABA is well known to function in the
regulation of stomatal aperture [41], and while this hormone is a factor in transpi-
ration efficiency, there are several others such as cell wall composition, G protein,
GPA1, RD20, a stress-inducible Caleosin, and the ERECTA gene product that are
reported to be involved in the regulation of transpiration efficiency [15, 42–45]. The
discovery and characterization of the ERECTA gene has potential benefits for
transpiration efficiency improvement in crop plants as it affects both photosynthesis
and transpiration [15]. Similarly, expression of the geneHARDY in rice significantly
improved WUE through root and shoot modification [46]. There is natural genetic
variation in transpiration efficiency in several plant species including Brassicas and
this could be exploited to improve WUE in Brassica crops. There are other factors
such as hydrogen sulfide and the enzymemyrosinase, which appear to be involved as
signaling components in hormone-induced stomatal closure and may be important
to TE [47, 48]. Stomatal density regulation is also a factor in TE as there may be an
optimum density for improvedWUE [49]. There is also evidence indicating an ABA-
independent stomatal aperture regulatory pathway [50], which underscores the
complexity of the stomatal regulatory process.Understanding the factors controlling
stomatal density will also be vital to identifying genotypes with improved transpi-
ration efficiency [51, 52].

In addition to stomatal water loss, epidermal water loss through the cuticle can be
significant to overall TE, and in cotton WUE was negatively correlated with leaf
epidermal conductance [18]. Also, cuticular wax composition may influence the
transpiration barrier properties of the cuticle [53]. Consequently, screening Brassica
genotypes for variation in cuticular wax composition and epidermalwater loss should
be considered while breeding for improved WUE.
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50.6
Water Acquisition

Root characteristics will largely determine the efficiency of water uptake under water-
limited conditions and root size influences both yield andWUE [54]. Plantswith deep
root system will be able to tap water from deeper soil layers, compared to those with
shallow root system. Root length and degree of branching are characteristics that
should be considered and examined in breeding for water acquisition traits. As
outlined in Section 50.4, it is technically difficult to phenotype roots for selection
purposes, and the use ofmolecular tagging andmeasurement of canopy temperature
are suggested as alternatives for selecting root-related traits [55, 56]. The development
of a phenotyping platform for root systems should advance selection for root
traits [57]. Water uptake can also be enhanced by breeding for preferential root OA
to sustain growth and water uptake under deficit conditions. An important aspect of
root function in WUE is root–shoot signaling under water deficit conditions. ABA
appears to play a role in this process andWUE can be improved by such techniques as
root-deficit irrigation (RDI) or partial root drying (PRD) [58]. However, other factors
such as hydraulic and pH signaling may be involved [59]. These methods are
designed to increase stomatal sensitivity to ABA to effect partial closure and reduced
water loss while CO2 assimilation is maintained. The process is complicated by the
influence of other hormones such as ethylene that counteracts theABA response [58].

50.7
Carbon Assimilation

Improvement in WUE will ultimately depend on net carbon gain through photo-
synthetic carbonfixation. Thismeans that factors such as internal CO2 concentration,
activity of the main CO2 fixation enzyme Rubisco, and photorespiratory carbon loss
must be optimized [60]. It is generally accepted that C4 plantsmaintain higherWUE,
compared to C3 plants, such as Brassica species, as a consequence of the ability to
concentrate CO2 at the site of fixation. As a result, there is interest in expressing C4
carbon fixation pathways in C3 crop plants [61]. Modification of the catalytic activity
and specificity of Rubisco have also been suggested [61–64]. While this is a potential
target for improving net carbon gain in Brassica crop species, due consideration
should be given to carbon partitioning into harvestable products as this has a
significant impact on photosynthetic efficiency. There is evidence indicating the
importance of sucrose transporters, SUTs, in carbon partitioning [65]. These trans-
porters could be manipulated in Brassica crop species for enhanced carbon gain.
Stem storage and remobilization of water-soluble carbohydrates (WSCs) to repro-
ductive structures during grain filling increased harvest index [66]. Brassica geno-
types with this characteristic could make a significant contribution to WUE and
increased yield. Improving carbon fixation efficiency in Brassica oilseed species is
vital as these species generally require greater biomass to produce the same amount
of storage products as do carbohydrate storage crops. For increased biomass,
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consideration must be given to factors contributing to high-yield potential under
water-limited conditions. Increased understanding of how plants reorder metabo-
lism tomaintain growth under water deficit conditions will be vital to development of
drought-tolerant and high-yield cultivars capable of improved efficiency in the use of
water. For example, invertases have been shown to play a vital role in carbohydrate
metabolism and yield under conditions of stress [42, 67]. This suggests that
knowledge of how plants adapt various metabolic processes to maintain growth
under unfavorable conditions will be vital to the development of genotypes for
efficient use of input resources.

50.8
Importance of other Growth-Limiting Factors to WUE

There are many factors such as adequate supply of nutrients, pests and diseases, soil
conditions, temperature, and abiotic stresses that may influence crop performance
and WUE. Consequently, the impact of these conditions on the performance of
Brassica crops must be taken into account in the development of cultivars with
improved WUE. Improvement in nitrogen nutrition increased WUE through
increased photosynthesis [68, 69]. Improved nitrogen nutrition may also be involved
in ABA-induced root–shoot signaling and stomatal regulation [70]. Soil microflora
may have a positive effect on WUE by both improving nutrient acquisition and
providing signal molecules for stomatal regulation [58]. It is likely that soil mycor-
rhizae may contribute to WUE and this is an area that should be explored as it may
offer complimentary and synergistic improvements.

When the potential consequences of climate change to crop productivity and
agriculture in general are taken into account, it is clear that the sustainability will
depend on the use of advance technologies to increase productivity. Breeding for
increased productivity must include consideration of efficient use of all input
resources [71]. There is little debate that the significant advances in our knowledge
of biology in general, but specifically microbial and plant biology, should be the
platform for addressing sustainability of agricultural systems. To improve WUE in
Brassica crop species will require sustained advances in our knowledge of how these
plants function under water-limited conditions and their interaction with other
environmental stresses. The status of our knowledge of plant biology has improved
our understanding of gene expression and genetic networks responsive to drought
tolerance and water deficit [72–75]. There is a significant body of knowledge available
on the physiological and biochemical aspects of plant response to drought, and the
role of ABA in these processes has been advanced [76–78].However, themechanisms
of action of these gene products remain to be established [79]. The application of
genetic engineering tools has resulted in the development of transgenic crop plants
expressing genes conferring tolerance to drought and increased WUE [76]. Some of
these genes exhibit undesirable side effects, which may limit broader usage.
However, regulated expression may circumvent these negative outcomes. Wild
Brassica species may contain genes conferring improved WUE and drought toler-
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ance. These can be introgressed into crop species by conventional breeding.
However, genetic engineering offers a better option for the development of crops
with such traits as access for desirable genes is potentially unlimited. This also offers
an excellent platform for increasing our knowledge of gene function in a variety of
genetic backgrounds. The overall aimof drought tolerance and efficiency ofwater use
should be to maximize yield under water limited conditions. To this end, it is
important to know how plants maintain homeostasis and metabolic activity under
such conditions. To gain this knowledge, gene function cannot be viewed in isolation
but must be viewed in the context of interacting genetic and metabolic networks in a
well-integrated comprehensive systems approach [80, 81].

50.9
Water Use Efficiency in Brassica Species

Brassica crop species are adapted to a range of environments and like in other crop
species yield is heavily influenced by water availability. Many areas of Brassica crop
cultivation are drought prone and tomeet increasing demand forBrassica products, it
will be necessary to expand cultivation into less favorable areas. Therefore, effective
water use for yield maintenance is vitally important. In spite of the importance of
these species, there are not many reported studies ofWUE. In a comparison ofWUE
and stomatal conductance in Moricandia and Brassica species, McVetty et al. [82]
attributed lower WUE in the latter species to higher stomatal conductance. Studies
with B. oleracea revealed a number of quantitative trait loci (QTL) for variation in leaf
conductance and photosynthetic assimilation rate [83]. These findingsmay be useful
in breeding for improvedWUE [82]. Variation in tolerance to drought, attributable to
differential osmotic adjustment, among Brassica species has been reported [84].
There are genotypic differences in response to drought stress, which may be related
to OA [84–86]. These studies indicate availability of a rich source of genetic variation
for drought tolerance and WUE in Brassica species that can be exploited in breeding
for both drought tolerance and WUE.

50.10
Conventional Breeding for WUE in Brassica Crop Species

This invariably involves breeding for drought tolerance and growth under water-
limiting conditions. With the availability of germplasm, conventional breeding can
make a significant contribution to improvement in WUE and drought tolerance.
Physiological and morphological traits related to WUE can be identified and their
inheritance determined. Carbon isotope discrimination (CID), which measures the
ratio of 13C/12C in the plant tissues compared to the air, is an indirect measure of
WUE and can be used to detect genetic variation for TE in plants. This could provide
an effective tool for screening the germplasm. Screening can also be done by
measuring leaf ash content, LASH, and K content [87, 88]. Ash content is generally
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negatively associated with WUE if a constant concentration of minerals in the
transpiration stream is maintained. Since this is likely to be affected by environ-
mental conditions, the accuracy of genotypic comparison, they should be grown in
the same environment. This method has been used to identify QTL for WUE in
soybean [87]. A potentially promising area of study is to screen the germplasm for
differences in root architecture in relation to WUE. This is an often underexplored
area of research that could improve both yield and WUE [88–90]. Improving root
architecture and size will be essential to ensuring adequate transpiration during
water deficit, which will have a positive influence on productivity [91–93]. QTL for
root architecture in rice have been identified and their effect on yield determined [88].
Application of similar approaches in Brassicas may contribute to new potential gene
targets for WUE traits in Brassica species.

50.11
Unique Challenges to Breeding for WUE in Brassica Crop Species

As a consequence of the diversity of Brassica crop species, where the harvestable
products include oilseeds, leaves, stems, florets, flower buds, axillary buds, and
tubers, breeding for WUE is naturally challenging. This is in contrast to major grain
crops such as rice, wheat, and maize where the grain is generally the product at
harvest. Therefore,WUE strategies such as increasing sensitivity of stomates to ABA
may be unsuitable for leafy Brassica crops as leaf growth may be compromised [58].
Larger leaves will usually transpire more water, which means that for leafy Brassica
crops increased WUE should be by means that do not compromise leaf growth.
Increasing photosynthetic efficiency and enhancing crop development under con-
ditions where evaporative demands are lower should improve WUE in these crops.

50.12
Engineering Drought Tolerance and WUE in Brassica Crops

Although conventional breeding will undoubtedly contribute to improvement in
WUE, there are substantial benefits to be derived from the application of a biotech-
nological approach. By this approach, there is no limitation to the source of genes that
can be evaluated. In contrast, conventional breeding is limited by the compatibility of
germplasm with the genotype under improvement. This, in effect, widens the gene
pool for improvement in WUE and drought tolerance. Another benefit of this
approach is the potential to gain valuable information on gene function after
expression in the desired background. Given the importance of abiotic stress to
plant growth, the literature on attempts to engineer stress tolerance in plants is
voluminous and there are a number of approaches for the identification of genes
involved in abiotic stress [94, 95]. Themodel plantArabidopsis has been an invaluable
tool in advancing our knowledge of plant biology in general and specifically some
fundamental aspects of abiotic stress responses. This topic has been reviewed

50.12 Engineering Drought Tolerance and WUE in Brassica Crops j1309



recently [94] and will not be further discussed here. The ability to identify genes for
specific functions and to express them in heterologous systems through genetic
engineering technology has revolutionized plant biology. Genes conferring tolerance
to abiotic stresses have been evaluated in the model species Arabidopsis and in other
plants [96–100]. The attractiveness of this technology is that we can introduce only the
genes for specific traits into an elite variety without carrying along other potential
undesirable genes, as is the case with conventional breeding. In that case, several
rounds of backcrossing are normally required to remove the unwanted genes. An
excellent example is the identification and introduction of the transcription factor
NFYB2 intomaize [101]. This conferred drought tolerance,WUE, and increased yield
when tested under water-limited field conditions. There are a number of cases where
drought tolerance, WUE, have been achieved by genetic approaches including
engineering of functional and regulatory proteins, and enzymes for production of
osmolytes and osmoprotectants [76, 79]. Many of these, though at the proof-of-
concept stage, still show promise for incorporation into crop species to develop
superior WUE traits.

In many environments where Brassica crop species are grown yield will be heavily
influenced bywater availability. Therefore, effectivewater use to sustain yield is vitally
important. In spite of the importance of these species, there are not many studies on
WUE.

Success in improving WUE and growth under water-limited conditions depends
on an understanding of plant physiology and metabolism under conditions of water
limitation [102]. Since the economics ofwater use is a function of carbon assimilation
per unit of water used, efficiency can be obtained by addressing factors limiting
carbon assimilation along with those controlling water losses. It is well established
that a major consequence of reduced plant water status is impairment in the
photosynthetic machinery [79, 102]. This is the result of reduction in internal CO2

levels as stomates close in response not only to water deficit but also to disruption in
oxidative homeostasis alterations in cellularmetabolism. Tomaintain photosynthetic
carbon assimilation, plants must be equipped with enzymes to alleviate oxidative
stress. About 90% of the water absorbed by plants is lost in transpiration. Thismeans
that WUE can be improved by regulating stomatal water loss. The plant hormone
ABA is a major factor in the regulation of stomatal aperture and reduction in
transpirational water loss [41]. By uncovering the molecular components regulating
this ABA response, it was possible to engineer drought tolerance in canola (B. napus
L.) [103–105]. Negative regulation of ABA via downregulation of ERA1 has been
reported to both enhance drought tolerance and maintain productivity in Brassi-
ca [104, 105]. Drought tolerance and improved WUE was also reported for canola
plants expressing a gene for lipid metabolism, PtdIns-PLC2, [106]. In another study,
transgenic canola plants expressing poly (ADP-ribose) polymerase exhibited lower
reactive oxygen species (ROS) and displayed drought tolerance [107]. Transgenic
canola plants with wheat mitochondrial Mn superoxide dismutase (Mn SOD3.1)
exhibited increased vigor and tolerance to abiotic stress, including drought [108].
Similarly, the overexpression of LEA proteins has been shown to impart drought
tolerance to Brassica seedlings [109]. However, the caveat is that it has yet to be
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determined that the overexpression of abiotic stress-tolerant genes or transcription
factors regulating these genes does not have a negative overall yield crop productivity
under field conditions.

50.13
Prospects of Improving WUE in Brassica Crops

There is general agreement that crop productivity must be increased to meet
increasing global demand [110]. It is clear that this must be achieved by a more
efficient use of input resources. This requires development of crop cultivars with
enough genetic capacity for high yields with minimum input. Access to desirable
genes from natural variation in wild relatives of Brassica species will enhance
development of cultivars with improved WUE. However, the application of geno-
mics and tools of biotechnology will be vital to this activity [111]. Consideration
must also be given to crop interaction with biotic and abiotic stresses that impact
yield in the sense of acquiring fundamental knowledge of physiological and
biochemical mechanisms underlying adaptation to stress [112, 113]. Climate
change is predicted to drastically alter crop growth environment in a largely
unpredictable manner, which is a major challenge to future crop yields [62, 63].
Water availability is perhaps the most limiting factor to crop growth and yield and
with the prospect of further decline in this resource, as a consequence of climate
change, its efficient use is paramount. For Brassica crops to continue to play a
significant role in future food, feed, and energy security, there is need to improve
WUE and drought tolerance in these species and to extract higher yields per unit of
water used. While there are a number of measures proposed to conserve soil
water [24, 58, 66, 113], significant research emphasis should be on the efficiency
with which water is used for biomass generation in Brassica crops. The identifi-
cation and characterization of two genes, ERECTA and HARDY [15, 46] that
enhanced WUE through multiple effects on plant morphology, should be useful
in the development ofWUE Brassica cultivars. Root–shoot signaling is emerging as
an important aspect of stomatal aperture regulation [114, 115], and further
advances in this area should benefit plant breeding efforts aimed at the develop-
ment of WUE genotypes. Regulation of stomatal water loss, improved root water
acquisition, and finding ways to effect greater efficiency of carbon assimilation and
partitioning into harvestable products under water-limited conditions, are likely to
be keys to WUE in Brassica species.

Though significant progress has beenmade in the identification of several genetic
factors implicated inWUE inplants, it is likely thatmany others involved remain to be
identified. Rapid advances in genomic technologies offer complementary
approaches for performing global gene expression analyses to identify new factors
associated withWUE inmodel plants such asArabidopsis and closely related Brassica
crop species. New gene discoveries coupled with insights into their function and
regulation will expand potential new targets for improvement of WUE in Brassica
species.
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Brassica Crops: Improving Abiotic Stress Tolerance – Current
Status and Prospects
Stephen J. Robinson and Isobel A.P. Parkin

A growing awareness of the need to ensure global food security in the face of an
expanding population and the uncertainties of a changing climate is driving the
demand for enhanced agricultural productivity. Environmental stresses have a
significant impact on harvestable yield and alleviating their toll offers opportunities
to stabilize and improve crop yields. However, the physiological and genetic
responses of plants grown under adverse environments are highly complex and
have thwarted improvement strategies.Here, we review our understanding of abiotic
stresses and the plant�s response to such stresses. We focus on the improvement
strategies that have been tested and on the developments in genomics technologies
that could facilitate the improvement of stress tolerance in the Brassica oilseeds
species, which are responsible for generating a large proportion of the world�s
edible oil.

51.1
Introduction

Humans have been remarkably successful at colonizing the globe with permanent
dwellings on every continent. The population is now so numerous that our combined
actions can affect Earth�s climate. The dramatic explosion of human population is a
recent event rising from�1 billion in 1750 to 3 billion in 1960 and 6 billion by 1999.
This exponential growth is anticipated to continue before slowing by�2050 [1]. This
population expansion has been fueled by tremendous increases in agricultural
production and productivity along with advances inmedical and sanitation practices.
Until the beginning of the last century, the energy that sustained human life was
obtained solely by photosynthesis capturing energy derived from the sun. This
energy was utilized directly through the consumption of crop plants or indirectly
from the consumption of animals raised onplant feed. In thisway, photosynthesis set
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a limit on the amount of food that could be generated, effectively placing a limit upon
population growth.

Technological advances, improvements in agricultural practices, and mechaniza-
tion improved yields and reduced the labor required for land management, further-
ing population growth. Agriculture was dramatically transformed during the 1950s,
commonly referred to as theGreenRevolution, when the provision of optimal growth
environments and adapted varieties increased grain yields by 250% [2]. This was the
beginning of the industrialization of agriculture with yield increases obtained from
the expenditure of fossil fuel-derived energy in the form of fertilizers, pesticides, and
hydrocarbon-fueled irrigation. However, as the availability of cheap fossil fuels
becomes limited [3, 4] the impact of adverse environmental conditions will be a
significant problem to ensuring the sustainability of adequate agricultural output.
The development of crops that are better able to tolerate suboptimal growth condi-
tions is essential if the challenges of satisfying the increased food demand are to be
addressed.

51.1.1
Introducing the Brassicaceae

The Brassicaceae containsmore than 3500 species classified in 350 genera and is one
of the ten most economically important plant families. There is enormous variation
within theBrassica species, and through selective breeding they have been developed
as sources of oil, vegetables, mustard condiments, and fodder. Species of particular
importance includeBrassica napus (var. oleifera),B. rapa (var. oleifera), andB. juncea as
sources of canola and industrial oils. The vegetable crops include broccoli, cauli-
flower, Brussels sprouts, cabbage, kale (B. oleracea), swede or rutabaga (B. napus),
Chinese cabbage or turnip (B. rapa), and radish (Raphanus sativus). These are
complemented by species grown as condiments that include Indian mustard
(B. juncea), white mustard (Sinapis alba), and horseradish (Armoracia rusticana).
The cytogenetic relationships among the Brassica crop species consist of combina-
tions of three basic genomes aptly described by the triangle of U [5]. The nodes of the
triangle are formedby the diploid speciesB. rapa (2n¼ 20, AA),B. nigra (2n¼16, BB),
and B. oleracea (2n¼ 18, CC). The amphidipliod speciesB. carinata (2n¼ 34, BBCC),
B. juncea (2n¼ 36, AABB), and B. napus (2n¼ 38, AACC) were each formed by
pairwise hybridization among the diploid species (Figure 51.1). Research in the
Brassica crops has benefited from advances in knowledge and the development of
resources for their close relativeArabidopsis thaliana, thefirst plant genome to be fully
sequenced [6].

Oilseeds and their products are among themost valuable agricultural commodities
in world trade and Brassica oilseed species are the most important world sources of
vegetable oil after palm and soybean oil. The oilseed Brassica crops have undergone a
rapid transformation fromamarginal break crop 60 years ago to become amajor cash
crop subsequent to the reduction of both erucic acid and glucosinolate concentration
in the seed, now synonymouswith canola [7]. Although the dominantBrassica oilseed
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is canola, other edible Brassicaceae oilseeds such asmustards,Crambe, andCamelina
sativa constitute important variants. When considering Brassica oilseeds alone, an
average of 50.8 million tons are produced worldwide each year (2004–2008) and
average yields have increased more than twofold over the past 60 years [8]. The
countries producing the largest acreages of Brassica oilseeds are China, Canada, and
India.However, higher yields are obtained fromEuropean countries, exceeding twice
those obtained in Canada as the more productive biennial varieties can be grown
under the favorable European conditions as opposed to the annual varieties adapted
to Canadian climates [9].

51.1.2
The Impact of Stress on Brassica Yield Factors

The constraint on plant distribution is primarily determined by the combined effects
of temperature (Figure 51.2a) and water availability (Figure 51.2b and c) and crop
plants tend to be more susceptible to extremes of these conditions. Any factor that
results in a decrease in plant growth and yield beneath that predicted by the plant�s
genotypic potential can be considered a physiological stress. The maximum har-
vestable yield can be considered the upper limit of a yield potential and the difference
between this and the mean harvestable yield represents the losses due to environ-
mental stress. Losses due to abiotic stress are considerable, with estimates exceeding
60% of the yield potential being observed [10]. The local climatic conditions
determine the major stresses that have an impact on Brassica crops, but the effects
of an insufficient water supply, adverse temperatures (including both excessive heat
and freezing temperatures), and salinity are frequently responsible for large annual
yield losses [10, 11].

The impact of abiotic stresses on Brassica crops depends on a number of factors
that include type, intensity, and duration of the stress along with the developmental

Brassica rapa
AA

2n = 20

Brassica napus
AACC

2n = 38

Brassica oleracea
CC

2n = 18

Brassica nigra
BB

2n = 16

Brassica carinata
BBCC

2n = 34

Brassica juncea
AABB

2n = 36

Figure 51.1 Representation of the genetic relationship among the six Brassica crop species as
suggested by U [5].
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Figure 51.2 Global soil temperature and water
availability limit the distribution of plant species
and agricultural productivity. Average global
soil temperature is presented in (a), the colored
key indicates the temperature range; an asterisk
denotes a temperature variance in excess

of 5 �C. (b) The global soils at risk from
desertification. (c) The risk of human-induced
desertification. All the data presented are a
summary of those produced by the United
States Department of Agriculture (http://soils.
usda.gov/.)
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stage of the crop exposed to the insult [12]. Among the Brassica oilseeds, environ-
mental stresses have the greatest impact on yield during silique formation with the 2
week period post-anthesis being critical for determining the yield obtained [13–15].
During this developmental stage, oilseeds are generallymost at risk of being exposed
to drought and excess heat stress. Although, for annual crop types, low-temperature
stress at the extremes of the growing season, with the occurrence of late-spring or
early-autumn frost, can affect yield by reducing plant establishment or the quality and
number of seeds per silique, respectively [16]. Arguably, the greatest agronomic
impact of frost to oilseed brassicas is the reduction in yield quality resulting from
early autumn frosts that damage the developing embryos resulting in chlorophyll
retention in the harvested seed [17].

These critical growth stages provide the best targets to increase the stress hardiness
of Brassica crop plants. The development of crops with targeted stress tolerance in
addition to the application of good agricultural practices promises yield stabilization.

51.2
Plants� Response to Abiotic Stress

Many of the physiological adjustments that are utilized by plants to increase their
ability to tolerate abiotic stresses have been described in detail for many crop
species [12, 18–23] including the Brassica crops [24–29]. Although the relationship
between many of these physiological adjustments at the cellular level and the stress
tolerance in the field are difficult to establish, understanding these processesmay yet
determine key targets for stress improvement.

51.2.1
Metabolic Adjustments to Stressful Environments

Unique challenges are imposed by each abiotic stress. Perhaps with the exception of
flooding, many of the physiological responses induced by such stresses and their
cellular targets are similar, with the common motif being cellular dehydration. The
unifying feature among abiotic stresses is the generation of reactive oxygen species
(ROS). High levels of ROS are generated through the impairment of photosynthetic
biochemical reactions, while the rates of physiochemical light harvesting are unaf-
fected and ROS production is acentuated by adjustments to the metabolism of
respiratory and photorespiratory pathways. Generated ROS include singlet oxygen,
superoxide, hydroxyl radical, and hydrogen peroxide, and their presence can cause
the oxidation of lipids, nucleic acids, and proteins resulting in cellular damage [30].
The cellular membrane systems and enzyme catalysts are thought to be the primary
targets of oxidative stress damage [31]. Cellular membranes are responsible for
regulating the passage of solutes in and out of the cell and the cellular compartments.
Adverse environmental stress affects both the fluidity of the lipid bilayer and the
actions of integral and peripheralmembrane-associated proteins. In addition, abiotic
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stresses can alter the conformation of protein structures through the disruption of
chemical bonds and allosteric modifications of key regulatory enzymes [32, 33].

Natural selection has developed several solutions to protect cellular structures
from the adverse effects of abiotic stress. These include the induction of ROS
scavanging systems, polyamines, and heat shock proteins. In an effort to negate the
toxic effects of ROS, enzymatic and nonenzymatic antioxidant compounds are
produced [30, 31]. Some of these compounds are compartmentalized in specific
organelles, while others are active throughout the cell. The major antioxidative
enzymes include superoxide dismutase (SOD), catalase, peroxidases, ascorbate
peroxidase, dehydroascorbate reductase, monodehydroascorbate reductase, and
glutathione reductase, and these systems work in concert withmetabolites including
ascorbic acid, glutathione, a-tocopherol, and b-carotene [30].

Numerous plant studies have demonstrated a strong correlation between the
accumulation of compatible osmolytes and an increase in stress tolerance. These
organic compounds possess a low molecular weight, are highly soluble, and are
nontoxic at high cellular concentrations [34]. It has been hypothesized that these
compatible solutes function to adjust the osmotic potential of the cell, to protect
against damage from ROS, to stabilize the structure of macromolecules, and to
protect membrane integrity, although direct evidence for these functions awaits
confirmation [35]. Proline, sucrose, trehalose, polyols, and glycine-betaine form the
major compatible osmolytes identified in plants [36]. However, compatible solute
accumulation is species specific where different compounds have been chosen by
natural selection to accumulate to high cellular concentrations. Brassica species
appear to accumulate proline and some simple sugars to high concentrations, but not
glycine-betaine [37].

In addition to these metabolites, numerous classes of protein demonstrate a
positive correlation between their cellular concentration and abiotic stress tolerance.
These include the heat shock proteins [38], late-embryogeneis accumulating
(LEA) [39], and the cold-responsive proteins (COR) [40]. Numerous studies have
focused on the relationship between stress tolerance and the accumulation of
these proteins and have revealed an integrated network of genetic pathways that
respond to various abiotic stress stimuli and ultimately result in an acclimated
cellular state [41, 42].

51.2.2
Hormonal Responses to Abiotic Stress

The interaction and perception of plant hormones is largely responsible for the
coordination of plant growth and development [43]. Among these, the phyto-
hormone ABA has often been referred to as a stress hormone due to the
substantial number of physiological effects that stress and ABA exposure have
in common [44]. A reduction in transpirational water loss through restriction of
stomatal aperture, germination inhibition, and reduced leaf expansion are
perhaps among the most recognizable effects of ABA [45]. However, ABA also
functions to fine-tune plant growth and development under nonstress
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conditions by regulating hydraulic conductivity, embryo development, and seed
dormancy [45, 46].

The association between ABA and stomatal drought responses was confirmed
through ABA-deficient mutant analysis, where the stomata of plants unable to
synthesize ABA remained open during dehydration [47–49]. Although increases in
ABA concentration are correlated with stress tolerance, the ratio among the phyto-
hormones is important as ABA acts in concert with other phytohormones to elicit the
observed physiological responses [50, 51].

ABA signal perception is beginning to be elucidated and uncovering the mech-
anism involved is an area of intense research [52, 53]. The control of guard cell turgor
pressure and thus stomatal aperture is among the best characterized plant cell
signaling pathways and involves Ca2þ fluxes, G-protein, and F-box protein signaling
events, which regulate the efflux of Kþ cations, anions, and charged metabolites
[45, 54–59]. The physiological effects, synthesis, and catabolism of ABA have been
extensively covered in a number of additional reviews [43, 60–63]. Stress-induced
changes in ABA concentration are rapid and the signals originate in the root before
being transmitted systemically throughout the plant. Severe dehydration causes the
additional synthesis of ABA in leaf tissues, dramatically increasing ABA concentra-
tion resulting in further guard cell turgor pressure changes, adjustments to plant
metabolism, and gene expression [64–67]. Ultimately, these genetic and metabolic
adjustments allow the plant to acclimate to abiotic stress providing it with enhanced
stress tolerance [68, 69]. The profound control that phytohormones hold over plant
metabolism [70] and their proximity to stress perception make modification of ABA
biochemistry an attractive if daunting target with which to modify stress responses.
An improved understanding of ABAphysiology and its coordination with additional
phytohormones could lead to targeted strategies for improved stress tolerance
in plants.

51.2.3
Brassica Stress-Responsive Genes and their Regulatory Pathways

Plants being sessile organisms must respond rapidly to environmental challenges
that involve the perception and relay of the stress signal through a multitude of
integrated signaling pathways, which ultimately results in changes in the cellular
physiology [71, 72]. The mechanisms by which plants perceive the abiotic stress
remain unknown although it has been speculated that changes inmembranefluidity,
redox potential, cytoskeletal rearrangements, and turgor pressure may each play a
role in triggering stress signaling cascades [73–76]. Phytohormones and secondary
messengers, including Ca2þ , inositol phosphates, and ROS, transmit the primary
signal often through multiple phosphorylation cascades, which target regulatory
proteins that control stress-related gene expression (Figure 51.3).

The majority of research studing stress signaling in the Brassicas has focused on
response to low temperature. The expression levels of numerous genes encoding
LEA/COR proteins are induced in response to low-temperature exposure in the
BrassicaceaemodelA. thaliana [77] facilitating their identification. Similarly,Brassica

1322j 51 Brassica Crops: Improving Abiotic Stress Tolerance – Current Status and Prospects



transcripts encoding proteins orthologous to the Arabidopsis COR proteins accumu-
late rapidly in response to stress. This is highlighted by the stress response of Bn115,
Bn26, andBn19 fromB. napus, which are homologous to theArabidopsisCOR15a and
COR15b proteins [78]. Similarly, Brassica homologues of the Arabidopsis dehydrins
COR47 and ERD10 and the low-temperature-inducible Arabidopsis COR6.6 gene
demonstrate analagous expression patterns in response to stress. The low-temper-
ature response of COR/LEA proteins conserved between these species appears to be
the first line of cellular defense against the effects of freezing and dehydration in the
Brassicaceae with the strongest response observed for COR15. The effect of Arabi-
dopsis COR15 on freezing tolerance has been assessed in planta [79] and in vitro
assays [80–82], but no functional analyses of Brassica COR15 orthologues have been
reported. However, both the solubility of recalcitrant proteins and their protection
from denaturation in response to temperature stress were enhanced by the addition
of the recombinant Brassica LEA proteins BnECP63 and Bn115 [83] suggesting that
the function of these Brassica homologues and their Arabidopsis counterpart COR15
is conserved. Genetic manipulation to induce a suite of appropriate LEA proteins
could hold promise for increasing the freezing and dehydrative stress tolerance in
Brassica species.

Analysis of the promoter region of the Arabidopsis COR genes led to the identi-
fication of regulatory cis-elements named DRE/CRT (drought-responsive elements/
C-repeats) [84] and subsequently the transcription factor DREB/CBF (DRE binding
factor/C-repeat binding factor) that controlled the low-temperature expression of the
COR genes [85, 86]. The core sequence (CCGAC) from the DRE/CRT cis-element of
the Arabidopsis COR genes is also found in the promoter sequences of the Brassica
COR genes and have been demonstrated to be necessary for their low-temperature
response [87, 88]. The sequence similarity between the promoters of Brassica and
Arabidopsis COR genes is further conserved with regulatory elements enabling their
response to abscisic acid (ABA) found among these orthologues [80–91].

The DREB1/CBF transcription factors form a small gene family belonging to the
plant-specific AP2 family. They are located as three tightly linked genes on chro-
mosome four of the Arabidopsis genome and there is a high degree of conservation
between the members of the DREB1/CBF family. Furthermore, each member of
the DREB1/CBF gene family has been demonstrated to induce COR gene expres-
sion [92, 93]. The Brassica orthologues (BnDREB1/CBF) are highly homologous to
their Arabidopsis counterparts [94, 96]. The use of protein sequence alignments of
four B. napus BnDREB1/CBF transcripts suggested that they separate into two
distinct classes represented byBnCBF17 andBnCBF16, 5, and 7 [95]. This distinction
was further highlighted by the differences in binding affinity and specificity observed
between BnCBF17 and BnCBF5 [95]. Examination of the expression profiles of B.
napus DREBs generated in response to low temperature suggested differences
between these two classes with induction of one class proceeding those from the
second and while the members from both groups were able to bind to DRE/CRT cis-
elements, only the class I was able to activate downstream gene expression in yeast
assays [96]. These observations led to the suggestion that both temporal expression
differences and competitive binding between DREB transcription factors played a
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role in controlling COR gene expression in B. napus [96]. However, these functional
differences have not been demonstrated in planta and analogous studies using class
IIDREB genes from B. juncea and B. napus indicated they could functionally activate
downstream genes in assays involving both yeast and plants [97, 98]. The disagree-
ment on the functionality of class II BnDREBs among these studies may stem from
the systems in which the assays were performed (yeast versus in planta) and/or
difference in expression level of the BnDREB constructs.

51.3
Enhancing Environmental Stress Tolerance

Although the physiological responses to different abiotic stresses are related, their
duration and the developmental stage most affected by each stress may differ. When
grown on saline soils, the plant must tolerate reduced water potential and the
presence of toxic ions throughout its life cycle. While drought can occur at any
stage throughout a plant�s life cycle with the risk of drought increasing over the
growing season, for Brassica crops anthesis is the most susceptible stage. The risk
from freezing stress occurs at the limits of the growing season affecting seedling
development and embryo maturity. These differences necessitate stress improve-
ment strategies targeted at particular growth stages to achieve the desired yield
protection.

Improvement of crop stress tolerance can by achieved through the direct insertion
of small number(s) of carefully selected alleles. A number of promising strategies
have been employed to engineer stress-tolerant genotypes in crop plants, and
although this technology remains in its infancy, the potential of these improvements
is clear. However, for these approaches to be deemed successful, the stress-tolerant
germplasm must perform as well as elite lines when grown under normal non-
stressed growth conditions and be able to outperform elite lines when grown in a
stressful environment, which further complicates the final objective.

51.3.1
Targeted Strategies for Abiotic Stress Improvement in Brassicas

51.3.1.1 Improvement of Freezing Tolerance in Brassicas
The overexpression of AtDREB1b/CBF1 or AtDREB1a/CBF3 in transgenic Arabi-
dopsis conferred constitutive expression of the COR genes, along with a constitutive
and enhanced freezing tolerance phenotype [85, 99]. These observations inspired the
development ofB. napus lines overexpressing copies of theBnDREB genes. Similar to
the results for Arabidopsis, overexpression of a class I BnDREB gene conferred a
significant increase in the level of freezing tolerance, beyond that observed for wild-
type controls under nonacclimating conditions, whereas lines overexpressing a class
II type demonstrated a smaller increase in freezing tolerance [97]. The importance of
the COR genes in Brassica species was further demonstrated in this study since the
difference in freezing tolerance between the transgenic lines was correlated with the
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accumulation of the COR genes. Preparation to withstand the onset of freezing
winter temperatures involves the restructuring of metabolism during a period of
acclimation to low but nonfreezing temperatures, and maintenance of photosyn-
thetic capacity is crucial to sustain growth rates to ensure winter survival. The
transgenicBnDREBB. napus plants constitutively expressing the class I transcription
factor presented thickened dark green leaves in addition to the enhanced freezing
tolerance, which was accompanied by an increase in photosynthetic capacity
and efficiency normally observed in cold-acclimated tissues [97]. Similar adjust-
ments to photosynthetic capacity have been observed in other studies investigat-
ing the overexpression of AtDREB/CBF1 in potato [100] and AtDREB1a/CBF3 in
chrysanthemum [101].

Increases in the level of freezing tolerance can be engineered in Brassica species
through the constitutive expression of DREB1/CBF alleles, although questions
remain as to how this can be practically achieved since the increased freezing
tolerance was associated with pleiotropic effects including late flowering and
dwarfism [97]. The use of such gain-of-function alleles has to occur in combination
with tightly regulated promoter sequences that are triggered by specific environ-
mental cues to limit the negative agronomic performance associated with the
pleiotropic effects of the gene expression under non-stressed growth conditions [99].

51.3.1.2 Improvement of Drought Tolerance
The water status of a plant depends on balancing the rate of water uptake and the rate
of transpiration and it has been estimated that dicotyledonous plant are able to move
90%of the available soil water through transpiration [102]. The rate ofwater loss from
leaves is a function of the size of stomatal aperture, which is highly regulated and
under the control of the phytohormone ABA that responds to changes in osmotic
homeostasis. A number of genes have been identified that are involved in the
synthesis (era1) and perception (abi1, abi2, and abi3) of ABA [46, 103–105]. Attention
has focused on ERA1 and ABI1 as targets for the manipulation of stress tolerance as
era1 and abi1 alleles result in guard cell phenotypes with a greater sensitivity to
ABA [54, 105, 106]. Characterization of the era1 gene led to its identification as a
farnesyltransferase, a member of the prenyltransferase proteins. Farnesyltrans-
ferases exist as heterodimers consisting of a- and b-subunits that function to modify
protein targets possessing the CaaX amino acid motif with the addition of a farnesyl
group [107]. ERA1 encodes for the �46 kDa b-subunit of farnesyltransferase (FTB),
while the�48 kDa a-subunit is encoded by FTA. InArabidopsis, the deletion of either
FTB or inhibition of its farnesylation capacity induces stomatal closure over a
wider range of ABA concentrations than ordinarily observed [54, 108]. This altered
response reduces water loss at higher soil water potentials and is an attractive target
for manipulation to engineer improved stress resistance. The Arabidopsis era1
mutant possesses a number of pleiotropic effects including delayed growth and
development, increased floral organ numbers, and enlarged meristems impeding
the realization of its full potential [109, 110]. A number of independent lines were
developed by transforming Arabidopsis with an anti-FTA/B construct under the
control of the 35S CaMV constitutive promoter [111]. Germination assays in the
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presence of ABA demonstrated that the knock-down alleles possessed intermediate
phenotypes compared towild-type and the era1 genotypes. The anti-FTA/B lineswere
able to maintain greater hydration levels than the wild-type throughout the period of
dehydration and other than showing a short delay in flowering time the anti-FTA/B
lines resembled a wild-type phenotype [111]. The use of a novel promoter to control
the timing of knockdown AtFTA/B alleles has the potential to break the remaining
linkage with the pleiotropic effects.

Transferring the phenotype into Brassica species is complicated by the additional
genome duplication and the lack of a highly efficient transformation strategy.
However, a knock-down phenotype for FTB was developed in canola using an
anti-FTB construct under the control of the RD29a promoter [111]. The level of
stomatal conductance was assessed in the transgenic lines using gas exchange
analyses in both ideal and dehydrated environments. These data indicated that there
was no difference in photosynthesis and transpiration rates between control and
transgenic plants under adequate water conditions. However, when the plants were
allowed to dehydrate, the transgenic lines exhibited an additional 10% reduction in
stomatal conductance beyond that observed among control plants [111]. Similar
protection from hydration stress was observed when the stress occurred at anthesis
where the anti-FTB transgenic lines recovered from dehydration faster than their
control plants resulting in a reduction in the number of aborted embryos [111].

The promising effects on drought tolerance seen for the anti-FTB transgenic
canola lines warranted their assessment in randomized field trials. The data from
these field experiments replicated those observed under controlled environmental
conditionswhere it was demonstrated that therewas no significant difference in yield
between the anti-FTB lines and the control plants when adequate water was provided.
When water was restricted, the transgenic lines were able to produce an additional
10–15% yield beyond that observed in control plants [111]. Further refinement of this
technology to reduce the potential for negative pleiotropic effects employed the
hydroxypyruvate reductase (HPR) gene promoter [102]. HPR is an enzyme that
catalyzes the conversion of hydroxypyruvate to glycerate as part of the photorespira-
tory cycle and the expression of this gene is limited to photosynthetic tissue and is low
under ideal conditions but is rapidly induced upon exposure to abiotic stress or high
light intensity [102]. Similar levels of yield protection were observed using theHPR
and RD29a promoter sequences in response to hydration [102].

Additional strategies designed to improve drought tolerance originate from geno-
mics studies using canola. Arabidopsis microarrays were used to assay heterologous
gene expression among imbibed canola seeds and seeds treated with ABA or osmotic
stress. It was observed that the expression of 40 genes was induced among these
treatments when compared to control seedlings [112]. One of these genes encoded a
protein with homology to 11-b-hydroxysteriod dehydrogenase (HSD), an enzyme
involved in animal steroid synthesis [113]. TransgenicArabidopsisplants expressing an
Arabidopsis homologue of theHSD gene under the control of theCaMV35S promoter
were 20% larger than wild-type controls, with an increase in branch and silique
number and in stem diameter. In addition, the transgenic Arabidopsis plants tolerated
high-salinity concentrations better than their wild-type controls. Similar phenotypic
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observations were made when this construct was introduced into canola plants
offering great promise as a strategy to modify stress tolerance in Brassica [114].

51.3.1.3 Improvement of Salt Tolerance
The vast majority of crop plants including the Brassicas are considered glycophytes,
and when grown in saline soils they are subject to both dehydration and ionic
stresses. Soil salinity rarely fluctuates and in the majority of cases crops exposed to
saline soils will have to endure these stresses throughout their entire life cycle. To
tolerate a moderate Naþ stress it is critical for the plant to maintain a low cytosolic
sodium ion concentration. This can be achieved by excluding entry of the ions into the
cytosol and removal, sequestration, or secretion of Naþ ions able to gain entry into
the cytosol. Sodium ions are able to gain entry into the cytosol via the potassium ion
transporters and can be removed from the cell or sequestered into vacuoles through
the action ofNaþ /Hþ antiporters. Evidence for the existence of plant antiporterswas
established through the complementation of Naþ /Hþ antiport mutations in fungi
and the characterization of the SOS1 mutant that identified a plasma membrane
antiporter [115, 116].

The difficulties associated with manipulating stress tolerance phenotypes are
highlighted in studies overexpressing Naþ antiporter proteins. The Arabidopsis
Naþ /Hþ vacuolar antiporter (AtNHX1) was isolated by exploiting the homology it
shareswith its fungal orthologue and its functionwas confirmed through the rescue of
a yeast strain deficient in Naþ exclusion [117]. The potential of manipulating salt
tolerance in plants through the overexpression of the AtNHX1 protein was demon-
strated in Arabidopsis where transgenic lines exhibiting increased antiporter activity
were able to grow under a Naþ concentration (200mM) toxic to their wild-type
counterparts [115]. These results were replicated in crop species with the introduction
of the AtNHX1 gene into both canola and tomato [118]. The transgenic canola lines
overexpressing the AtNHX1 (35S::NHX1) gene produced seed yields comparable to
that of the wild-type under control conditions and exceededwild-type yields exposed to
200mMNaCl [119]. When these lines were grown under high sodium ion concentra-
tions, the 35S::NHX1 lines accumulated NaCl up to 6% of the dry matter, as the
increased antiporter activity sequestered these ions in vacuoles. In these studies, the
transgenic plants were found to be substantially equivalent to the wild-type, with
minimal changes in fatty acid composition and lipid content of the harvested oil [119].

However, in a recent study assaying the potential additive effects of combining a
number of genes proposed to confer salt tolerance, the result observed by Apse
et al. [115] could not be replicated [120]. Furthermore, this new study demonstrated
that there were no improvements observed by combining additional salt tolerance
alleles compared to overexpression of an antiporter alone [120]. The discrepancies
between these studies might result from the use of different methodologies for
measuring salt tolerance. Additional strategies to improve salinity tolerance have
involved proteins with less well-defined functions. The ability to improve salinity
tolerance through the overexpression of LEA proteins was demonstrated in Arabi-
dopsis using theDNH-5 gene fromwheat [121]. This followed similar work using the
barleyHVA1 genewhose overexpressionwas able to improve the salt tolerance of rice
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protoplasts [122]. In both these instances, the improvements in salinity tolerance
were accompanied by enhanced drought resistance, although the mechanisms
causing these phenomena await determination [121, 122].

51.3.2
Nonspecific Approaches to Enhance Abiotic Stress Tolerance

51.3.2.1 Overproduction of Compatible Osmolytes
The correlation of compatible osmolyte accumulation in tissues exhibiting an
increased level of stress tolerance was among the first observations made in
comparisons between stressed and non-stressed plants. These observations have
led to crop improvement strategies focusing on their overproduction to improve
stresses including freezing, drought, and excess salinity, where dehydration is a
common feature. Compatible solutes can accumulate to high concentrations within
the cell without toxic effects and there are many solutes able to act in such a way.

The quaternary ammonium ion glycine-betaine is induced by many plant species
under stress and can accumulate in the cell through either metabolic processes or
exogenous application [123]. The exogenous application of glycine-betaine to leaves of
B. rapa resulted in its translocation throughout the entire plant within 24 h [124].
Accumulation of glycine-betaine has been correlatedwith a stress-tolerant phenotype
able to protect against exposure to temperature extremes and an increased salt
concentration [125–127]. However, Brassica species lack the metabolic pathways
necessary to accumulate glycine-betine to high concentrations [128]. Two metabolic
pathways have been identified that lead to the synthesis of glycine-betaine that
proceeds either through the oxidation of choline or through the methylation of
glycine, and the genes encoding the enzymes catalyzing these reactions have been
identified and cloned [129–132]. Strategies for stress improvement in A. thaliana,
B. napus, and B. juncea have been designed using the overexpression of the choline
oxidase gene (CodA) to increase the concentration of glycine-betaine in these
species [131, 133–135]. Transgenic B. napus plants generated in these studies
accumulated glycine-betaine to concentrations around 1 mmol g�1 FW (fresh weight)
and were used in stress tolerance assays examining their response to drought,
freezing tolerance, and excess salinity [136]. The transgenic material exhibited
greater stress tolerance than their control counterparts leading to the conclusion
that increasing the concentration of glycine-betaine was a viable strategy for enhanc-
ing stress tolerance in non-accumulating species. However, similar studies also
using theCodA gene indicated that the glycine-betaine levels were limited by choline
availability such that the resultant concentration of glycine-betaine achieved was
physiologically insignificant [136]. The subcellular location of glycine-betainemay be
an important factor in the efficacy of using this compatible solute since stress
tolerance was observed when glycine-betaine accumulated in the chloroplasts [136].
This may explain some of the variation in stress tolerance observed in these studies
and suggests that glycine-betaine acts to primarily protect the photosynthetic
machinery and thylakoid membranes [135, 137, 138].
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Exposure to abiotic stress leads to the accumulation of amino acids inmany plant
species and proline is by far the most prominent amino acid to accumulate in the
Brassica species, with higher levels of proline observed in stress-tolerant than
stress-sensitive plants [139]. It has been proposed that the accumulation of
proline acts in a similar manner to glycine-betaine and functions as a cryo-
protectant, a store of nitrogen, an antioxidant, and a compatible osmolyte [140,
141]. Proline is synthesized from glutamine by pyrroline-5-carboxylate synthase
(P5CS) and pyyroline-5-caroxylate reductase (P5CR) or from ornithine by ornithine
d-aminotransferase, with glutamate being the major substrate under stressful
conditions. The manipulation of cellular proline concentration has been hypoth-
esized to result in an increase in stress tolerance and the efficacy of this was first
demonstrated in tobacco where overexpression of P5CS resulted in an 18-fold
increase in proline concentration and was correlated with increased tolerance to
dehydration [142]. However, high proline concentrations are not always associated
with an increase in stress tolerance [143]; differences in the methodologies for
assessing the stress may once again explain these conflicting observations, but
these data suggest that our understanding of proline accumulation is incomplete
and this impedes strategies targeting its simple manipulation.

51.3.2.2 Oxidative Stress Tolerance
Abiotic stress causes an alteration in metabolic homeostasis and results in an
increase in the production of reactive oxygen species particularly in the chloroplast.
Accumulation of ROS represents a potent hazard to the cell and pathways have
evolved to rapidly metabolize ROS [74, 144], limiting the damage they cause. In
addition, at lower concentrations the accumulation of particular ROS (H2O2) has
been proposed as part of the stress signal transduction network [144, 145]. The
manipulation of genes that function in the metabolism of ROS offers another
promising strategy to improve tolerance to stress in crop plants. Targets utilized
for this strategy have included glutathione S-transferase (GST) [144, 146], peroxidase,
super oxide dismutase (SOD) [144, 147–149], asorbate peroxidase, glutathione
reductase, or spermine synthase [144, 150].

Improvements in oxidative stress resistance were observed in cold-treated tobacco
cells that expressed a peaCu2þ /Zn2þ SOD in the chloroplast. It was determined that
the transgenic tobacco cells were able to maintain higher levels of photosynthesis
than equivalent control cells when subjected to low temperatures [151]. Similar
results were obtained in transgenic tobacco lines overexpressing GSTor glutathione
peroxidase constructs [146]. Further improvements in salinity tolerance were
reported by coexpressing catalase with SOD in B. rapa suggesting that these effects
are additive [152].

51.3.2.3 Manipulation of Stress Signaling
In addition to functioning as selective cellular barriers, the phospholipidmembranes
act as a substrate for the generation of secondary messengers in cell signaling.
Phospholipase C (PLC) catalyzes the conversion of phosphotidylinositol 4,5-
bisphosphate (PIP2) to diacylglycerol and inositol 1,4,5-trisphosphate (IP3). Although
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not specific to abiotic stress, transient increases in IP3 concentrations have been
associated with exposure to these stimuli [153]. IP3 is proposed to function as a
cellularmessenger causing the release of Ca2þ ions from internal cellular stores [55],
and given this role cellular IP3 levels must be tightly regulated, which is achieved
through the action of inositol polyphosphate kinases and phosphatases. The appli-
cation of strategies designed to manipulate intercellular signaling has been
attempted using a homologue of an inositol polyphosphate kinase obtained from
the halophyte Thellungiella halophila (ThIPK2) [154] and a B. napus homologue of
PLC [155]. Subsequent to promising results observed from initial stress assays in
yeast, the consituative expression of ThIPK2 in transgenic B. napus lines resulted in
phenotypes with increased tolerance to salinity, drought, and oxidative stress
damage [154]. Furthermore, analysis of well-characterized genes involved in abiotic
stress tolerance revealed an induction in their expression within the transgenic
plants. The overexpression of PLC in B. napus led to increased photosynthetic
capacity and a reduction in stomatal conductance, which indicates a propensity for
improved drought tolerance. These results suggest the involvement of inositol
polyphosphate kinase in multiple signaling pathways affecting the stress response
ofBrassica species and that engineering of improved stress tolerance can be achieved
by direct manipulation of these signaling mechanisms.

51.4
Prospects for Genetic Improvement of Abiotic Stress Tolerance

Abiotic stress tolerance phenotypes are under highly complex genetic and physio-
logical control. This has been highlighted at themolecular level by the interconnected
network of interactions that induce the COR/LEA gene pathways [156, 157]. The use
of molecular techniques and the application of genomics technologies developed for
model species have revealed numerous candidate genes for stress improve-
ment [158–160] and have resulted in a number of strategies using single genes to
manipulate tolerance to particular stresses or a range of abiotic stresses.

Alternative approaches for stress improvement involve the manipulation of entire
plant genomes to combine specific favorable genotypes through recombination.
These strategies have accompanied human evolution over the past 10 000 years,
achieved initially through fortuitous selection and more recently through targeted
breeding programs. The efficiency of these programs has been enhanced by the
advent of molecular genetics with the development of high-quality linkagemaps that
can be used to resolve complex traits bymapping the underlying quantitative trait loci
(QTL) that contribute to their variation. This type of analysis is increasing in
resolution with the generation of high-density single-nucleotide polymorphism
(SNP) arrays [161] that will allow traits with lower heritability to be dissected. These
strategies are now being combined with the analysis of genome-wide transcription
profiles to identify expression QTL (eQTL) associated with traits of interest [162]
that might be incorporated in breeding strategies. The high-density marker and
expression platforms also offer the promise of genome-wide association (GWA)
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studies that have been successfully exploited in the study of human disease [163].
However, the application of genomics technologies in plant breeding is still in its
infancy and while GWA studies are becoming feasible in crops [164], the practical
application of such methods will not be realized for sometime.

51.4.1
Traditional Breeding and QTL Mapping

The selection of key agronomic traits over the thousands of years of crop domes-
tication made dramatic advances in crop improvement. The philosophy behind the
Green Revolution was to provide optimal growth environments for elite genotypes
that are able to outperform and ultimately replace local landraces [2, 165, 166]. The
major breeding objectives for elite genotype development of the Brassicas have been
directed toward yield improvement and hybrid production, quality enhance-
ment, [167, 168], pod-shattering and lodging resistance [169–172], early maturation,
and disease resistance [173–175], with little resources targeted at environmental
stress tolerance.

Tolerance to abiotic stress is controlled by genes at multiple loci, which often
possess pleiotropic interactions with loci controlling yield characteristics, which
complicates breeding strategies. These difficulties are compounded as selection
for stress tolerance under field conditions is problematic due to the inability to
consistently apply a specific stress and adequately monitor subtle quantitative
phenotypes. Furthermore, since the underlying physiological mechanisms con-
trolling stress tolerance are poorly understood, pertinent selections for material
with increased stress tolerance is challenging [176–178]. These problems can be
circumvented through the use of physiological assays made in artificial laboratory
environments to direct selection. Numerous such assays have been utilized to
monitor stress tolerance including ion leakage [179, 180], tissue water con-
tent [181], meristem regrowth after freezing [182], ABA concentration [183], and
chloroplast function [184, 185]. Reproducible data generated from these assays
facilitate reliable quantitative assessments of stress tolerance and the dissection of
these complex traits. The association of a few loci with large effects with robust
molecular markers will enhance crop improvement and allow the manipulation of
complex traits without the requirement for specific controlled environmental
conditions for phenotypic assessment. The cost and time required for conven-
tional breeding programs can be reduced considerably through the adoption of
such approaches as has been demonstrated by the improvement of drought
tolerance in maize [186].

The application of molecular genetic technologies has identified the linkage
groups of the six Brassica species confirming the cytogenetic relationships first
described in the triangle of U [5, 186–194] along with those to more distantly related
species [195]. The density of the molecular markers describing these linkage groups
allows the dissection of complex traits such as abiotic stress tolerance into individual
QTL facilitating the identification of the underlying chromosomal regions control-
ling stress tolerance. Largely QTL mapping in Brassicas has focused on easily
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measured traits; however, a large number of QTL, many with small effects, were
identified in B. rapa and B. napus, highlighting the polygenic nature, and revealing
the complex genetic interactions contributing to winter survival, vernalization, and
freezing tolerance in these species [26, 196, 197]. However, these QTL were
responsible for a small fraction of variability identified within each population
compromising their use in a marker-assisted breeding strategy.

51.4.2
Promise of Genomics Technologies to Elucidate Stress Tolerance

The Brassica species and the model plant A. thaliana share a close phylogenetic
relationship, which allows the results from research focused on stress physiology in
Arabidopsis to be directly exploited in Brassica crop improvement. Genomics strat-
egies have been extensively applied in Arabidopsis to study abiotic stress tolerance
since such complex traits with theirmultifaceted plant response can benefit from the
application of robust but wide-ranging analyses. Such analyses have been gaining
traction in other crops and research inBrassica species is beginning to take advantage
of the new opportunities that are likely to gain inmomentum over the next few years.

51.4.2.1 Genetic Screens to Elucidate Plant Stress Responses
Forward genetic screening of plant populations enriched with mutations induced
through the use of chemical, physical, or genetic perturbations can not only identify
improved phenotypes but can also facilitate gene discovery for loci controlling stress
responses. Such screening strategies have been applied successfully to identify
Arabidopsis lines with enhanced [198, 199] or reduced [200, 201] freezing tolerance.
Furthermore, the use of genetic screens assaying for changes in the activity of a
reporter gene under the control of theRD29apromoter revealed the complex network
of interactions underlying the expression of the COR/ERD/RD genes [202]. The
expression of RD29a is induced by dehydration, ABA, salinity, and low-temperature
exposure. Analysis of the mutants obtained through the RD29a reporter gene screen
revealed salt overly sensitive (SOS), constitutive (COS), high (HOS) and low (LOS)
expression of osmotic response mutants [32, 203–205]. The identification and
characterization of these mutants has enabled the genetic dissection of many of
the components involved in stress signal transduction [206–208]. The success of
these screens has led to a similar strategy being employed focusing onHSP70, a heat
shock protein involved in the unfolded protein response. This screen has identified a
potential sensor for temperature as a protein component of the nucleosome [209].
The increasing knowledge gained from studies conducted in model organisms has
and will continue to provide additional targets for improvement in Brassica species
and allow for the refinement of current strategies [210].

51.4.2.2 Global Transcriptome Analyses
The application of high-throughput genomics technologies to stress gene discovery
has led to the promise of easy gene identification. The use of differential cDNA
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expression [77, 211], microarray [212–216], and serial analysis of gene expres-
sion [159, 217] has revealed sets of differentially expressed stress-responsive genes.
The majority of exploratory genomics research utilizes resources developed for
Arabidopsis due to their availability and comparatively low cost, but the development
of high-throughput technology platforms designed specifically for Brassica
species will allow more comprehensive assessments of Brassica transcriptomes
[215, 216, 218]. These technologies have the potential to identify pathways and
candidate genes for stress tolerance that can be used in similar targeted strategies as
those described in Section 51.3.

51.4.2.3 The Allure of Whole-Genome Sequences
Sequencing of theArabidopsis genome has identified�30 000 genes and determining
their function is an ongoing enterprise [6]. At present, there are 1876 genes annotated
as being involved in abiotic stress, 1778 genes in transport, and 724 genes in
intracellular signaling. Multiple rounds of whole-genome duplication have occurred
throughout the natural history of the Brassicaceae and it has been proposed that the
genomes of the diploid Brassicawere triplicated relative to Arabidopsis [219, 220]. The
resulting genome complexity present among the Brassica species provides additional
material for evolutionary adaptations and might explain why these species exhibit an
increased capacity to withstand stressful environments beyond that of Arabidopsis.
There are projects that have been launched to assemble the genome sequences for all
the Brassica diploids [221] (http://canseq.ca). Such studies have already uncovered
significant expansion of gene families related to hormone biosynthesis within the B.
rapa genome compared to Arabidopsis [222], which suggest that understanding the
impact of genome evolutionwithin theBrassica speciesmight provide insight into the
phenotypic variance observed within this genus.

The availability ofBrassica genome sequences will quickly facilitate genetic studies
with the development of dense genome-widemarker sets. Genome-wide association
(GWA) is a powerful technique that unlike QTL mapping does not require the
development of large segregating mapping populations, but utilizes the ancient
recombination events that are inherited within diverse collections to resolve loci
controlling observable phenotypes. Associationmapping requires the ability to query
genome-wide SNPs to uncover those closely associated through linkage disequilib-
rium with QTL and has great potential to become a gene-tagging tool in crop
plants [164]. The power of this approach has been demonstrated in the crucifer
Arabidopsis for flowering time [223] and pathogen resistance [224]. Although this
technology awaits exploitation in Brassicas, it has been successfully applied to
other crop species [225]. With the development of fixed foundation diversity sets
(www.brassica.info) for different species and the characterization of large SNP
collections [226], the tools to realize this powerful strategy in Brassicas will be
available.

The availability of whole-genome sequences for the Brassica species will bring
together linkage analysis, positional cloning, and gene expression data that will reveal
the link between genes and the phenotypes they control. Transcript levels when
measured in defined mapping populations can be considered as quantitative traits
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and the variation observed among the progeny used to map eQTL [227]. The
transcript level is determined by many factors; in some instances, the eQTL can
be used as a marker for a particular phenotype and the gene underlying the eQTL
might provide a good candidate for a phenotypic QTL. Expression of QTL can be
classified as either cis or trans, with eQTL colocated at their target gene thought to be
cis-acting, whereas eQTL found to be unlinked to their target gene inferred to have a
trans-acting function. These latter eQTLhave the potential to resolvemajor regulators
of gene expressionwhere an eQTL has an effect on the expression of groups of genes.
Global eQTL mapping has been applied in Arabidopsis [228] and more recently in
crops such as maize and barley [229]. For the interpretation of complex traits such as
abiotic stress tolerance, the ability to apply these types of systems-based analyses is
probably the most promising [230].

51.4.2.4 The Added Complexity that Epigenetic Changes Impact on Abiotic Stress
Tolerance
Genomic DNA is organized into chromatin through the action of histone proteins
with the basic unit being the nucleosome. Chromatin structure is dynamic and is
modified during various physiological processes by specific and highly regulated
epigenetic factors that adjust the affinity of histone–DNA interactions. Epigenetic
factors increase the diversity and complexity present among organisms, and within
an organism, as a single embryonic genome gives rise to a multitude of epigenomes
that result in differential cell fate and tissue differentiation. The processes underlying
these epigenetic changes include DNA methylation, histone modifications (e.g.,
methylation, acetylation, phosphorylation, ubiquitination, sumoylation, and ADP
ribosylation), and the action of small RNAs and transposon elements, which affect
the expression rather than the transmission of particular alleles.

The action of small RNAs results in post-transcriptional gene silencing in
complementary target mRNAs. There have been several small RNAs identified from
Arabidopsis that are implicated in abiotic stress regulation. These include elements
complementary to AAO3, a drought-responsive enzyme involved in ABA biosyn-
thesis, a lypoxygenase, and small RNAs created by the 30end overlap between SRO5
and pyrroline-5-carboxylate dehydrogenase (P5CDH) [231]. P5CDH is a single gene
that is ubiquitously expressed and is involved in proline catabolism and SRO5 is
responsive to salt stress [231, 232]. It has been demonstrated that in response to salt
stress the complimentary base pairing between SRO5 and P5CDH transcripts
activates the siRNA pathway resulting in a reduction of P5CDH transcript accumu-
lation and a subsequent increase in proline accumulation [231, 232]. Such epigenetic
mechanisms add an additional layer of complexity to stress-inducible gene regula-
tion, and with the identification 30 families of miRNA and siRNA with many
possessing stress-dependant expression, it is likely this phenomenon forms an
integral part of abiotic stress gene regulation and that it affects a wide range of
gene functions [231].

In plants, cytosine methylation of DNA occurs both at the symmetrical CpG and
CpNpG loci and at the asymmetrical CpHpH loci; the symmetrical patterns are
transmitted through meiosis, whereas asymmetrical patterns must be reestablished
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at each generation. Genome-wide methylation patterns in Arabidopsis revealed that
the heterochromatin rich in repetitive and transposable elements in pericentric
chromosomal regions were heavily methylated. Genes possessing methylated pro-
moter regions were more likely to be expressed in tissue-specific fashion, whereas
genesmethylated along coding regions were constitutively expressed [233]. Evidence
indicates that abiotic stresses including low temperature and salinity cause hypo-
methylation of targeted loci which coincides with increased gene expression in these
hypomethylated regions.

The components involved and the extent to which epigenetic changes effect gene
expression, particularly how a stress memory might be stored, are only now being
realized [234]. A more complete understanding of the regulation of these phe-
nomena offers additional techniques with which to manipulate stress tolerance
along with perhaps providing strategies for fine-tuning present transgenic
approaches [235].

51.5
Alternative Sources of Stress-Tolerant Alleles

The identification of desirable characteristics from genetic variation found within
species has led over generations to the development of adapted crop varieties. The
continued improvement and expanded use of elite breeding lines has improved yield
potential, but ultimately it has effectively limited the available gene pool [236]. The
elite cultivars are often grown under ideal environments and are developed under
intense selection pressure for improvements in yield, quality, and ease of harvesting
[237, 238]. Alleles that provide additional protection against the effects of abiotic
stresses often have negative net effects on yield components and have been discarded
during the development of such lines. Limited genetic resources amongBrassica crop
species have led tomore creative strategies for identifying potential genetic variation,
with the development of resynthesized lines [239], induced mutagenized lines [240],
somaclonal variants [241], induced epialleles [235], and interspecific hybridiza-
tions [242], often achieved only after embryo rescue [243].

However, extensive genetic variation exists among noncultivated Brassica species,
landraces, andmore distantly related species within the Brassicaceae. Assessment of
such germplasm offers great potential for crop improvement. Although the prospect
of introducing traits into Brassica crops from species beyond the Brassica genus
through sexual reproduction is limited, unless a successful bridging species can be
identified, analysis of exotic specieswill offer valuable insight, into the natural history
of stress tolerance and genome evolution. The investigation of stress-tolerant species
belonging to the Brassicaceae has begunwith the development of EST libraries andT-
DNAmutagenized populations of T. halophila [244–247]. Thlaspi arvense, a plant able
to withstand the extremely harsh winters on the Canadian Prairies, has been
investigated revealing its genetic architecture in relation to stress tolerance genes
and how its transcriptome responds to low temperature [248–250]. It is anticipated
that genetic and physiological investigation of these hardy species will reveal novel
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genes and alleles that confer stress tolerance that can be captured and employed in
Brassica crop improvement strategies.

51.6
Conclusions

In the face of a growing and discerning population, the provision of a plentiful
affordable food supply requires further increases in agricultural production. This
necessitates the expansion of agriculture to marginal lands that will entail the
development of crop varieties adapted to harsher environments. All sessile organ-
isms require tolerance to abiotic stress; however, the improvement of abiotic stress
tolerance has received little attention in modern crop development, which has
primarily focused on harvest index, quality parameters, and disease resistance.
Tolerance to abiotic stress must become a priority in breeding programs, utilizing
both traditional and transgenic approaches. The use of transgenic strategies for crop
improvement holds great promise; however, to be considered successful, the genetic
manipulationmust provide enhanced yields under stressful environments while not
negatively affecting yield under ideal environments. Seed yield is a complex trait,
which is affected by a large number of factors throughout plant growth and
development. The induction of enhanced stress tolerancemust be targeted to specific
growth stages, particular organs, or environmental cues. This requires the identi-
fication and characterization of highly regulated and specific promoter sequences to
be ultimately successful. Owing to the genetic complexities of abiotic stress tolerance
and the interaction with yield factors, it is unlikely that a single strategy will offer a
panacea for abiotic stress in Brassica species. Fortunately, the rapid development of
genomics tools for the Brassica oilseeds promises avenues for resolving the com-
plexities and harnessing this knowledge to develop superior crop varieties.
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52
Mustard: Approaches for Crop Improvement
and Abiotic Stress Tolerance
Sarvajeet Singh Gill, Ritu Gill, Gautam Kumar, Ashwani Pareek,
Prabodh C. Sharma, Naser A. Anjum, and Narendra Tuteja

Adverse environmental conditions seriously affect crop growth, productivity,
and genome stability. These adverse environmental factors are a menace for
plants that prevent them from reaching their full genetic potential and therefore
limit the crop productivity worldwide. Stress conditions, such as extreme
temperatures, water availability, and ion toxicity, represent abiotic stresses,
which cause massive loss of crop yield. Global climatic pattern is also becoming
more unpredictable with increased occurrence of drought, flood, storms, heat
waves, and seawater intrusion. The oleiferous Brassica is the third most
important source of vegetable oil in the world after palm and soybean oil and
grown as an edible or an industrial oil crop that is used as a source of edible
protein, in much the same way as soybean protein. According to a report of
the United States Department of Agriculture (USDA), the world oilseed pro-
duction was 397 metric ton in 2006–2007 and Indian agriculture contributed
about 15 and 8% to the world total acreage under oilseed cultivation and
production, respectively. However, the average productivity in India is only
791 kg ha�1 compared to the world average of 1718 kg ha�1. Despite a large area
under cultivation of mustard, the productivity of the crop has dropped in recent
years because plant growth and development are affected by various abiotic
stress factors. Protecting crop productivity under unfavorable environmental
conditions is a major challenge for modern agriculture. In this review, we have
attempted to provide an overview of success obtained in raising germplasm with
improved salinity tolerance through breeding methods. The recent �Omics�
approaches and their applications in abiotic stress research on mustard crop are
also presented.

52.1
Introduction

Environmental stress is referred to the extreme environmental conditions that lead
to alterations in plant metabolism resulting in decreased rate of plant�s growth
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processes, loss in productivity, or inducing damaging effect on any of plant
organs/parts besides alteration in anatomical, biochemical, or molecular regulation.
Abiotic stresses such as extreme temperatures (freezing, cold, and heat), water
availability (drought and flooding), and ion toxicity (salinity, alkalinity, and heavy
metals) are the major causes that adversely affect the plant growth and productivity
worldwide [1–5]. It has been found that the relative decreases in potential yields
associated with abiotic stress factors vary between 54 and 82% [2, 6]. It is estimated
from the comparison of record yields and average yields for various crop plants that
crops mainly attain only 20% of their genetic potential for yield due to various biotic
and abiotic stress factors. Therefore, it is clear that there is an urgent need to increase
abiotic stress tolerance in plants. Increasing crop production is now the highest
agricultural priority worldwide because of increasing world population. According to
the United Nation�s World Population Prospects Report, the world population is
increasing at an alarming rate of approximately 74 million people per year and is
expected to reach more than 9 billion by 2050 (http://www.un.org/esa/population/
unpop.htm), whereas global food productivity is declining due to the negative effects
of various environmental stress factors.

Plants respond to various stress factors such as salinity, heat, cold, drought,
excess water, heavy metal toxicity, wounding, excess light, nutrient loss, anaerobic
conditions, and radiations through multifaceted molecular signaling pathways by
perceiving and transducing the stress signal(s) through a cascade of molecular
networks eventually leading to the expression of stress-related genes. These
responses at the molecular, cellular, physiological and biochemical levels enable
the plants to survive [7, 8]. These responses include effects of abiotic stresses on
overall growth and development, electrolyte leakage, osmolyte accumulation, and
the ion homeostasis [8]. The new molecular �omics� tools have opened up new
perspectives in stress biology. The �omics� approaches such as genomics, prote-
omics, metabolomics, and transcriptomics have direct potential for improving
abiotic stress tolerance in crop plants that require knowledge of stress response
at molecular level, which includes gene expression to protein or metabolite and
its phenotypic effects. Integration of phenotypic, genomic, transcriptomic, prote-
omic, and metabolomic data will enable accurate and detailed gene network
reconstruction.

The oleiferous Brassica play an important role in global agriculture and horti-
culture. These crops contribute both to the economy and to the health of popula-
tions around the world. Brassica is the third most important source of vegetable oil
in the world after palm and soybean oil and is grown as an edible or an industrial oil
crop that is used as a source of edible protein, in much the same way as soybean
protein [9]. Brassica is the Latin name of a genus that is taxonomically placed within
the Brassicaceae (Cruciferae), which is one of the 10th most economically
important plant families in the world. The major mustard oil-producing countries
include Canada, China, France, Germany, India, and the United Kingdom.
According to a report of the United States Department of Agriculture (USDA),
the world oilseed production was 397 metric ton in 2006–2007. Indian agriculture
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contributes about 15 and 8% to the world�s total acreage under oilseed cultivation
and production, respectively. However, the productivity in India is only 791 kg ha�1

compared to the world average of 1718 kg ha�1 [10]. About 90% of the total land
under oilseed cultivation in India is occupied by Brassica juncea [11]. Indian
mustard (B. juncea L. Czern & Coss.), belonging to the same genus Brassica in
the Cruciferae family, is an agriculturally and economically important crop widely
cultivated in Asia and Europe, and abiotic stress is a major constraint to its
productivity. B. juncea is a dominant crop grown for human consumption as
condiments, fodder, and seed. The Brassica plant is characterized by a large
number of broad, oblong-shaped leaves present in the lower layers of the plant
axis [12]. B. juncea is a more productive oilseed than B. napus in hot regions of
Russia, India, China, and Canada with somewhat unreliable rainfalls, whereas B.
napus is the higher yielding species in more temperate, wetter regions. Oil of B.
juncea is consumed in large quantity and the production ranks second among all
oilseeds in India [13]. In India, B. juncea is used as oil-bearing crop and has been
studied extensively [14, 15]. However, due to the presence of undesirable long-
chain fatty acids such as ecosenoic acid (10%) and erucic acid (50%) in the seed oil,
it becomes detrimental to human health. Erucic acid increases blood cholesterol,
interferes with myocardial conductance, and shortens coagulation time [16].
European Economic Commission has restricted cultivation of Brassica crop that
contains more than 10% erucic acid content in their oil [17]. The discovery of the
genes for low erucic acid oil production in the seeds of Indian mustard began the
conversion of this ancient crop to a canola-type oilseed for dry areas.

52.1.1
Description of Indian Mustard

B. juncea (Indian mustard) belongs to the family Cruciferae. There are nearly 40
different varieties of this yellowflowering plant that are classified by the botanists into
the genusBrassica ofwhichB. juncea is one of themajor oilseed crops of India. The oil
content varies between 35 and 45% and the protein content is between 20 and 24%.
The seed residue is used as cattle feed and in fertilizers. It is a high biomass crop
characterized by oblong-shaped leaves.

52.1.2
Origin of Indian Mustard

Studies suggest that Brassica evolved from the genus Sinapidendron of the Miocene
age through Diplotaxis–Erucastrum complex [18]. B. juncea is generally thought to
have originated in theMiddle East, whereasB. rapa andB. nigra species overlapped in
the wild, but Central Asia and China are suggested as the sites of primary origin [19].
Hemingway [20], however, considers that B. juncea (L.) may also have arisen by
independent hybridization at secondary centers in India, China, and Caucasus, as B.
nigra was widely used as the commercial spice from early times.
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52.1.3
Nomenclature

The oleiferous Brassica grown in India are divided into the following four groups:

1) Brownmustard:Commonlyknownas rai, raya, or laha (B. junceaL.Czern&Coss.)
2) Sarson

a) Yellow sarson: B. campestris L. var. Sarson Prain
b) Brown sarson: B. campestris L. var. Dichotoma Watt

3) Toria: lahi or maghi lahi (B. campestris L. var. Toria Duth)
4) Taramira or Tara (Eruca sativa Mill.)

In addition, there are two other species, namely,B. nigraKoch. (Banarasi rai) andB.
juncea var. Rugosa (Pahadi rai). These two species do not fall under any of the four
groups. These are,moreover, grown to a limited extent.Mustard (B. juncea L. Czern&
Coss.) is the dominant species grown in India [19].

52.1.4
Botanical Description

Rape and mustard include annual herbs. Roots, in general, are long and tapering.
Toria is more or less a surface feeder but Brown sarson bears long roots with limited
lateral spread enabling its successful cultivationunder drier conditions. The height of
the stem varies from 45 cm (in some varieties of Toria) to 190 cm (in Yellow sarson).
In Toria andBrown sarson, the branches arise at an angle of 30–40�. In Yellow sarson,
the branches arise laterally at an angle of about 10–20� giving the plant a narrow and
pyramidal shape. The inflorescence is a corymbose raceme. In the case of yellow
sarson, the four petals are spread apart, whereas, in brown sarson and Toria, the
petals overlap ormay be placed apart, depending upon the cultivar. Theflowers bear a
hypogynous ovary. In Brown sarson and Toria, the ovary is bicarpellary, whereas in
Yellow sarson, itmay also be tri- or tetracarpellary. The fruit is sliliqua. The sliliqua are
two-valved, three-valved, or four-valved, depending upon the number of carpels in the
ovary. The flowers begin to open from 8:00 h and continue up to 12:00 h noon.

52.1.5
Genomic Relationships of B. juncea

The relationships among the cultivated Brassica species were largely clarified by
cytological work. There are six species of Brassica that merit attention for their
economic importance. Among the six species, three are diploid, B. campestris
(2n¼ 20, AA), B. nigra (2n¼ 16, BB), and B. oleraceae (2n¼ 18, CC), and the other
three are amphidiploids,B. juncea (2n¼ 36, AABB),B.napus (2n¼ 38, AACC), andB.
carinata (2n¼ 34, BBCC). The botanical and genomic relationships between these six
species may be represented in the form of a triangle usually known as triangle of
U [21] (Figure 52.1).
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In this chapter, we have tried to explore the available literature on �omics�
approaches such as genomics, transcriptomics, proteomics, and metabolomics in
Brassica, themost important oilseed crop, for possible crop improvement and abiotic
stress tolerance.We also present the success obtained so far in improving the salinity
tolerance in brassicas employing the traditional breeding approaches.

52.2
Indian Mustard: Breeding Aspects under Salinity Stress

Limited efforts have been made for improving crop varieties for various abiotic
stresses following conventional selection and breeding programs. The complex
mechanisms of abiotic stress tolerance, characterized by the expression of several
minor genes limit the rate and extent of progress in improving stress tolerance in
crops through conventional breeding program. Furthermore, techniques employed
for selecting tolerant plants are time consumable and consequently expensive.
Drought and salinity are the serious impediments in decreasing the growth and
yield performance of different crop varieties. The availability of genetic resources

Figure 52.1 �Triangle of U� representing the
genomic relationships among six crop species
of Brassica. Three diploid species are shown (B.
rapa, B. nigra, and B. oleracea), which represent

the AA, BB, and CC genomes, respectively. Also
shown are three tetraploid species (B. carinata,
B. juncea, and B. napus), which are hybrid
combinations of the basic genomes.
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besides the creation and exploitation of novel variability forms the basis of conven-
tional breeding approaches. Cultivars with improved performance under different
abiotic stresses have been developed through selection and evaluation in the targeted
drought-and salinity-affected areas. Concerted breeding efforts at Central Soil
Salinity Research Institute have resulted in the development and release of salinity
tolerant cultivars such as CS52, CS54, and CS56. These varieties have consistently
performed better in the salt-affected soils than the national checks, Varuna and
Kranti. Further studies have shown that amphipolyploid species, namely,B. napus,B.
carinata, andB. juncea aremore tolerant toward salinity than the diploid brassicas. B.
napus followed by B. carinata have been characterized as more salt tolerant,
particularly in climatic zones with long cool periods. B. juncea, probably due to its
shorter growth period compared to B. napus and B. carinata, has proved more
promising in semiarid and arid climateswith shortwinters. Brassicas are by and large
more vulnerable to alkalinity than to salinity. Mustard genotypes have shown
tremendous variability in plant types. Vigorous growth during vegetative stage,
medium plant height, early maturity, and better response to added inputs are some
of the desired characteristics, which are associatedwith consistent yield performance
over an array of environments. Genotypes with medium plant height appear to be
more stable in varied environments. The exploitation of hybrid vigor, through the use
ofCMSand appropriate restorer, will go a longway in raising the production potential
of rapeseed and mustard in India.

Besides the yield potential and stability, germplasm is improved for traits con-
tributing to increased productivity. Physiological characters such as nutrient use
efficiency and harvest index need attention. The rapeseed–mustard crops produce
large biomass but fail to translocate it to the sink, resulting in low harvest index.
Attempts should also be made to breed varieties for better response to low nitrogen
application, which needs tailoring of the new plant type having less secondary and
tertiary branching, reduced height, longer main shoot, more siliqua on main shoot,
more number of seeds/siliqua, and higher 1000-seed weight with better nutrient use
efficiency and capacity to transport assimilate to seeds.

Salinity stress causes yield decline in all the species and the genotypes. The
challenge is to improve the genotypes with salt tolerance characteristics retaining the
economic potential of the particular genotype. Stressful environments are often said
to increase the expansion of inbreeding depression. Plant�s behavior also varies with
intensity of stress. Inbreeding depression occurs for survival under high stress
conditions and for growth under lower stress levels. The workable strategy lies in
selection for tolerant genotypes paying lesser penalty in terms of yield decline. A large
number of germplasm needs to be evaluated under target environments to identify
the breeding material.

52.2.1
Screening Methodology for Seedling Emergence

Under field salinity conditions, it has been observed that once a seedling emerges, it
continues to growwith relatively lesser reductions in growth and yield. Accordingly, it
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is imperative to know the salt tolerance potential of different Indianmustard genotypes
for seedling emergence by some rapid screening methodology under laboratory
conditions. For this, different genotypes have been evaluated under solution culture
in laboratory, sand culture, and soil culture in pots to know their interrelationships.
Variability in different genotypes with respect to their behavior under salinity stress
may be attributed to the differences in uptake of toxic ions alongwith the absorption of
water by the seeds. Increase inNaþ uptake alongwith the decline in Kþ uptake under
salinity stress during germination has been reported by Sharma [22]. Furthermore,
seedling emergence under solution culture and sand culture declined only due to the
ionic stress caused by salinity of the soil solution, whereas in soil culture, osmotic
effects play an associative role along with ionic effects. Accordingly, the higher decline
in seedling emergence under soil culture may be associated with aggravation in ionic
accumulation caused by the increasing osmotic stress along with matric stress.
Seedling emergence under soil culture was also observed to decline through post-
germination salt injuries to hypocotyls at the time of their protruding through soil.

Application of piece-wise linear response model to the pooled data of seven
genotypes in different types of growing medium showed that threshold salinity
level was highest in solution culture experiments (Ct¼ 14.15). It declined to 7.84 in
sand culture and further to 5.96 in soil culture experiments [23]. Similarly, the salinity
level at which 50% reduction in seedling emergence occurred was also highest in
solution culture (C50¼ 21.06), which declined to 15.96 in sand culture and to 12.31 in
soil culture experiments. Along with the decline in Ct and C50 upon shifting from
solution to sand and soil culture, the slope values increased from 7.25 in solution
culture to 9.30 in soil culture experiments. The regression equation for the pooled
data in three types of growing medium was computed to be Y¼� 3.8789 X
þ 111.417 (r2¼ 0.69). Furthermore, the regression equation for seedling emergence
under different salinity levels in solution culture was Y¼� 2.1712 (X) þ 104.1922
(r2¼ 0.38), while in sand culture, it was Y¼� 4.2505 (X) þ 114.4129 (r2¼ 0.87) and
in soil culture the equation was Y¼� 4.6805 (X) þ 106.7743 (r2¼ 0.86), where X is
salinity level and Y is seedling emergence.

Salinity levels in which the results for seedling emergence under solution or sand
culture are typical representative of the results under soil culture were calculated.
These values were computed where the two types of growingmedia recorded around
50% of seedling emergence (C50). A significant positive correlation (r¼ 0.81) was
observed between seedling emergence at ECiw 22 dSm

�1 in solution culture and ECe

12.8 dSm�1 in soil culture. Similar correlation between seedling emergence at ECiw

26 dSm�1 in solution culture with ECe 12.8 dSm
�1 in soil culture was recorded to be

r¼ 0.92. Thus, using this method, a large number of genotypes can be tested for
salinity tolerance in a short period of time.

52.2.2
Genetic Studies under Salt Stress

Genetic variability is the key to any crop improvement program, and the extent to
which the desirable characters are heritable is also important. For improving yield
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and yield component characters, information on their genetic variability and their
interrelationships in different characters is necessary. Partitioning the genotypic
correlation coefficients of yield components into direct and indirect effects may help
estimate the actual contribution of an attribute and its influence through other
characters. Sixty genotypes were evaluated for their adaptation under semiarid saline
soil conditions [24]. High variability was recorded for secondary branches/plant,
siliqua/plant, 1000-seed weight, seed yield/plant, and seed yield/siliqua. Further low
variability was recorded for seeds/siliqua and primary branches per plant. Seeds/
plant were least affected by salinity. Seeds bearing siliqua/plant and seed yield per
plot showed high genetic coefficients of variation (GCV). Heritability was very high
for the number of seeds/siliqua (99.74) and 1000-seed weight (61.44) and moderate
for siliqua length (39.72). Genetic advance was high for seed-bearing siliqua/plant
(15.02) and plant height (11.89), followed by seeds/siliqua (5.69) and sterile siliqua/
plant (8.33). Genetic advance as percent of mean was high for seeds/siliqua (45.73)
and 1000-seed weight (42.91), followed by seed yield per plant. High heritability
associated with increased genetic advance indicated additive gene effects and greater
possibility for improvement. Variability studies in 30 genotypes of Indian mustard
indicated higher estimates of genetic and phenotypic coefficient of variation (PCV),
heritability, and genetic advance for the number of primary branches and siliquae/
plant on normal soil; and for seedling emergence, the number of siliquae on main
shoot, the number of secondary branches/plant, and seed yield on saline soil. The
number of siliquae/plant on normal soil and seedling emergence and plant height on
saline soil had significant positive association with seed yield. Seedling emergence
and plant height exhibited maximum direct, positive effects on seed yield on saline
soil.

Furthermore, genetic parameters for variability were also studied under alkali
stress conditions in 19 genotypes of Indianmustard [25]. The GCV, PCV, heritability,
and genetic advance as percent of mean were high for 1000-seed weight on normal
soil and for plant height, secondary branches per plant, the number of siliqua per
main shoot length, and seed yield per plant on alkali soils. Correlation analysis
revealed that seed yield per plant has positive and significant association for primary
branches per plant and main shoot length on normal soil, and for plant height,
secondary branches per plant and number of siliqua per main shoot length in alkali
stress conditions. The path analysis showed that secondary branches per plant had
maximum direct effect on seed yield under alkali stress conditions. These studies
point out that the framing of selection criteria could be based on the number of
primary branches per plant, main shoot length, and 1000-seed weight for normal
conditions and secondary branches per plant, number of siliqua per main shoot
length, and seed yield per plant under alkali stress conditions.

52.2.3
Salt-Tolerant Varieties

Among different Brassica species, Indian mustard (raya) showed higher tolerance to
salinity/alkalinity stresses compared toGobhi sarson,Karan rai, and yellow and brown
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sarson. Different genotypes of Indian mustard also showed differential tolerance to
saline and alkali stresses. Breeding efforts following conventional breeding
appraoches at CSSRI, Karnal, led to the development of high-yield salt-tolerant
genotypes of Indianmustard, namely, CS52 in 1997, CS54 in 2005, andCS56 in 2008.
These varieties were released by the Central Varietal Release Committee (CVRC),
Government of India, for their cultivation in Punjab, Haryana, Rajasthan, and
Gujarat States of India (Table 52.1).

The salt-tolerant variety CS52 yields 20% higher in salt-affected soils compared to
the high-yield released varieties of Indian mustard at the national level. However, its
maturity is longer by 1week compared to thewell-knownhigh-yield released varieties
of Indian mustard, that is, Varuna, Kranti, and Pusa Bold. Plant height of CS52 is
around 170–180 cm. This variety is more tolerant to insects and pests� attack
compared to other released varieties of Indian mustard. This variety accumulates
and compartmentalizes the toxic ions in the root part, hence restricting the concen-
tration of toxic ions in leaves and stem. Further, the toxic ions get accumulated in
lower leaves, which are shed ultimately reducing the effects of toxic ions on the plant.
These processes help the plant to survive better under salt stress conditions. Another
characteristic of this variety is better adaptability under high temperature conditions
during germination and seedling emergence stages.

These varieties can groweconomically in saline soils up to a soil salinity level of ECe

9 dSm�1 and in alkali soils up to pH 9.3.Within the salt-tolerant limits of this variety,
CS52 and CS56 yield more than 1.6 ton ha�1, whereas CS54 can yield upto 1.9 ton
ha�1. By growing in saline soils and even irrigating with saline waters, 39% oil
content has been determined from the seeds of these varieties. The latest released
variety CS56 has the additional advantage of delayed sowing upto 10th November
without significant reduction in seed yield besides the salt tolerance characteristics.

Table 52.1 Characteristics of Indian mustard varieties CS52, CS54, and CS56 released by CVRC for
salt-affected soils of India.

Variety CS52 CS54 CS56

Year of release 1997 2005 2008
Plant height 170 cm 160 cm 202 cm
Maturity duration 135 days 121 days 132 days
Grain type Medium Bold Medium
1000-seed weight 4.0 g 5.3 g 4.4 g
Salinity tolerance ECe 6–9 dS m�1 ECe 6–9 dS m�1 ECe 6–9 dS m�1

Alkali tolerance Upto pH 9.3 Upto pH 9.3 Upto pH 9.3
Average seed yield 15–16 q ha�1 16–19 q ha�1 16–18 q ha�1

Recommended
date of sowing

First fortnight
of October

First fortnight
of October

First fortnight of October
(normal conditions) and upto
10th November (late sown)

Recommended for Punjab, Haryana,
and Rajasthan

Punjab, Haryana,
and Rajasthan

Late-sown areas of the country
(Punjab, Haryana, and Rajasthan)
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52.3
�Omics� Approaches for Abiotic Stress Tolerance

Plant research has the potential to contribute significantly to solve several of themost
daunting problems that our planet andwe face in the twenty-first century. Developing
crop plants with ability to tolerate abiotic stresses is need of the day that demands
modern, novel strategies for a thorough understanding of plant�s response to abiotic
stresses. In particular, an array of innovative �omics� approaches such as genomics,
proteomics, transcriptomics, and metabolomics are evolving at rapid pace, which is
empowering the scientists to systematically analyze the genome at various levels and
their effect on phenotypic variability. In contrast to the traditional approaches that
mostly focus on one or a few genes at a time, omics tools particularly genomics
allowed the use of important strategies such as genome-wide expression profiling
that is useful to identify genes associated with stress response. Furthermore,
proteomics helped a lot to analyze the relationship between gene expression
(transcriptomics) andmetabolism (metabolomics). Metabolomic studies, thus along
with transcriptomics and proteomics, and their integration with systems biology, will
lead to strategies to alter cellular metabolism for adaptation to abiotic stress condi-
tions.Overall, the �omics� research approaches have produced copious data for living
systems, which have necessitated the development of systems biology to integrate
multidimensional biological information into networks and models. Applications of
systems biology to plant science have been rapid and have increased our knowledge
about circadian rhythms,multigenic traits, stress responses, and plant defenses, and
have advanced the virtual plant project. In the proceeding pages we will discuss in
detail the �omics� approaches such as genomics, proteomics, and metabolomics for
abiotic stress tolerance in mustard.

52.3.1
Genomics Approaches and Abiotic Stress Tolerance in B. juncea

The application of genomics-type technologies is beginning to have an impact,
enhancing our understanding of plant responses to abiotic stresses that interfere
with the normal growth andmetabolism of plants. The ongoing genome-sequencing
project will give access to the required genes and will facilitate the analysis of their
expression.

Abiotic stresses such as low temperature and high salinity adversely affect the
seedling vigor and fertility ofB. juncea and consequent reduction in yield [26]. Studies
on B. juncea [27, 28] have demonstrated the coordinated transcriptional regulation of
genes involved in sulfur transport and assimilation and inGSHbiosynthesis. The Cd
exposure, consequently, induces phytochelatin synthesis from glutathione (GSH).
Zhu et al. [29, 30] overexpressed the c-glutamylcysteine synthetase gene from
Escherichia coli in B. juncea, resulting in increased biosynthesis of GSH and PCs
and an increased tolerance to cadmium (Cd). A similar approach was taken with
Arabidopsis; c-glutamylcysteine synthetasewas expressed in both sense and antisense
orientations, resulting in plants with a wide range of GSH levels [31]. Flocco et al. [32]
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tested the hypothesis that transgenic Indian mustard plants overexpressing ECS or
GS, which have twofold levels of GSH and total nonprotein thiols, would have
enhanced tolerance to organic pollutants, including the PAH phenanthrene. Expo-
sure of plants to organic pollutants significantly enhanced total nonprotein thiol
levels in both wild-type and transgenic plants [32]. Flocco et al. [32] concluded that
GSH could be important for detoxification via conjugation to GSH, of many organic
xenobiotics including phenanthrene, and that overexpression of enzymes involved in
GSH biosynthesis offers a promising approach to create plants with the enhanced
capacity to tolerate not only heavy metals but also certain organic pollutants. Besides
the genes mentioned above, a range of other stress-related proteins have been
employed in raising transgenic plants with improved tolerance toward various
abiotic stresses as mentioned in Table 52.2.

52.3.2
Proteomic Approaches and Abiotic Stress Tolerance in B. juncea

The simple paradigm, gene to mRNA to protein, belies the complexity of the
relationship between a stretch of genomic DNA and its cognate protein products.
The transcriptome analyses of gene expression at the mRNA level have contributed
greatly to our understanding of abiotic stress tolerance in plants.However, the level of
mRNA does not always correlate well with the level of protein, the key player in the
cell [33]. Therefore, it is insufficient to predict protein expression level from
quantitative mRNA data. This is mainly due to posttranscriptional regulation
mechanisms such as nuclear export and mRNA localization, transcript stability,
translational regulation, and protein degradation. Proteome studies aim at the
complete set of proteins encoded by the genome and thus complement the tran-
scriptome studies. Aproteome constitutes all different proteins in a particular �body.�
The body may be an organism, as in yeast proteomics [34], and can also be a
subcellular particle such as an organelle [35, 36] or a protein complex [37].

52.3.3
Metabolomics Approaches and Abiotic Stress Tolerance in B. juncea

Undoubtedly, transcriptomic and proteomic data are important steps in deciphering
a complex biological process, but they are still insufficient since most biological
processes are ultimatelymediated by cell metabolites. Metabolomics is considered to
provide a direct �functional readout of the physiological state� of an organism.
Besides, alternative mRNA splicing, protein turnover rates, and posttranslational
modifications that modulate protein activity imply that changes in the transcriptome
or proteome do not always correspond to alterations in the cell metabolome [38].
Target analysis, metabolite profiling, and metabolic fingerprinting are different
conceptual approaches in metabolomics that can be used for a large range of
applications, including phenotyping of genetically modified plants, substantial
equivalence testing, determination of gene function, and monitoring responses to
biotic and abiotic stress. Metabolomics can therefore be seen as bridging the gap
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between genotype and phenotype. Metabolic changes underpin plant development
and responses to applied stresses, and that metabolic information reflects biological
endpointsmore accurately than transcript or protein analysis. Hence, the only way to
the complete understanding of both gene function and molecular events controlling
complex plant processes is to analyze the transcriptome, the proteome, and the
metabolome in an integrative manner [39].
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53
Cotton: Genetic Improvement for Drought Stress
Tolerance – Current Status and Research Needs
E. AbouKheir, M.S. Sheshshayee, T.G. Prasad, and Makarala Udayakumar

A significant part of cotton production comes from water-limited rain-fed areas.
Being a commercially important crop, improvement of drought tolerance has
received increasing attention in crop improvement programs. The marked genetic
variability in desirable traits among cotton germplasm has great potential for
exploitation through conventional and/or molecular breeding approaches. While
most research activities targeted the cotton speciesGossypium hirsutum, very limited
physiological information is available in other cotton species. At present, the
emphasis is to identify and assess variability in specific traits that have relevance
in enhancing drought stress tolerance. Ensuing global research has enumerated a
few traits such as roots, water use efficiency, and cellular-level tolerance as the most
important besides several other physiological traits. Being quantitatively inherited,
numerous research attempts have been initiated to identify the relevant QTL and to
pyramid them on to superior genetic backgrounds. Likewise, phenomenal progress
has also beenmade in understanding the molecular regulation of drought tolerance,
and to identify the functional/regulatory genes for development of drought-tolerant
transgenics in various crops. Such approaches are minimal in cotton and it is
imperative that such approaches have great promise to develop genotypes with
agronomically desirable traits through molecular breeding and/or transgenics to
improve cotton yield and fiber quality. Hence, research priority should be laid on
utilization of the available genomic resources through effective integration of
conventional breeding with molecular breeding tools. Furthermore, cotton species,
namely,G. arboreum andG. herbaceum need to be explored to assess the variability in
stress-adaptive traits. This chapter examines the cotton drought response and
provides an insight into the relevant traits that have a role in enhancing drought
tolerance. In addition, the prospects of conventional crop improvement approaches
vis-a-vis molecular breeding and transgenic approaches that have relevance to
achieving crop drought adaptation without sacrificing the yield and quality. It also
provides insight into the research needs on the quantitative and association genetics
with an ecophysiological understanding of the cotton genomic resources and to
better inform crop improvement program.

j 1371

Improving Crop Resistance to Abiotic Stress, First Edition.
Edited by Narendra Tuteja, Sarvajeet Singh Gill, Antonio F. Tiburcio, and Renu Tuteja
� 2012 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2012 by Wiley-VCH Verlag GmbH & Co. KGaA.



53.1
Introduction

Cotton belongs toMalvaceae family and tribeGossypieae that includes eight genera [1,
2] with four of these genera (Lebronnecia, Cephalohibiscus, Gossypioides, and Kokia)
having restricted geographic distributions [1, 2]. The genera Hampea, Cienfuegosia,
Thespesia, and Gossypium are moderately larger genera with broader geographic
range. Fiber cotton belongs to Gossypium, which is the largest and most widely
distributed genus inGossypieae tribe with approximately 50 species [3] grown in arid
to semiarid regions of the tropic and subtropic regions [3–5]. Of them, only two
species, Gossypium arboreum and G. herbaceum, are commercially cultivated and
known collectively as �Desi� cottons, and are the Asiatic or Old World short-staple
cotton. Owing to their ability to withstand drought stress, these diploid species are
generally cultivated inmarginal, drought-prone environments of Asia. These diploid
Desi cottons are also known for their ability to resist sucking pests such as hoppers,
white flies, thrips, and aphids, and leaf curl virus. However, owing to their short,
coarse, and weak fiber and undesirable boll and plant features, the Desi cottons were
gradually displaced by G. hirsutum in Asia.

Evolutionarily, G. hirsutum has seven landraces, namely, palmeri, morilli, rich-
mondii, yucatenanse, punctatum,marie galante, and latifolium. The race latifolium is
widely cultivated in the world and yucatannse appears to be the wild progenitor of
upland cotton [6]. G. barbadense is the other domesticated allotetraploid that yields
extralong staples or extrafine quality cotton fiber. This species shares about 3% of
the total world cotton market [7]. The exploitation of the genetic variability of these
species is yet to be realized using modern biological tools in conjunction with
conventional approaches.

Most cotton fiber production comes from species G. hirsutum and G. barbadense,
with a minor contribution from G. arboreum and G. herbaceum. Although cotton is
cultivated in more than 70 countries [8] ranging from tropical to subtropical regions
withmore than 350millionha [9], almost 65%of global area is in four countries India,
China, the United States of America, and Pakistan (Table 53.1). India ranks first in
terms of cultivation area, occupying 26% of the world cotton area, followed by China,
the United States, and Pakistan. Globally, 115 million bales were produced during
2006–2007 season. China contributes 24% of total production followed by India, the
United States, and Pakistan. Although Australia ranks first in productivity (1887 kg
ha�1), it contributes to only 2% of total cotton production with less than 1% of global
cotton area (Table 53.1). However, among themajor cotton growing countries, China
holds the highest productivity (1130 kg ha�1) followed by the United States and
Pakistan with productivity of 858 and 703 kg ha�1, respectively. India with a yield of
494 kg ha�1 is the lowest.

Major area of cotton cultivation in India is under rain-fed conditions, which occupy
about 50%. The cultivated area is concentrated in the central part of India occupying
about 66.66%, with only 23% under irrigated conditions followed by Southern
India (40%) [10]. Several abiotic stresses such as temperature, soil ion concentrations,
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light, and so on adversely affect cotton growth and development. However, the
most devastating abiotic stress is soil moisture deficit and about 45% of the world�s
arable land suffers from chronically inadequate supplies of water for agricul-
ture [12] including cotton [13]. It is projected that burgeoning human population
and urbanization will further aggravate the increasing demand for fresh water both
for human consumption and for agriculture. Furthermore, erratic and often
insufficient rainfall witnessed in the recent past due to anthropogenic changes
in the climate might further reduce the availability of fresh water. Although water
and soil management practices have a significant role in sustaining productivity
under water-limited conditions, a genetic enhancement of cotton genotypes with
increased water use efficiency (WUE) as a seed-based technology has greater
acceptability.

Despite increased interest to exploit the genomic resources for the development of
drought-tolerant crops, it has been hindered by lack of knowledge of precise
physiological characteristics that form the index diagnostic parameter of genetic
variability and potential for improved productivity and quality under water-limited
conditions. Using genetic mapping to dissect the inheritance of different complex
traits is a powerful tool to distinguish heritability from casual associations between
such traits [14]. In principle, it permits a direct analysis of the role of specific
physiological traits in determining genetic variability and potential for productivity
and quality parameters under abiotic stress conditions.

Cotton (Gossypium spp.) is a potential taxon to study the variability in genomic
resources with potential for adaptation to water-limited conditions. Cotton originates
from wild perennial plants adapted to semiarid, subtropical environments that
experience periodic drought stress conditions. However, themodern cotton cultivars
are the result of intensive selection to improve the yield of lint and its quality. Such a
traditional selection with emphasis on maximal productivity under high-input and
irrigated conditions has inadvertently eroded the genetic variability in drought
tolerance [15]. However, considerable variation persists within and between the two
cultivated tetraploid cotton species, G. hirsutum and G. barbadense, in physiological
traits, which can be still exploitable.

Table 53.1 Major cotton-growing countries of the world.

Country Area (�000 ha) Production (�000 bales) Yield (kg ha�1)

USA 5186 20 431 858
China 5300 27 500 1130
India 9250 21 000 494
Pakistan 3250 10 500 703
Australia 300 2600 1887
World 35175 115 590 715

Source: FAO [11].
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53.2
Response of Cotton to Drought Stress

Water deficit stress has profound effects on plant growth, development, and quality.
The first effect of themoisture stressmay well be loss of turgor that affects the rate of
cell expansion and ultimate cell size. The result is a decrease in growth rate, stem
elongation, leaf expansion, and stomatal aperture with an overall decrease in the
performance of the plant.

Such reduction in leaf area index (LAI) results in a reduced crop growth rate (CGR)
under conditions of lower water supply [16–18]. Similar inferences where moisture
stress during vegetative stage causes reduced leaf growth and leaf area have also been
reported [19]. Smaller leaves, increased leaf senescence and abscission [20–22], lesser
leaf numbers [23], reduced leaf area index atmaturity and interception of less light by
the crop, lesser plant height [19], and lower shoot-to-root ratio [19, 24] eventually
decrease total dry matter produced by plant.

In one of our experiments [25], three upland cotton genotypes grown in two
different water regimes (100 and 55% field capacity) showed significant reduction in
leaf area (Figure 53.1a) and total dry matter (Figure 53.1b). This reduction in growth
rates often corresponds linearly with water used by the crop [26]. A linear decrease in
stem elongation has been reported as leaf water potential (LWP) declined and no
further growth was observed when LWP was as low as �2.5MPa [27–29].

These results clearly indicate thatmaintenance of leaf tissuewater relations ismost
crucial to sustain growth rates under water-limited conditions. Therefore, greater
emphasis needs to be laid on assessing the variability in root traits and the root growth
response to drought stress. Significant changes in root growth patterns have been
noticed during a drying cycle [30]. Stimulation of root proliferation is significantly
greater as soil drying continues, a trend not observed in well-watered plants.
Furthermore, during drying cycles, root growth appears closely associated with
shoot growth, with elongation ceasing concurrently with cessation of growth in the
shoot [31] and root elongation ceased when the soil water potential declined to less

Figure 53.1 Effect of moisture stress on (a) leaf area and (b) total dry matter among three upland
cotton genotypes grown into two different water regimes [25].
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than �0.1MPa. The taproot length was greater but not the root dry weight under
moisture stress compared to control condition [19]. The leaf expansion was more
sensitive to water stress than root elongation [32, 33].

Water deficit stress also affects boll production and thus cotton yield [34–36]. The
abrupt cessation inboll formationdependson imbalancebetweenplantsphotosynthetic
capacity and assimilate demand [37, 38]. Moisture stress occurrence during the first 14
days after anthesis leads to boll abscission [39], but occurrence of stress after that period
generally does not cause abscission [40]. However, stress later during boll formation
adversely affects fiber quality. Fiber elongation was decreased when drought stress
occurred during the fiber elongation stage [41–43] and if stress severity increased
beyond the fiber elongation period, led to fiber immaturity and lowmicronaire [44]. On
the contrary,milddrought stress canbebeneficial due to increase in lint percentage over
irrigated cotton [45] and occasionally increasedmicronaire [46]. Krieg [23] summarized
the drought stress effects on cotton growth and productivity and demonstrated that the
timingandseverity ofwaterdeficit stresshasa largeeffect onyield. Levi etal. [47] showed
31% reduction in seed cotton yield under moisture stress.

Soil water deficit causes a progressive and significant reduction in evapotranspi-
ration (ET) with the extent of reduction dependant on the severity and duration of
stress [27]. This reduced transpiration would lead to an increase in the canopy
temperature predominantly due to a stress-induced stomatal closure [22]. The
reduction in transpiration can also be attributed to a stress-induced reduction in
leaf expansion [48–50], stomatal closure [51–53], and reduction in leaf metabolic
activities leading to increased senescence. In cotton, photosynthesis ismore sensitive
to low water potential than the stomatal conductance [54, 55] mainly due to decrease
in the synthesis and activity of photosynthetic enzymes under moisture stress
conditions [56].

53.3
Trait-Based Breeding to Improve Tolerance to Abiotic Stress

Considering the economic importance of cotton and that a significant area of cotton
production comes fromwater-limited rain-fed conditions, attempts to sustain or even
increase yield potentials under stress is a major challenge. Through crop improve-
ment efforts for higher absolute yields, further success in such conventional
breedingmaynot provide the requisite yield advantage because of a narrow variability
in yield among the improved cultivars [57, 58]. Therefore, understanding the plant
physiological characteristics underlying yield formation can direct breeding both for
specific integral traits and for crop response to stress leading to increased yield and
cotton fiber quality.

Drought stress is a very complex stress, and both stress response and crop
adaptation to stress are equally complicated. For achieving a comprehensive improve-
ment in drought tolerance coupled with improved productivity under water-limited
conditions, it appears that several diverse traits need to be introgressed into a single
elite genetic background. Among a large number of adaptive and constitutive traits
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that have been identified, traits associated with tissue–water relations need to be
improved [59–61]. Traits associatedwithminingwater fromdeeper soil layers (roots),
water use efficiency [62, 63], and high-degree of cellular level tolerance [64] deserve
greatest emphasis. Toward a trait-based breeding strategy, the first step is to
systematically characterize the available cotton germplasm accessions for the vari-
ability in these traits and identify superior trait donor lines. In addition, it is also
extremely important to assess variability in several morphophysiological traits such
as the canopy architecture and leaf expansion traits.

53.3.1
Canopy Characters

Manipulating the canopy architecture through leaf characters can be a useful strategy
in breeding for drought tolerance.Other traits such as earlymaturity [65, 66], reduced
leaf area index, and higher canopy CO2 uptake [67], high light-saturated single-leaf
photosynthetic rates [68], a shorter sympodial plastochron [69], and increased
numbers of flowers per season [70] also deserve exploitation. Meredith [71] found
that a copy with subokra-type leaves yielded greater than okra, superokra, and normal
leaf types. Stiller et al. [72] confirmed that cotton with the okra leaf morphology was
more suitable for improved yield under dry land conditions.

53.3.2
Root Traits

Cotton root consists of a primary or �tap� root from which branch the secondary and
tertiary roots [73]. The cotton root, whether primary or branch root, has a single layer
of epidermal cells surrounding the root cortex. The endodermis, single-cell layer,
surrounds the stele that contains the xylem and phloem vascular elements and a cell
layer called the pericycle. The xylem elements are arranged either in a tetrarch (four
distinct xylem bundles, the most common) or in a greater bundle arrangement [74].
The difference in arrangement is apparently genetically controlled andmay result in
significant genetic diversity in root characteristics.

The depth of root penetration depends on a number of factors such as soil
moisture, structure, pH, temperature, and so on, but in general the taproot can
reach depths of over 3m and can elongate at a rate from less than 1 to over 6 cm per
day. The elongation rate of the lateral or secondary roots would generally fall within
the same range [75]. In general, the root system continues to grow and increase in
length until young bolls begin to form [31] at which time root length declines as older
roots die. New roots continue to be formed past this point, but the net result is a
decline in total length [76].

A number of different root traits and morphophysiological traits have been
implicated as important mechanisms that impart drought tolerance in cotton. These
include distance from transition zone to the first main lateral root, taproot weight,
number of lateral roots, seedling vigor, rapidity of root systemdevelopment, and root-
to-shoot ratio [24] and longer taproot length [19].
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Several of the root-related traits show significant response to stress. An increase in
root density in the soil layer between 70 and 180 cm was reported in cotton in dry soil
profile compared towell-watered condition [30]. Pace et al. [19] found that under drought
stress, there was increase in taproot length without any change in cotton taproot dry
weight. Detrimental effects of drought on root growthwere observed only after recovery
where both taproot� and secondary roots� dry weight decreased [19, 33, 77]. Thus,
increase in taproot length, at the expense of thickening, in response to droughtmay be a
common response in cotton. Such a responsemay have evolved to permit cotton plants
to survive drought by accessing water from deeper soil profiles [78]. Contrasting
evidence exists that drought stress reduces cotton root growth, root elongation, root
length density, and root distribution [32, 79, 80]. However, such root growth reductions
are normally noticed when the stress is severe or when it is prolonged.

Although superior drought tolerance is associated with enhanced root growth,
rapid root water uptake, maintenance of root viability at the soil surface, and rapid
root regeneration after rewatering [81], no serious breeding efforts have been
initiated till date to improve root traits [82]. Lack of appropriate phenotyping strategy
for root traits is perhaps themost important constraint. Several techniques have been
developed to study root parameters such as hydroponics [83, 84],minirhizotrons [85],
minilysimeters [86], and tubes [87]. More recently, sophisticated imaging techniques
have been developed for assessing root growth and development. Although these
techniques have been used widely to measure root parameters, they suffer either
from cumbersomeness of procedure or inability to screen large number of acces-
sions. In addition, some of the techniques such as tubes, minilysimeters, and so on
do not represent the correct phenotypic expression of roots, as they do not experience
interplant competitions [88]. Similarly, hydroponic techniques also cannot be
adopted to assess root growth variations over extended crop growth periods.

Most of these disadvantages can be overcome by growing plants in specially
constructed �field root phenotyping structures� [88]. Briefly, these root structures are
constructed using bricks and are raised beds 5 feet above ground and are 10 feet wide.
The length of the structures can be varied based on the crop species and the number
of accessions to be studied (Figure 53.2). Soil of the required type can befilled in these
structures and plants are raised with the recommended spacing between plants.
Thus, in such field root phenotyping structures plants are raised under near-natural
conditions that experience interplant competition and hence would represent the
best phenotypic assessment while determining the genetic variability [64, 88].

In a field study done at our center, 158 upland cotton germplasm accessions were
screened for variability in root traits by raising plants in field root phenotyping
structures (Figure 53.2). A significant genotypic variability in root length, root dry
weight, root volume, and root-to-shoot ratio was observed [64]. Each of these
parameters displayed a normal distribution illustrating the polygenic regulation of
root traits (Figure 53.3).

Similarly, Basal et al. [89] reported a considerable genetic variation in root length,
lateral root number, root freshweight, lateral root dryweight, and total root dryweight
of 68 cotton landraces. On the contrary, Roark and Quisenberry [90] observed low
genetic variability in cotton cultivars. Asmost of the cultivars examined by themwere
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selected from humid and high-rainfall conditions, the genotypes did not exhibit
greater variability in root traits [90, 91].

Considering the importance of root traits for drought tolerance, scientists have
constantly been looking toward evolving newer and more robust strategies for the
assessment of genetic variability in root traits.

53.3.3
Oxygen Isotope Ratio as a Surrogate for Root Traits

Although the theory explaining the phenomenon of oxygen isotopic enrichment
during evaporation of water from ocean surface is well known for almost four

Figure 53.2 Specially constructed field root phenotyping structure to assess genetic variability in
root traits in a large number of accessions [64].

Figure 53.3 Significant genotypic variability observed for various root traits among cotton
germplasm accessions [64].
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decades [92], the application of this theory to predict differences in transpiration rate
has been fairly recent [93–95]. Furthermore, the relationship between stomatal
conductance and leaf water 18O enrichment has remained equivocal [96], though
increased transpiration has been clearly shown to enrich leaf water 18O [97, 98].
Sheshshayee et al. [99] and AbouKheir et al. [100] have provided experimental
evidences and demonstrated that oxygen isotope enrichment is a powerful time-
averaged surrogate for transpiration rate (Figure 53.4). Total transpiration is a
function of canopy leaf area and the transpiration rate per unit leaf area. Accordingly,
a strong positive relationship between the measured total transpiration and the
predicted transpiration based on oxygen isotope enrichment was noticed among the
15 contrasting cotton lines (Figure 53.5a). Furthermore, total transpiration at a given
leaf area depends on the ability of the root system inmeeting the evaporative demand
of the canopy. We observed a strong correlation between root biomass and the total
transpiration predicted using oxygen isotope ratio (Figure 53.5b). These results
clearly demonstrate the relevance of oxygen isotope enrichment as a surrogate for
root traits.

53.3.4
Water Use Efficiency

Water use efficiency, the amount of biomass produced for unit volume of water
transpired, is a key parameter that needs to be improved to produce better yield for a
given amount of water or for having a stable yield with less water used. WUE can be
considered part of resource management under moderate drought stress. Several
researchers are of the opinion that there is only a small exploitable variability in
WUE [100–102]. However, more recent studies have clearly demonstrated a signif-
icant genetic variability in WUE in several crop species [103–110] including cot-
ton [100, 111–113].

Figure 53.4 Relationship between oxygen isotope enrichment (D18O) andmean transpiration rate
(MTR) among 15 cotton lines (G. hirsutum).
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WUE can be measured at single-leaf level, as a ratio between the rate of carbon
fixation by photosynthesis and the rate of transpiration, as a ratio of the photosyn-
thesis rate and stomatal conductance since major water loss through the stoma-
ta [114–116]. WUE can also be measured at whole-plant level, the ratio between total
drymatter accumulated during a season and amount ofwater transpired by plant [86].
Precise and reliable evaluation of WUE either at whole-plant level or at single-leaf
level are complex, difficult to achieve, and expensive. A large drawback of WUE
measured at whole-plant level is that it is cumbersome and hence cannot be used for
large-scale screening. On the other hand,WUEmeasurement at single-leaf level is an
instantaneous measurement, which fails to incorporate seasonal effects of
WUE [113]. Measures of WUE that represent a single plant over an entire growing
season are essential for robust breeding program. At present, neither of WUE
measurements is directly suitable for selecting plants from segregating populations.
Plants discriminate against the heavy isotope of carbon during photosynthesis.
Theory has been well developed that links the variability inWUEwith carbon isotope
discrimination (D13C) [117]. The application of D13C as a surrogate for WUE has
been verified in several container and field experiments. This technique is being
widely adopted as a surrogate for determining the genetic variability in WUE in
several crops such as wheat [118–120], groundnut [105, 121–123], rice [124, 125],
cowpea [108, 126, 127], and cotton [100, 111, 113, 128].

As expected by theory, several workers found a negative relationship betweenD13C
and WUE among cotton lines G. Barbadense [128], G. hirsutum, and an interspecific
hybrid [100, 111, 129].However, a positive correlation ofD13Cwith yield and stomatal
conductance at single-leaf level was often noticed [100, 129] (Figure 53.6).

Assessment of genetic variability in WUE using D13C revealed significant vari-
ability in many crop species [110, 120, 123, 125]. Similarly, a significant genotypic
variability in D13C among 158 upland cotton accessions was observed in our center
(Figure 53.7) [64].

Figure 53.5 Relationship between predicted total water transpired (D18O� LAD) with cumulative
water transpired (a) and root biomass (g Plant�1) (b) among 15 cotton lines (G. hirsutum) [100].
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Besides, the large genetic variability and a low genotype interaction with its
environment and a moderate-to-high broad-sense heritability for WUE trait [113,
120, 124, 130, 131] suggest that breeding efforts could be attempted to improve
productivity through selection for WUE. For instance, in a wheat breeding program,
Richards et al. [131] and Condon et al. [120, 132] developed varieties with a highWUE
to improve productivity under water-limited conditions. However, the yield advan-
tage was shown to decrease when water availability during the cropping season
increased [120, 131]. In many species and genotypes, moisture stress induced
stomatal closure affecting not only transpiration but also photosynthesis, resulting
in significant reduction in total biomass production although there is increase in
WUE [61, 133]. Crop lines with such characteristics are often referred to as

Figure 53.6 Relationship between carbon isotope discrimination (D13C) with water use efficiency
among 15 cotton lines (G. hirsutum) [100].

Figure 53.7 Significant genotypic variability observed for D13C among cotton germplasm
accessions [64].
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�conductance types� [95, 108, 110]. On the other hand, increase in WUE arises
predominantly by maintaining high photosynthetic capacity in a few species and
genotypes; selection in such types for higher WUE will not affect the plant biomass
and yield that are called �capacity types� [106, 110, 134]. The classification of some
crops into capacity and conductance types is provided in Table 53.2.

Cotton is classified as conductance types (Table 53.2), where WUE increases by
reducing transpiration through stomatal closure, thus associated with reduction in
the biomass produced [132, 147]. Recently, AbouKheir et al. [100] demonstrated stable
isotopes (13C and 18O) as high-throughput technique for accurate identification of
capacity type among cotton genotypes. The carbon and oxygen isotope ratios of plant
organic matter integrate the diurnal and seasonal variations in Ci and gs, respec-
tively [110, 135]. Therefore, demonstration of carbon- and oxygen-stable isotope ratio
(D13C/D18O) is a good time-averaged estimate of in vivo photosynthetic capacity and
thus to identify capacity type genotypes.

53.4
Water Conservation Mechanisms

53.4.1
Epicuticular Wax

Avariety of functions have been attributed to thesewaxes related to their involvement
in physical and physiological processes, including the reduction of transpiration and
gas exchange. Commonly, drought-stressed cotton leaves exhibit an increase in the
waxy cuticular layer of the leaf [148, 149] for water conservation. Bondada et al. [150]
showed that water stress increased total wax concentration in cotton and induced the
production of long-chain alkanes whose number and levels were higher in the total
wax of the leaf, bract, and boll compared to the corresponding well-watered cotton

Table 53.2 Classification of some crop species as capacity and conductance types.

Capacity (gm) types Conductance (gs) type

Crop Reference Crop Reference

Groundnut [104] Wheat [141]
Wheat [119] Wheat [142]
Groundnut [135] Barley [143]
Groundnut [103] Wheat [144]
Groundnut [121] Wheat [145]
Groundnut [136] Coffee [146]
Beans [137] Cotton [128]
Grasses [138] Cotton [64]
Canola [139] Rice [124]
Spruce [140] Cowpea [108]
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plants. It has been reported that cuticular thickness and waxiness of leaf surface are
genetically controlled by a large number of genes affecting the transpiration [151].

53.4.2
Cuticular/Nonstomatal Water Loss

Most of the nonstomatal water loss from the leaf would be from the epidermis due to
differences in cuticular thickness. It is predominantly influenced by cuticular waxes,
which is an intrinsic drought-tolerant character affecting water retention in leaves.
The trait has great relevance in water conservation under drought conditions. The
genetic variation in cuticular water loss has been reported in crop species and used as
selection criterion for drought resistance [152–155]. Genotypic variation in cuticular
water loss was assessed among the 158 cotton germplasm accessions in our center by
measuring the rate of water loss from excised leaves. Results revealed a considerable
genotypic variation among cotton accessions tested in moisture retention capacity at
5 h that ranged from 40.04 to 83.27% (Figure 53.9) [25].

53.5
Cellular-Level Tolerance

53.5.1
Intrinsic Tolerance

Under natural conditions, development of abiotic stress levels is a progressive
phenomenon. Accordingly, plants initially experience a milder stress level before
being exposed to severe stress. In response to milder stress, several genes have been
shown to be either upregulated or downregulated, which leads to the development of
a considerable degree of tolerance in plants when stress becomes severe. Such an
acclimatization response of plants is termed �acquired tolerance� and it has been
demonstrated in several species [156–160] including cotton [161].

The induction of stress triggers several signaling pathways, resulting in the
expression of an array of stress-responsive genes and the gene products may alter
the physiological and biochemical processes relevant to stress tolerance. While
several genes are suppressed, a large number of genes are upregulated in response
to stress [162–165]. Drought stress-responsive genes have their own cognate recep-
tors, which operate independently or cooperatively to initiate downstream signaling
events. Regulation of both upstream and downstream components such as heat
shock protein, protein kinases, secondary messengers (reactive oxygen species
(ROS), calcium, etc.), and transcription factors is directly or indirectly involved in
establishing the required responses that are well studied [166–168].

On the basis of the concept that seedlings acquire a certain degree of stress
tolerance when exposed to milder stress levels, the novel and high-throughput
�temperature induction response� (TIR) technique has been developed and validated
in many crop species [162, 164, 165] including cotton [161]. The technique involves
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subjecting young seedlings to amild induction temperature before exposing them to
a potentially lethal temperature level. Using the TIR technique, AbouKheir et al. [161]
observed significant difference in heat stress response among cotton species. Old
World cotton (G. arboreum and G. herbaceum) species showed higher survival per-
centage and better recovery growth compared toNewWorld cotton (G. hirsutum andG.
barbadense). Plausibly, it may provide an explanation why diploid cotton types are
preferred by farmers in India for cultivation in marginal and drought-prone environ-
ments. Many studies have shown that genetic variability is seen only upon stress
acclimation treatment prior to severe stress [162, 164, 169–172]. It corroborates the
observations of AbouKheir et al. [161], who reported a significant genetic variability
among 36 upland cotton cultivars screened using TIR technique (Table 53.3), and on
the basis of seedling survival and growth after recovery genotypes can be classified into
thermotolerant, moderately tolerant, and susceptible (Figure 53.8).

In addition, seedlings exposed to induction treatment beforebeing exposed to severe
temperature have higher growth recovery than those seedlings subjected directly to
severe temperature stress and also accumulated higher levels of low and high
molecular weight HSPs such as HSP18.1, HSP90, and HSP104 [162, 164]. A number
of earlier studies have clearly demonstrated that thermotolerance genotypes selected

Table 53.3 Genetic variability in thermotolerance among 36 G. hirsutum genotypes [161].

Seedling mortality (%) Reduction in recovery growth (%)

Induced Noninduced Induced Noninduced

Mean 49.77� 4.2 88.61� 2.2 80.54� 2.4 96.94� 0.6
Minimum 10.00 50.00 43.59 87.22
Maximum 93.30 100.00 96.56 100.00
CD @ 5% 24.63 16.20

Figure 53.8 Significant genotypic variability in moisture retention capacity at 5 h (MRC-5) among
158 upland cotton accessions [25].
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with TIR technique showed better leaf area, membrane integrity, and thus better
recovery growth after exposure to heat stress at whole-plant level. It suggests that the
thermotolerance of genotypes analyzed using TIR technique at seedling levelmay also
provide insight into intrinsic tolerance at plant level [162, 164, 165] (Figure 53.9).

53.5.2
Osmotic Adjustment

Osmotic adjustment helps in maintaining turgor and thus tissue metabolism under
drought stress conditions [173]. Hare et al. [174] reported accumulation of many
compatible solutes (i.e., proline, trehalose, and glycine betaine) useful in osmotic
adjustment, which also protect plants against water deficit stress by buffering redox
reactions by scavenging free radicals, preventing protein degradation, maintaining
membrane stability, and mediating signal transduction. Boyer [175] suggested that
certain sugars and their derivatives with structures similar to water (e.g., sucrose and
trehalose) may hydrogen bond with cell membranes, thus stabilizing the system
when water deficits occur. Oosterhuis and Wullschleger [176] found that cotton has
more osmotic adjustment capabilities than othermajor crops and themost important
solutes found in cotton leaves are potassium, nitrate, citrate, malate, and sugars, and
the last two account for 10–40% of osmotic potential [177].

Eaton and Ergle [178] reported increase in hexose sugars in cotton leaves under
moisture-stressed conditions. A decrease in sucrose concentration with concomitant
increase in raffinose concentration is known to maximize the secondary wall
synthesis in cotton fiber [179]. Cotton has been shown to accumulate an extremely
high amount of glycine-betaine compared to other taxa [180]. Trehalose production is
induced by a number of stresses including water deficit and salinity in cotton [181].
Trehalose-6-phosphate synthase RNA was found in all tissues tested in both water-
stressed andwell-watered plantswith increased levels of expression in stressed leaves
and roots compared to the well-watered controls. Similarly, reduction in osmotic
potential was recorded under moisture stress conditions [182]. Singh et al. [183]
showed an increase in P uptake from a drying soil leads to an increased supply of

Figure 53.9 Variation in root and shoot growth in tolerant (H-28), moderately tolerant (H-30), and
susceptible (H-19) lines after recovery from high-temperature stress.
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osmotically active inorganic solutes for the cells in the growing cotton leaves. As a
consequence, plants accumulate both free and bound water, ultimately leading to
increased leaf expansion rate. Thus, root traits that enhance the P uptake could be a
beneficial mechanism to alleviate drought stress.

Quisenberry et al. [184] reported significant differences among cotton cultivars for
osmotic potential at zero turgor, further suggesting genotypic variation in osmo-
regulation in cotton. However, a significant negative correlation between shoot dry
weight and increased osmoregulation was reported from the same group, implying
that if cotton genotypes are selected on the basis of the degree of osmotic adjustment
under water deficit stress alone, a decrease in potential growth could be a possibility
in selected species. Evidently, documented reports suggest that relationship between
osmotic adjustment and yield were inconsistent, which can be positive [82], nega-
tive [184, 185], or no association [186, 187].

53.5.3
Chlorophyll Fluorescence

Fv/Fm is often used as an early indicator of photosynthetic damage caused by abiotic
stress in many crops [188–191]. Burke [192] developed a novel bioassay for the
identification of drought stress in cotton that utilizes chlorophyll fluorescence to
monitor cell viability under high-temperature dark incubation. Differences between
well-watered and drought-stressed plants can be established since, under stress,
plants will not mobilize carbohydrate reserves overnight and will therefore maintain
higher fluorescence values during high-temperature dark incubation, with the
opposite being true for well-watered plants. Normal metabolic processes have been
shown to be disrupted by drought leading to a reduction in the translocation of
photosynthate from leaves to other plant tissues [193]. The okra leaf genotypes did
have 14% greater F0

v=F
0
m across treatments compared to the normal leaf cottons.

Higher photosynthetic rates per unit leaf area have been observed in okra leaf
genotypes [194]. Higher chlorophyll fluorescence values in drought-stressed plants
were observed in 20 genotype of diverse germplasm evaluated in a 2 year field
evaluation under two water regimes [195], indicating the importance of using this
bioassay to evaluate and identify the drought tolerance cotton genotypes.

53.6
Conceptual Approach to Cotton Improvement for Abiotic Stress

A variety of approaches have been used to alleviate the problem of drought stress
through the enhancement of adaptive mechanisms of plants. It appears to be a
formidable task as drought is a complex abiotic stress controlled by many physio-
logical and biochemical characteristics, besides phenotypic characteristics of plants.
Plant breeding, either conventional or molecular breeding, is being extensively used
to tailor and develop genotypeswith genetically superior traits to enable them to adapt
to drought-stress environments. There has been commendable progress made
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during the last century by plant breeders in developing drought-tolerant lines/
varieties/cultivars of some crops through conventional breeding. However, the
approach is highly time consuming and labor and cost intensive. Alternatively,
marker-assisted selection (MAS) [196] has been realized to be a more efficient
approach, which identifies the usefulness of thousands of genomic regions of a
crop under stress conditions. Quantitative trait loci (QTL) for drought tolerance have
been identified for a variety of traits in different crops. The development of
comprehensive molecular linkage maps and marker-assisted selection has opened
up options to pyramid desirable traits to achieve crop drought tolerance. To date, such
crop improvement programs have been hampered by significant genetic� environ-
ment interaction, large number of genes encoding yield and use an inappropriate
mapping population involved in mapping of QTL for better growth and yield under
water deficit conditions. Advancement of scientific knowledge on genomics and
proteomics has been increasingly beneficial for precise molecular breeding and
transformation approaches in crop improvement. With the available tools and
techniques, the realization of trait pyramidingposes a daunting challenge. Therefore,
the emphasis must be placed to devising appropriate strategies and tools for precise
trait pyramiding to improve drought tolerance.

The first step in this direction would be to identify genes and QTL that control the
specific traits of relevance to drought tolerance and such desirable traits� variability
among the genotypes. Hence, precise identification of trait donor parents/lines/
genotypes is critical. It forms the basis for the development of genetic and genomic
resources for focusedmolecular breeding and transgenic program.Despite the realized
potential of molecular breeding strategy, the success has not been encouraging. It is
mainly attributed to the inability to identify robustQTLdue to thenonavailability of large
number of codominantmarker systems such as SSR. Therefore, emphasis has to be on
generation of large genomic resources of marker systems (SNP and SSR) followed by
devising robust and high-throughout phenotyping techniques.

Transgenics is yet another potential option to introduce novel alleles for improving
drought tolerance of crop. In recent years, several transgenic programs have provided
leads in improving crop adaptations, even at field level, suggesting the potentials and
prospects of trait pyramiding by introducing regulatory genes with abilities to
upregulate the several downstream functional genes. Suggestively, choice of regulatory
genes and development ofmultigene cassettes with pathway-engineered genes appear
to be an effective drought-tolerant trait pyramiding strategy by transgenic approach.

53.7
Potential of Genomic Resources for the Enhancement of Drought Tolerance

In the last decade, extensive research in genetics and genomics has improved our
understanding of structure and function of plant genomes and has integrated basic
knowledge to enhance drought stress tolerance through molecular and transgenic
approaches. Cotton geneticmapshave been developed for variousGossypium crosses,
mostly between G. barbadense species and G. hirsutum. These maps collectively
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include more than 5000 public DNAmarkers (�3300 RFLPs, 700 AFLPs, more than
2000 SSRs, and 100 SNPs). Many thousands of additional SSRs have been
described [197], but only subsets of these have been mapped [198–200]. The other
aspect of genomic resources is transcriptome, a cDNA sequence, which is beginning
to receive wide attention. However, available knowledge of the Gossypium spp.
transcriptome is heavily biased toward genes expressed in fibers. The total number
ofGossypium ESTs available is 378 184 in different cotton species. On the basis of the
current knowledge on cotton genomic resources, Gene Chip (Affymetrix) has been
constructed with 23 977 probe sets representing 21 854 cotton transcripts.

Over the past two decades, whole-genome sequencing has been achieved in several
organisms including plant species, and it is clear that most of the major crop species
will also be sequenced in near future including cotton genome. In cotton, however,
there is need to sequence not only cultivated (tetraploid) genotypes but also their
diploid progenitors, to understand how tetraploid cottons have come to �transgress�
the productivity and quality of their progenitors. As a long-termgoal of characterizing
the spectrum of diversity among eight genome types, the first genetically anchored
whole-genome physical map of a cotton species (G. raimondii) was built through
integration of agarose-based fingerprinting and high information content finger-
printing [201] since G. raimondii (D genome) has the smallest genome (60% of the
�A� genome)with 880Mb, and a detailed genetic linkagemap is available. Studies are
in progress on the species G. arboreum and G. hirsutum, the next priorities after G.
raimondii in the international strategy for characterizing the spectrum of Gossypium
diversity [202]. The economic importance of cotton fibers and scientific interest in
polyploidy suggest an ultimate goal of sequencing a G. hirsutum tetraploid. The
possibility of intergenomic concerted evolution, much like the presence of recently
amplified repetitive DNA families, may tend to support the need for a BAC-based
rather than awhole-genome shotgun approach.Using a finished diploid genome as a
template and guide, a BAC-based sequence of a tetraploid will elucidate the types and
frequencies of changes that have distinguished polyploid from diploid cottons. An
effective utilization of the existing genomic resources for precise identification of
QTL/genes of relevance for enhancing the adaptive capability to moisture-limited
conditions is need of the day.

53.7.1
Molecular Breeding

The marker technology has enabled breeders to utilize DNA markers for selecting
desirable plantswithout exposing them to a critical and growth-limiting environmental
conditions [203]. The range of DNAmarkers that can be easily used is quite extensive.
The techniques utilize the polymorphisms in the actual DNA sequence of plant
germplasm and identify the variations and use different DNAmarkers such as RFLP,
AFLP, SSR, and so on [204–206]. SuchDNAmarkers have been developed and used in
cotton for fingerprinting [207, 208], linkage map construction [198, 199, 209–212],
gene mapping [213, 214], and genetic diversity studies [209, 210]. Several studies and
reviews have reported that QTL may play a critical role in mitigating abiotic stress in
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many crop species.However, in cotton amajority ofQTL identified in geneticmapping
were associated with agronomic and fiber quality [212, 213, 215–223]. On the other
hand, there are a few studies on QTL affecting traits associated with drought tolerance
listed in Table 53.4.

Table 53.4 Few QTL affecting traits associated with drought tolerance in cotton.

Traits Marker
system

Mapping population Remarks References

Fiber length (6)a),
length uniformity (7),
elongation (9),
strength (21), fine-
ness (25), and color
(11)

RFLP
markers

214 F3 families (G.
hirsutum�G.
barbadense)

The F3 family grown in
two water regimes well-
watered treatment
(receiving 300 mm) and
the water-limited treat-
ment (receiving about
40–50% of that quantity)

[224]

Lobe length (3), lobe
width (2), leaf-lobe
angle (3), main sub-
lobe number (1)

RFLP
markers

180 F2 (G. hirsutum
�G. barbadense)

QTL affecting leaf-lobe
length and width was
found at the lower end of
chromosome 15 corre-
sponding approximately
to the location of the
�Okra-leaf�
mutation [226]

[225]

Trichome density (4) RFLP
markers

F2 (G. hirsutum�G.
barbadense)

119–150 from each four
F2 population were
developed from crossing
four G. hirsutum with
common G. barbadense

[226]

Lobe length (10), lobe
width (13), lobe angle
(6), and leaf chloro-
phyll content (2)

SSR
markers

BC (G. hirsutum�G.
barbadense)

The genetic map was
constructed using 590
SSR markers

[227]

Stomatal conduc-
tance (2)

RAPD and
SSR
markers

118 F2.3 (G. hirsutum
�G. barbadense)

The genetic analysis was
done in F2 individual and
repeated in F3 families

[228]

Low OP (11), high d
13C (11), canopy
temperature (4),
chlorophyll-a (3), and
chlorophyll-b (4)

RFLP
markers

900 F2 and 214 F3
families (G. hirsutum
�G. barbadense)

Two irrigation regimes
were used, well watered
and water limited

[229, 230]

Root weight (1) RFLP and
SSR
markers

The two F2 popula-
tions consisted of 138
and 107 progenies (G.
hirsutum�G.
barbadense)

Major QTL for root
weight was identified on
chromosome 7

[231]

a) Number in parenthesis in the first column indicates number of identified QTL.
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Genomic approaches offer unique opportunities to dissect quantitative traits into
their single genetic determinants (QTL), thus enabling transfer of specific genomic
regions between different genetic backgrounds through MAS [196]. In cotton, MAS
has been used in backcrossing transgenes from transformed cultivars to the elite
cultivars and further genetic advancement of cultivars. QTL for yield and drought-
related physiological traits such as osmotic potential (OP), carbon isotope ratio
(d13C), and leaf chlorophyll content have been introgressed via MAS to 12 NIL
obtained from elite cultivars of the two cotton species G. barbadense cv. F-177 and G.
hirsutum cv. Siv�on. Among nine NILs introgressed with OPQTL, five NILs exhibited
significant reduction in OP under water-limited conditions and/or improved OA
during two field trials. Similarly, among six NILs introgressed with high d13C (as
indirectly measurement of WUE) only four showed significantly higher d13C under
moisture stress conditions. Likewise, only two out of three NILs showed higher
chlorophyll content [182].

Over the past decades, conventional linkage analysis (biparenteral QTL mapping)
is being successfully used for dissection of trait inheritance mechanism. The
approach has facilitated the identification of major genes and QTL in plant and
animal species, particularly in model organisms. However, efficient gene discovery
with this approach will probably continue to be largely limited to loci that have a large
effect on quantitative variation. Although biparenteralmapping is used extensively to
identify QTL associated with different traits, it is time consuming and takes several
years to develop populations for fine scale mapping. Apart from inherently poor
resolution (long-distance associations betweenmarker andQTL, for example, 10 cM)
resulting from limitedmeiotic crossover events in pedigreed populations, developing
large full sib families for each major gene/trait may not be practical for plant genetic
improvement, particularly in tree crops. A more efficient approach that does not
require generation of large pedigreedmapping populations with higher resolution is
therefore needed to complement conventional QTL mapping strategy. Recently, a
population genomics tool termed �association mapping� [232, 233] has been devel-
oped. Association mapping seeks to identify specific functional variants (i.e., loci,
alleles, etc.) linked to phenotypic differences in a trait, to facilitate detection of trait
causing DNA sequence polymorphisms, and/or selection of genotypes that closely
resemble the phenotype. In cotton (Gossypium spp.), association studies are very
limited [25, 234–236].

Abdurakhmonov et al. [234] reported the extent of genome-wide LD in upland
cotton (G. hirsutum) and association mapping of fiber quality traits using 95
microsatellite markers in a total of 285 exotic G. hirsutum accessions. A genome-
wide average of LD declined (r2� 0.1) within the genetic distance at <10 cM in the
landrace stocks of germplasm and >30 cM in varietal germplasms. Furthermore,
genome-wide LD (r2� 0.2) reduced on an average �1–2 cM in the landrace stock
germplasms and 6–8 cM in varietal germplasms. Recently, association mapping for
fiber-quality traitswas conductedusing 202microsatellitemarkers in 335G. hirsutum
germplasm grown in two diverse environments. The result indicates that genome-
wide average of LD (r2� 0.1) extended up to a genetic distance of 25 cM in assayed
cotton variety accessions. Genome-wide LD (r2� 0.2) was reduced to �5–6 cM
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providing evidence for the potentiality of association mapping of agronomically
important traits in cotton [235]. Similarly, Kantartzi and Stewart [236] evaluated 56G.
arboreum (diploid cotton) germplasm accessions for eight fiber characters that
genotyped with 98 SSR markers. A total of 30 marker-trait associations were
identified with 19 SSR markers located on 11 chromosomes and identified mark-
er-trait associations (P¼ 0.05) for all traits evaluated.

The first study on LD-based associationmapping for root traits andD13Cwas done
in our center, using 152 upland cotton germplasm accessions grown under two
diverse agroclimatic locations in India. The results revealed the genome-wide average
of LD (r2� 0.1) extended up to a genetic distance of 25–30 cM. Interestingly, it is the
first study showing SSRmarkers associated with root traits and D13C trait in upland
cotton (Table 53.5). Although majority of SSR markers had significant associations
only in one experimental location, a few of them showed significant association in
both the locations with some traits, which can be potential markers for effectiveMAS
program in cotton [25].

53.7.2
Transgenics to Improve Abiotic Tolerance

Plants must adapt to abiotic stress in order to survive; thus, a number of genes are
upregulated and/or downregulated as a response to stress conditions. These stress-
responsive genes are broadly classified as genes thought to be involved in protecting
stressed cells (functional gene) andgenes implicated in regulationof signal transduction

Table 53.5 Summary of the association mapping of root traits, D13C, TDM, and other associated
physiological traits using MLM and GLM tests in TASSEL.

Traits No. of significant associations

Experimental location 1 Experimental location 2

Plant height @ 100 DAS 27 26
Root length 15 23
Total root volume 28 27
Leaf weight 36 36
Total root weight 34 29
Stem weight 33 23
TDM 29 24
D13C 23 20
SCMR 25 39
SLA 19 20
LA 39 33
Root/LA 33 28
TDM/LA 26 30
Root/shoot 32 24

Source: AbouKheir [25]; GLM: general linear model; MLM: mixed linear model; Location 1: Nagpur;
Location 2: Bengaluru.
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and expression (transcription factor genes) [237, 238]. These genes have been used
extensively to enhance the stress tolerance in several of plant species. Some of the
relevant genes, which enhance the stress tolerance in cotton, are provided in Table 53.6.

Although the first transgenic cotton plant (Bt cotton) was released and commer-
cially cultivated since 1996, to date there is no transgenic cotton for abiotic stress
tolerance. This is perhaps due to the complexity of abiotic stress and lack of efficient
transformation technique in cotton. Therefore, there is a need to develop efficient
transformation technique that can be used effectively in cotton. Recently, efficient

Table 53.6 Genes used in transformation to enhance stress tolerance in cotton.

Functional genes Remarks References

1. Antioxidants
Superoxide dismutase
(SOD), ascorbate peroxi-
dase (APX), and glutathi-
one reductase (GR)

Enhanced recovery of photosynthesis in plants
exposed to chilling temperatures and high light
intensity

[239, 240]

GlutathioneS-transferase
(GST)

Seedlings did not show improved tolerance to
salinity, chilling conditions, or herbicides

[241]

2. Membrane transporters
Tonoplast Naþ/Hþ anti-
porters (NHX1)

Transgenic plants had more biomass produced and
fibers under salinity stress compared to the wild type

[242]

Hþ -PPase gene (TsVP) Transgenic plants showed high shoot and root
growth, better photosynthetic performance, and
accumulated more Naþ , Kþ , Ca2þ , Cl�, and soluble
sugars in their root and leaf tissues under salinity
conditions compared to the wild type

[243, 244]

3. Osmotic potential
Choline monooxygenase
(CMO)

The osmotic potential, electrolyte leakage, and
malondialdehyde (MDA) accumulation were
significantly lower in leaves of the transgenic lines than
in wild type after salt stress. Net photosynthesis and Fv/
Fm was less affected by salinity stress in transgenic

[245]

4. Protein kinases
SOS2 Transgenic plant had better salt tolerance than the

wild type
[246]

5. Transcription factors
GF14l, encodes 14-3-3
group of regulatory
proteins

Overexpression of GF14l in cotton conferred a �stay-
green� phenotype under well-watered conditions and
displayed increase water stress tolerance and main-
tained higher photosynthetic rates under conditions of
low water availability

[247]

ABF3 Transgenic cotton plants enhanced expression of ABA-
responsive genes under noninducting conditions,
better root development, and enhanced survival under
severe water deficit conditions

[246]
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embryogenic calli-based method of obtaining transgenic cotton has been standard-
ized in two chinese cultivars [248]. In cotton, due to its recalcitrance and poor
regeneration, there has been limited progress in achieving effective transformation.
A recent alternative method, tissue culture-independent in planta transformation
strategy, has been successfully used for transformation in cotton [249].

53.8
Summary

Drought is perhaps the most complex abiotic stress and the varied adaptive mechan-
isms evolved by plants have made the task of improving drought tolerance a
formidable challenge. Imperatively, projected prevalence and spread of drought
stress due to water deficit situations worldwide has prioritized the efforts in crop
improvement program to dissect the molecular and physiological basis of adapta-
tions to drought stress and/or water-limited conditions by various crops. Past
research efforts have emphasized on improving constituent drought tolerance traits
through a �trait-based breeding� strategy. Thus, the major emphasis has to identify
drought-tolerant traits such as root traits, WUE, and so on, and develop precise and
high-throughput phenotyping technique for screening a large number of germplasm
to select trait donor lines that can be utilized in breeding program.Modern genomic
techniques have aided tremendously in identifying stress QTL and diagnostic DNA
markers for specific stress-related traits in a number of crops including cotton.
Improvement-specific traits by introducingnewalleles by transgenic approachwould
be an essential option to pyramid traits for improving the adaptation. Furthermore,
turning the gene-tagging efforts frombiparental crosses to germplasmcollection and
from traditional linkage mapping to linkage disequilibrium (LD)-based association
study holds promise formost effective utilization of ex situ conserved natural genetic
diversity of cotton germplasm resources irrespective of their origin. The application
of LD-based association mapping for cotton will not only accelerate the MAS
programs in cotton but also add to our knowledge and understanding of the cotton
genome and its evolution. Furthermore, genomic resources with drought-tolerant
traits can be compatibly used for pyramiding to superior genetic background, which
facilitates genetic improvement for higher yield of cotton germplasm and enhanced
adaptability to drought stress conditions.
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54
Tea: Present Status and Strategies to Improve
Abiotic Stress Tolerance
Sanjay Kumar, Asosii Paul, Amita Bhattacharya, Ram Kumar Sharma, and
Paramvir Singh Ahuja

Tea (Camellia sinensis (L.) O. Kuntze) is sensitive to several abiotic factors including
low temperature, drought, frost, hail, and waterlogging. The published work largely
relates to low temperature and drought, which are the most prominent environ-
mental cues impacting tea survival and productivity. Low temperature leads to
winter dormancy through a complex network wherein genes related to cell rescue,
defense, and chaperones were upregulated, and the genes associated with cell cycle
and DNA processing were downregulated. A positive correlation with the oxidative
stress and winter dormancy necessitated modulating oxidative stress for regulating
winter dormancy. Chaperonic activities and oxidative stress have also been reported
to play prominent roles in modulating drought response of tea. Importantly, drought
stress impaired catechins accumulation by downregulating several genes of the
pathway. It is a critical parameter with the background that catechins are one of the
important components determining the quality of black tea. In the area of genome
mapping, bulk segregant analysis followed by complete genotyping of pseudo-test
progeny of two heterozygous parental clones for yield, drought, and other important
traits identified 260 informative RAPD and AFLP markers. Transgenic tea has been
developed byAgrobacterium and biolistic gunmethods. Tea overexpressing osmotin is
a success story that opened up a newpath of developing tea plants with improved traits
of choice.Developments in systemsbiology, next-generationsequencing,microRNAs,
epigenetics, transcriptomics, metabolomics, proteomics, molecular markers, and
transgenic technologies offer immense opportunities for understanding tea response
to varied abiotic stresses followed by utilizing the outcome for tea improvement.

54.1
Introduction

Tea (Camellia sinensis (L.) O. Kuntze) is one of the most important perennial crops of
commerce grown in a wide range of climatic conditions fromGeorgia (formerly a part
of theUSSR) in the north (45�N) to South Africa (30�S) and fromNewGuinea (150�E)
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in the east to Argentina (60�W) in the west [1, 2]. Recent statistics (2009) suggested
that tea occupied 2.99 million hectare to yield 3.88 million ton [3]. Mid-term
projections generated by FAOWorld Tea Model indicate that India would continue
to be the largest producer of black tea with an output of 1.2 million ton by 2017,
followed by Kenya and Sri Lanka with projected production of 344 000 ton and
341 000 ton, respectively. China is expected to follow with a projected production of
312 000 ton. [3].

Tea, as a commercial crop, includes several species within the genus Camellia in
the family Theaceae. Three different types of tea, namely, China (C. sinensis), Assam
(C. assamica), and the Cambod (C. assamica subsp. Lasiocalyx) contribute signifi-
cantly to the entire genetic pool of cultivated tea worldwide [4]. Although, tea is grown
primarily for beverage, recent reports showing its therapeutic valuemakes it an ideal
health drink.

The apical buds and the associated two leaves (TAB), which are used for com-
mercial tea production, contain many compounds of medicinal importance, such as
volatile oils, vitamins, minerals, purines, alkaloids (e.g., caffeine), and polyphenols
(catechins and flavonoids) [5]. Tea has been shown to have anticancerous [6],
antioxidant [7], antimicrobial [8], and anticataract [9] properties. Epidemiological
surveys have associated tea drinking with reduced risk of cardiovascular diseases,
while studies in cell culture and animal models indicated a potentially beneficial
effect of tea on gene transcription, cell proliferation, and other molecular functions.
In the past few years, clinical studies revealed several physiological responses to tea
that might be relevant to the promotion of health and the prevention or treatment of
some chronic diseases [10].

54.2
Major Abiotic Stresses Affecting Tea Yield and Quality

Tea is an evergreen, perennial plant that grows naturally as tall as 15m. However,
under cultivated condition, the bush height is maintained at 60–100 cm to ease
harvesting. Tea of commerce is produced fromTAB; thus, vegetative growth of TAB is
of prime importance for optimized yield. Environment coupled to genetic potential is
critical to realize the yield potential. Unfavorable environmental conditions will
impact growth processes, thereby the yield. The effects could be on canopy devel-
opment, and production and partitioning of nutrients and the dry matter [11]. While
nutrient application can be controlled, there may not be control on temperature,
water availability, and solar radiations and hence these parameters result in abiotic
stress in tea, as in any other crop/plant species. Tea industries across the world are
always trying to increase production potential by optimizing management practices
and improving cultivars.

Tea yield is sensitive to a number of abiotic factors, namely, low temperature,
drought, frost, hail, soil pH, waterlogging, and light intensity. However, most of the
published work relates to winter dormancy and drought stress, which are probably
the major conspicuous factors impacting tea productivity and survival.
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54.2.1
Winter Dormancy

Dormancy is defined as �the inability to initiate growth from meristems or other
organs and cells with the capacity to resume growth, under favorable con-
ditions� [12]. Dormancy is well-studied in seeds, tubers, corms, and apical buds
of several plant species. However, the literature is scanty in tea, in spite of the fact
that dormancy, particularly the winter dormancy, is a prominent and obvious
phenomenon. It is one of the major bottlenecks to tea growing regions that lie
away from the equator.Winter dormancy is characterized by the diminished growth
of TAB during winter months. The growth rate of TAB during the dormant season
can be reduced to 20% of the mean growth rate recorded, during the active growth
period; during the peak of the growing season, TAB growth rate reached 900% of the
growth rate during the dormant season [13]. Tea cultivated close to the equator
produces almost the same yield every month, but farther from the equator, winter
harvest gradually declines and at latitudes beyond about 16�, there is almost
complete winter dormancy [1]. The crop remains dormant for a period up to 6
months in countries such as Turkey and Iran, whereas dormancy in Argentina and
Mauritius may span over a period of 2–4 months. In Northeast India tea bushes
remain dormant during winter for 2–3 months, whereas in Himachal Pradesh
(Northwest India), dormant period spans for 5–6 months. Winter dormancy thus
affects yield, land use, infrastructure, and manpower.

54.2.1.1 Physiological and Biochemical Basis
Data showed a positive correlation between free abscisic acid (ABA) and winter
dormancy in tea [14]; the levels of free gibberellins, on the contrary, remained low
during winter dormancy [15]. It was suggested that an altered balance of the
endogenous growth regulators could lead to winter dormancy in tea. The efforts
to modulate winter dormancy in tea by altering the interactions of plant growth
regulators, however, yielded inconsistent results [1], possibly because of a lack of
understanding of the mechanism underlying winter dormancy in tea.

Low temperatures prevailing during the period of winter dormancy, either alone or
in combinationwith high solar radiation, can induce oxidative stress in tea. Oxidative
stress has been proposed to affect growth and development of plants by limiting
biomass production and hence productivity [16–18].

Results on 11 clones of tea, representing China and Assam types, showed that as
the atmospheric temperature declined, net photosynthetic rates (PN) declined (up to
286%) along with reduction in Fv/Fm ratios [19]. Reactive oxygen species (ROS),
estimated as superoxide radicals, also increased in all the tea clones during the period
of low temperature. The decrease in the rate of photosynthesis and Fv/Fm ratio (a
measure of chlorophyll fluorescence) in all clones with concurrent increase in the
ROS suggested imposition of oxidative stress in tea during winter months. A strong
correlation was obtained between the levels of free radicals, PN, Fv/Fm and the rate of
bud growth. These results suggested that tea does experience oxidative stress during
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winter months. Studies across the selected 11 clones showed distinct differences
observed for this stress.

Clones with shorter dormancy periods exhibited higher induction of antioxidative
enzymes and vice-versa. Results suggested that efficient scavenging of ROS was a
desirable feature in tea because it leads to lower ROS accumulations during winter
months and was associated with reduced period of winter dormancy [19]. It was also
shown that the clones with lower period of winter dormancy exhibited lesser cellular
damage in response to low temperature [20]. Glutathione reductase and Mn-super-
oxide dismutase [21] were identified to be critical inmodulating the process of winter
dormancy in tea. One of the remarkable features of the identified Mn-superoxide
dismutase was its optimal temperature of functionality, which was at 0�C.

54.2.1.2 Molecular Approaches
Cultivated species of tea has a diploid chromosome numbers of 30 [22] carrying genome
size of 4.0 GB [23]. Compared to 125Mb for Arabidopsis thaliana [24] and 382.17Mb for
rice [25], genome of tea can be considered as a large genome. Transcriptome analysis
offers a convenient route for sucha largegenomeand this canbeachievedbyanumberof
methods such as using genome analyzers and analysis of expressed sequence tags (EST).
As on January 2011, NCBI databank had a total of 13 054 ESTs chiefly contributed by
Anhui Agricultural University, Hefei, P.R. China; Tea Research Association, Assam,
India; Tea Research Institute, Chinese Academy of Agricultural, Zhejiang, P.R. China;
Faculty ofHorticulture, Uttar Banga Krishi Viswavidyalaya,West Bengal, India; Institute
of Himalayan Bioresource Technology, Palampur, H.P, India; Tea Research Association
Tocklai/North Bengal Agricultural, Assam, India; National Institute of Agricultural
Biotechnology,Kyeonggi,Korea; andCollege ofHorticulture,NorthwestA&FUniversity,
Shaanxi, P.R. China. There are 14 more institutes/groups that have contributed ESTs to
the database; however, their contribution was less than 1% of the total ESTsubmissions
and hence not detailed in this chapter.

First genomic work onmolecular aspects in tea was published by Park et al. [26] to
describe 588 clones of a subtracted library of tea. Thereafter, Chen et al. [27] reported
random sequencing of a cDNA library from tea describing 1684 high-quality ESTs.
The first winter dormancy-related EST data set at NCBI database was submitted
between March 2008–Jan 2009 by the Institute of Himalayan Bioresource Technol-
ogy, Palampur (accession numbers FF682697–FF682833; GH454303–GH454326;
FE942774–FE943102). These ESTs were created by analyzing a subtracted library of
tea prepared using RNA of the actively growing (AG) and the winter-dormant (WD)
tissue. A prominent difference between the two libraries (Figure 54.1, unpublished
work; analyzed on the basis of ESTanalysis) was the presence of comparatively large
�cell rescue, defense and virulence� class (47%) inWD tissue comprising sequences
encoding late embryogenesis abundant protein family, dehydrin (Deh), and metal-
lothionein-like protein; a larger proportion of �cell rescue and defense� class was also
reported in the dormant cambial meristems of Populus tremula [28] and the dormant
buds ofQuercus petraea (Matt.) Liebl. [29] and Rubus idaeus L. [30]. �Cell cycle and DNA
processing� class was the major category (22%) in the AG tissue as evidenced by the
large number of sequences for histone proteins. The number of genes involved in
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metabolic activity (18%) was six times higher in AG compared to that observed forWD
(5.6%). This suggested the need to produce larger amounts ofmetabolites for the newly
forming and dividing cells of the actively growing meristems during PAG. Another
dominated class of genes in AGwas the �protein with binding function� dominated by
chlorophyll a/b binding protein (CAB) (54 out of 75 sequences), which accounted for
10.8% of the total sequences in AG. Since CAB is involved in photosynthetic processes,
data suggested reduction in net photosynthesis rate and photochemical efficiency of
photosystem (PSII) during WD in tea as shown previously as well [19]. The remaining
functional classes were comparable in size (in terms of number of transcripts) in AG
andWD, though the type of transcript that constituted a particular functional class was
different in the two transcriptomes. The combined AG and WD sequences in other
functional categories were as follows: energy, cellular transport, cellular communica-
tion, transcription, protein synthesis, protein fate, interaction with the environment,
regulation of metabolism and protein function, biogenesis of cellular components,
transposable elements, and unknown protein.

Analysis of subtracted library also showed that the sequence complexity of the
subtracted library representing the genes expressed duringWDwas less compared to

Figure 54.1 Functional classification of clones
obtained in subtracted libraries. WD and AG
represent the genes upregulated during winter
dormancy and the period of active growth,

respectively. The clones were grouped into
functional classes based on the MIPS
classification system [28].
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the subtracted library representing the genes expressed in AG tissue. Reduced
transcriptome complexity during WD might be due to reduction in the number of
genes involved in the processes typical for actively growing meristems such as cell
division, expansion, and differentiation. For example, a significant reduction in the
complexity of the transcriptome in Populus tremula L. was observed during cambial
dormancy [28]. Thus, the available knowledge on winter dormancy in tea can be
summarized as Figure 54.2, which suggests that winter environment-mediated
imposition of oxidative stress coupled with reduction in cell division and associated
activities might be responsible for winter dormancy in tea. The evergreen nature to
this tree species could be attributed to the expression of a large number of genes
associated with imparting stress tolerance. These processes might be mediated
through several transcription factors.

54.2.2
Drought Stress

Tea is a perennial tree, and as such, encounters a large number of environmental
stresses throughout its life span [31]. Drought effect on tea has been reported in

Figure 54.2 Possible mechanism of winter dormancy and evergreen nature of tea tree (19–21;
winter dormancy-related ESTs available at NCBI). Solid lines with arrows suggest direct interaction,
whereas dashed lines with arrows suggest possible interactions.
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numerous tea growing areas of the world with yield penalty ranging from 14 to
33% [1, 2, 32–36]. Drought also leads to about 6–19% plant deaths depending upon
the clone and the severity of the drought [37]. Generally, tea tolerates drought, but at
the expense of photosynthates. If themoisture stress prolongs, defoliation and death
of plants occurs [35]. Proline accumulation has been shown as one of the mechan-
isms of drought tolerance in tea; generally, the drought-tolerant clones had signif-
icantly higher proline content compared to susceptible ones [38–40]. Though
indirect, the data suggest that proline accumulation is related to nonenzymatic
detoxification of free radicals [41].

It is expected that with climate change, the main tea growing areas will experience
an increase in the length of dry seasons per year andwarmer temperatures or extreme
rainfall intensity [42]. Thus, drought damages in tea producing regions are expected
to increase in the years to come that would lead to greater economic, social, and
environmental problems. Tolerance to drought stress is a key factor governing
performance of tea in different environments.

Some genetic improvement for water-limited environments has been achieved in
tea through breeding and improved crop husbandry. At least part of the slowprogress
in improving the genetic foundation of dehydration tolerance in tea has been due to a
lack of sufficient genetic information about genes that govern this complex trait and
its component secondary traits [43]. Research has shown that drought tolerance
varies considerably between genotypes of tea [31, 32, 44–47], providing a good basis
for investigating the genetic architecture and adaptive responses to water stresses.

Institutes/groups working on tea have realized drought as a major problem
limiting productivity and hence the efforts have been to screen the available
germplasm for tolerance to drought and to develop germplasm through conventional
breeding approaches. For example, Tea Research Association, Tocklai [48], listed 164
clones of tea describing various attributes including response to drought formajority
of the clones. TV1, TV17, TV19, TV20, TV23, Garboo parbat 19, Thowra2/11,
Bormajan19, and Dhul41 were designated as drought-tolerant clones. Similarly,
UPASI Tea Research Foundation [49] recommended clones for drought-prone areas,
which include UPASI-2, UPASI-9, ATK-1, TRI-2025, UPASI-20, UPASI-26, UPASI
BSS, and BSS-2.

The rapid advances in genomics technologies have led to an increased under-
standing of global gene expression in plants. As water is lost from the cell, regulatory
processes are initiated that adjust cellular metabolism to the new cellular condi-
tions [50]. At the same time, growth inhibition and alterations of developmental
pathways will result in changes in gene expression. It is estimated that approximately
12% of the total plant transcriptomes are differentially expressed during water
stress [51].Many of thesewater deficit-induced genes encode geneproducts predicted
to protect cellular function. Genes that function during changes in metabolism,
regulation, signaling, and recognition of stress are also expected to be induced, but
fewer of these classes of genes have been identified in tea.

By January 2011, the number of tea ESTs in the National Center of Biotechnology
Information (NCBI) database was 13 054 amongwhich 2387were related to drought.
Molecular study on the response of tea to drought was initiated by Sharma and
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Kumar [45] reporting three drought-modulated ESTs through differential display of
mRNA that represented a PR-5 family, calsequestrin, and novel genes. PR-5 gene
exhibited strong upregulation under drought stress compared to the irrigated
control, and in plants during recovery from the drought, suggesting its involvement
in the process of drought. Drought also accompanied decrease in nitrogen assim-
ilation in tea as evidenced through downregulation of glutamine synthetase [52].

At least in embryo of tea seeds, proteomic work was carried out to understand the
desiccation-responsive proteome [53]. Desiccation-mediated accumulation of hydro-
gen peroxide was noticed with concomitant increase in the activities of ascorbate
peroxidase and superoxide dismutase. Upregulated proteins were associated with
defense response, metabolism, and redox status. Data suggested that higher accu-
mulation of ROS that is not efficiently scavenged by increased levels of antioxidant
enzymes, impacted seed viability. And hence reduction of ROS was proposed as an
efficient way to reduce desiccation damage and improve germination rates. Thus,
management of oxidative stress appeared a common strategy either for winter
dormancy or for improvement of desiccation stress in tea [19–21].

54.2.2.1 Drought Stress and Catechin Metabolism
Catechins are polyphenols that determine the quality ofmade tea and particularly for
manufacture of black tea, higher catechin content is a desirable feature. Apart from
the impact of drought on productivity, there is also an interest to study the impact of
drought and the associated cues on catechin metabolism. Drought stress has been
shown to impair catechin accumulation in tea (Figure 54.3) and similar was the
response to exogenous application of hormone ABA [54–57]. Detailed analysis on
various genes of the pathway includedwork on phenylalanine ammonia-lyase (CsPAL),
cinnamate 4- hydroxylase (CsC4H), p-coumarate:CoA ligase (Cs4CL), flavanone 3-
hydroxylase (CsF3H), dihydroflavonol 4-reductase (CsDFR), and anthocyanidin reductase
(CsANR) [54–58]. Cs4CL, CsPAL, CsC4H, CsF3H, CsDFR, and CsANR exhibited
downregulation in response to drought stress and ABA. Gene expression correlated
positively with catechin content suggesting that the impact of drought on catechins
was at the level of transcript. Lower catechin production under drought stress could
be an adaptive feature with the background that higher catechin level (200 mM and
above) severely retarded growth and development of plants [59].

54.2.2.2 Molecular Markers for Improvement of Drought Stress
The processes of domestication and selection have resulted in a drastic narrowing of
genetic base of majority of crop species [60]. Breeding of such cultivars has led to
greater susceptibility of many crops to biotic and abiotic stresses [61]. Furthermore,
the genetic bottlenecks arising due to transitions between wild genotypes and
landraces to early domestications and thenmodern cultivars have led to a significant
loss of potentially useful genes. The negative impact of utilizing varieties with a
narrow genetic base was demonstrated by the fact that of all released clonal teas for
commercial use in Kenya, 67% share the same female parent clone TRFK 6/8, which
has been observed to be susceptible to root knot nematodes [62]. Furthermore, abiotic
and biotic stresses and narrow genetic background may result in huge losses in tea
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production. Therefore, there is a thrust formolecularmarker-based rationalization of
breeding strategy to identify stress-tolerant (biotic and abiotic) and distantly related
parents to serve as candidate genotypes for intraspecific and/or interspecific hybrid-
ization in the existing gene banks [63]. This strategy will broaden the genetic base as
well as introgression of new genes and alleles controlling useful traits that were
otherwise missing in the base populations.

Bandhopadhyay [64] discussed current status of various molecular markers that
could be employed for genetic improvement of tea.

Most comprehensive molecular fingerprinting studies of 1644 Indian tea acces-
sions in a national network project coordinated by IHBTsuggest that the Indian tea
gemplasm at national level is highly heterozygous [65]. However, amplified fragment
length polymorphism fingerprinting study by Sharma et al. [66] revealed consider-
able genetic diversity (GS) among tea accessions associatedwith trait attributes [SMP,
TRI-2043, UPASI-19, SA-6, and BS-26 (average genetic distance (AGS), 0.56;
resistant to blister blight); UPASI-26 and UPASI-27 (AGS, 0.62; resistant to frost);
UPASI-1, UPASI-10, UPASI-26, and CH-1 (AGS, 0.53; tolerant to wind); TV-9
(tolerant to waterlogging); and 26 accessions with an AGS of 0.57 (tolerant to
drought)]. Overall, 44% genetic diversity was recorded in these accessions. Since
these accessions were highly heterogeneous and were clustered in different groups
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Figure 54.3 Catechin biosynthesis pathway in tea adapted from previous work (55–58). The gene
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and subgroups, can be considered as potential parental groups for combing of these
traits in quality tea accessions through controlled crossing in future tea improvement
programs. These inferences based on AFLPmarkers, however, can be validated with
set of highly polymorphicmicrosatellite or simple sequence repeat (SSR)markers in
near future, as there are about 324 SSR markers that have been reported in tea [67–
73]. Realizing the genome complexity, coupledwith the reported genetic linkagemap
length [43, 74], a large repository ofmicrosatellitemarkersmight be required not only
to saturate existing genetic maps but also for future quantitative trait loci (QTL)
mapping and marker-assisted selection in tea.

Combining abilities and genetic parameters of parental groups for yield, drought
tolerance, and quality-related traits in C. sinensis suggested significant phenotypic
variation in the targeted traits measured among the progeny and their parents [75, 76].
Genetic improvement processwould have beenmuch enhancedwith the availability of
genome wide sequence based microsatellite and single nucleotide polymorphism
(SNPs) markers. Quantitative trait mapping, however, will be more efficient if
molecular markers were assigned to the linkage groups. Such linkage maps for tea
were constructed with random amplified polymorphic DNA and AFLP markers and
covered 1349.7 cM, with an average distance of 11.7 cM [74]. QTL controlling yield,
drought tolerance, and quality traits (percent total polyphenols), fermentability, thea-
flavins, thearubigins, and pubescence were studied for initiating marker-assisted
selection and breeding in tea [77]. Recently, QTL controlling yield, drought tolerance
(DT), and quality traits (percent total polyphenols (%TP), fermentability (FERM),
theaflavins (TF), thearubigins (TR), and pubescence (PUB) were studied for initiating
marker-assisted selection andbreeding in tea [77]. Bulk segregant analysis [78] followed
by complete genotyping of a pseudo-test progeny of two heterozygous parental clones
for yield, drought, and other important traits identified 260 RAPD and AFLP infor-
mativemarkers.Of these 100markers that showed 1 : 1 segregation, a linkagemapwas
generated with 30 (19 maternal and 11 paternal) linkage groups that spanned
1411.5 cM with mean interval of 14.1 cM between loci. On the basis of the map, QTL
analysis was done on data over two sites. A total of 64 putative QTL controlling various
traits across the two sites were detected. Of these, QTL linked to YLD-T, YLD-K, DT-K,
and PUBwere localized at 2 cM, 2.7 cM, 3 cM, and 1.4 cM frommarkersOPG-07-2800,
E-AGC/M-CAG-725, OPT-18-2500, and OPO-02-650, respectively [77].

54.2.3
Transgenic Approaches for Improvement of Abiotic Stress Tolerance in Tea

Since conventional breeding of tea is highly time consuming and labor intensive,
crop improvement by transgenic technology has gained considerable popularity over
the recent years [79]. Genetic transformation of tea byAgrobacterium and biolistic gun
methods were attempted by different workers from all across the world [80–88] and
the success ranged from production of kanamycin-resistant callus tissue with strong
gus expression [89] to transgenic plants with gus reporter gene and their transfer to
polyhouse [90–92]. Mainly, the availability of well-standardized regeneration sys-
tems [93–95] made transgenic tea production by these two methods possible.
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Methods to overcome the resistance of hosts to Agrobacterium infection were also
devised and successfully used [96, 97].

These successes opened up an alternative and attractive way of producing tea
plants tolerant to abiotic stresses. In this regard, Saini [98] used the biolistic gun
method to produce stress-tolerant transgenic plants expressing the osmotin gene
from Nicotiana tabacum cv. White burley. Method optimization included a target
distance of 9 cm with burst pressure of 1100 psi to bombard somatic embryos at
globular stage of development. These were multiplied in recurrent cycles to produce
more than 100 lines of osmotin transformants, which tested positive in both PCR and
Southern hybridization (Figure 54.4a and b).When the growth performance of these
lines was evaluated, healthier growth and higher multiplication rates were observed
compared to either the untransformed control or the ones harboring the gus reporter
gene.Moreover, when these lines were assessed for their tolerance to abiotic stresses,
increased tolerance to desiccation was observed.

Tolerance to desiccation stress is crucial for any developing embryo, particularly in
their late maturation stage [100, 101]. This tolerance helps the embryos to remain
viable as the mature seeds begin to lose their inherent moisture content and dries
up [102, 103]. However, tea seeds are of �recalcitrant type� and have embryos that are
highly desiccation sensitive and lose viability onbeing dried below a critical average of
28%moisture [104]. This ismuch higher than the level to whichmost orthodox seeds
can be desiccated, that is, 3–5%. Similar to their zygotic counterparts, the somatic
embryos of tea are also desiccation sensitive and lack the ability to accumulate

Figure 54.4 (a) Polymerase chain reaction
(PCR) amplification of a 700 bp internal
fragment of the osmotin gene in tea somatic
embryos. P, plasmid; T, putatively transformed;
UT, untransformed; M, molecular markers [99].
(b) Southern hybridization of osmotin-
transformed somatic embryos of tea, showing
the expected hybridization signals when

DIG-labeled osmotin fragments from Xba I and
BamH I sites were used as probes. C,
untransformed; T, putatively transformed; P,
plasmid harboring osmotin; M, molecular
markers [99], reprinted with kind permission
from Cambridge University
Press � 2011.
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adequate storage reserves during early maturation stage. They also show high
frequency of precocious and abnormal germination [105] and are incapable of
producing and accumulating sufficient amounts of osmolytes required for cellular
adjustments [106]. One way of adapting to abiotic stress is through osmolyte
accumulation for membrane stability and osmotic adjustments [107–109]. Thus,
tea somatic embryos can serve as ideal system for understanding and devising
strategies for overcoming the developmental blocks in recalcitrant type seeds.

In view of this, somatic embryos were used to study the influence of stable
integration and expression of osmotin gene in the heart or early maturation stage of
embryo development.When standard biochemical methods were used, interestingly
enough, the somatic embryos showed several fold increase in storage reserves
(Figure 54.5a). In contrast, the untransformed somatic embryos without the intro-
duced osmotin gene showed poor accumulation of storage reserves. In histochemical
studies also, osmotin-transformed heart-stage somatic embryos showed abundant
depositions of starch, proteins, and also oils in the formof numerous droplets. On the
other hand, the untransformed control and the somatic embryos with gus and nptII
genes showed negligible or significantly lower depositions of starch, proteins, and oil
globules (Figure 54.5b).

The effect of desiccation on the osmotin-transformed somatic embryos was also
assessed by first desiccating the somatic embryos in open Petri dishes in laminar
hood cabinet for 60min and then germinating them on basal MS medium supple-
mented with 1 g/l L-glutamine, 3% sucrose, 0.2mg/l BA, and 0.1mg/l IBA as per the
method of Bhattacharya et al. [110]. A distinct increase in osmotin transcript

Figure 54.5 (a) Accumulation of reserves in
untransformed control and osmotin-
transformed somatic embryos during heart
or early maturation stage of development.
(b) Histochemical sections of somatic embryos
at heart or maturation stage showing

accumulation of storage reserves (A, C, and E)
control and (B, D, and F) somatic embryos
transformed with osmotin gene [99], reprinted
with kind permission from Cambridge
University Press � 2011).
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accumulationwas observed in the desiccated osmotin transformants compared to the
nondesiccated ones (Figure 54.6a). The consequent germination of the osmotin
transformants was then compared with that of desiccated untransformed control,
and also gus transformants. The results revealed 40% normal germination in the
osmotin transformants after 60min of desiccation, whereas the untransformed
control somatic embryos failed to germinate after desiccation and died
(Figure 54.6b). However, the germination of the undesiccated osmotin transformed
somatic embryos was higher, that is, 57–63%, and that of untransformed control and
gus transformants ranged between 1–5%. The critical moisture content (MC) of the
osmotin-transformed somatic embryos as influenced by desiccationwas also assessed
(Figure 54.6b). While the lowering of MC below 20% resulted in total loss of
germination capacity in the untransformed control and gus transformants, reduction
in germination was recorded only in the osmotin-transformed somatic embryos.
Certain degree of desiccation tolerance was indeed conferred by the introduced
osmotin gene. This is not surprising because the cationic protein, osmotin, is known
to bring about cellular adjustments through osmolyte accumulation and subsequent
increase in tolerance to different stresses including the desiccation [111, 112]. These
findings revealed that introduction of gene(s) that confer tolerance to abiotic stresses
into somatic embryos of plants with recalcitrant seed types can be an important step
toward engineering desiccation tolerance, reserve accumulation, and normal
germination.

The plants generated from these osmotin-transformed somatic embryos were
healthy and grewwell under contained polyhouse conditions (Figure 54.7).When the
shoots from such plants were subjected to osmotic stress induced by 5–20%
polyethylene glycol, the transgenic leaves were more tolerant to PEG-induced
osmotic stress in leaf disk assays (Figure 54.8a). While transgenic shoots recovered
rapidly from PEG-induced osmotic stress, the untransformed control failed to do so.
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Furthermore, when the PEG-stressed shoots were analyzed for stress tolerance, they
showed increased accumulation of osmolytes such as raffinose and sucrose com-
pared to untransformed control (Figure 54.8b).

Thesefindings opened up awhole newway of developing tea plants with improved
traits for better yield and quality. This is important because it will be now possible to
utilize the transgenic technology for tea crop improvement, particularly with respect
to drought, pests, and blister blight disease. Transgenic technology can also be used
effectively for combating major reductions in yield due to winter dormancy, a
problem experienced by many tea growing countries of the world.

Figure 54.7 Transgenic plants growing under contained poly house conditions.
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Figure 54.8 Response of untransformed control and transgenic plants to osmotic stress:
(a) senescence of leaves at 20% PEG, (b) accumulation of osmolytes in response to increasing
concentrations of PEG.
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54.3
Areas for Future Research

Several books such as those by Barua [1], Wilson and Clifford [113], and Jain [2]
combined together provided a global account on tea science. Palni et al. [114] reviewed
various aspects of tea biotechnology covering in vitro propagation and its application,
genetic transformation, artificial seeds, secondary metabolism, and biofertilizers.
However, given the recent developments in the area of genomics, metabolomics,
proteomics, and systems biology, tea needs enormous attention since research on
this crop is still in its infancy.

1) Dormancy accompanies reduced rate of cell division and cell growth while
dormancy release and vegetative bud growth is associated with the action of
specific hormones and often accompanied by increased cell division [115–118].
Therefore, emphasismay be laid upon to understand the phenomenon of winter
dormancy vis-�a-vis cell cycle. For example, cell division is represented by a
continuous cycle of �phases� G1, S, G2, andM phase. In dormant bud of potato,
the cells are arrested in the G1 phase before the S phase of the cell cycle [116].
During dormancy release, upregulation of genes, such as D-type cyclins (CYCD)
and histones [115, 117, 118], has been reported. From S phase, cell division
proceeds to G2-M phase, which requires induction of the B-type cyclins (CYCB)
and the cyclin-dependent kinase B (CDKB) gene [119].

The plant hormones, auxin, cytokinin, and gibberellic acid,were implicated in
expression and/or stability of CYCB and CDKB [120]. CYCB interacts with
CDKB and initiates phosphorylation, activation of proteins, and expression of
genes required for cytokinesis [121]. Abscisic acid induces expression of the
p27CIP/KIP orthologue ICK1, an inhibitor of CDK action at the G1-S-phase
transition [122]. Commitment to reenter the cell cycle is usually regulated at
the G1-phase restriction point and is linked to protein kinase phosphorylation/
dephosphorylation cascades, which are in turn activated by plasma membrane
signaling machinery responsive to environmental or hormonal cues [123].

2) Another potent area would be to understand DNA methylation changes during
winter dormancy.Alongwith the changes in gene expression, there are evidences
for more general epigenetic changes associated with induction and release of
endodormancy. Changes in DNA methylation and multiacetylation of histone
have been observed during the induction and breaking of dormancy in potato
buds [124, 125]. Increased DNA methylation following induction of dormancy
suggested that chromatin remodeling might play a role in regulating bud
dormancy. An intriguing observation was the strong induction of an aspen
homologue of FERTILISATION INDEPENDENT ENDOSPERM (FIE), a poly-
comb family protein, during cambial dormancy [28].FIE is believed to act aspart of
a complex that silences the transcription of genes necessary for proliferation
through modification of chromatin structure [126, 127].

3) Yet another area would be combining kinematic approach [128] with transcrip-
tomic, metabolomic, and proteomic experiments to unravel the important
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processes such as mechanism of root growth under water stress [129]. For
example, in soybean, three contiguous regions with distinct elongation char-
acteristics can be identified in roots: (1) thosewhere the elongation ismaintained
even under sever water stress (apical region), (2) the region where elongation
takes place maximally under unstressed conditions but progressively inhibited
under water stress, and (3) the regions where the growth decelerated in well-
watered roots and was completely inhibited under water stress [130]. In such a
situation, rather analyzing the whole root, which would give an average of event,
it was essential to focus zone wise and analyze the proteome and transcriptome
response. Indeed, the data showed differential proteome composition at these
sites; enzymes related to isoflavonoid biosynthesis showed increased abun-
dance in apical region, which was also positively correlated with increase in
isoflavonoid content that possibly contributed to growth maintenance. Inter-
estingly, region 2 was characterized by upregulation of caffeoyl-CoA O-methyl-
transferase, which is involved in lignin synthesis. Enhanced accumulation of
lignin would lead to the inhibition of growth in this region. Similarly, Spollen
et al. [131] studied transcriptome changes in these regions in maize tissue,
wherein an increased expression of transcripts both for wall-loosening proteins
in apical regions and for elements of ABA and ethylene signaling was evident
under water stress.

4) Systems biology is yet another emerging approach to tackle various processes
in tea. In a recent systems biology approach to unravel the underlying
molecular program of apical bud development in poplar, combined transcript
and metabolite profiling has been applied to a high-resolution time course
from SD induction to dormancy [132]. Analysis of metabolite and gene
expression dynamics allowed to reconstruct the temporal sequence of events
during bud development. Importantly, to each of the following processes, bud
formation, acclimation to dehydration and cold, and dormancy, specific sets of
regulatory and marker genes and metabolites have been associated, which
could provide a reference frame for future functional studies and for genetic
approaches to assess adaptation of trees to climate change. Interestingly, the
identification of a large set of genes commonly expressed during the growth-to-
dormancy transitions in poplar apical buds, cambium, or Arabidopsis seeds
suggested parallels in the underlyingmolecularmechanisms in different plant
organs [133].

Availability of high-throughput sequencing platforms by Solexa (Illumina,
USA), 454 (Roche, USA), and SOLiD (Applied Biosystems, USA) offers
opportunities to understand transcript/pathway shift in response to environ-
mental cues. Novel genes and the pathways thus generated might help to
improve the genetic potential of tea, particularly under the stressfull environ-
ment of drought, cold, or waterlogging. Even it would be important to decipher
the performance of tea, both qualitatively and quantitatively, under the climate
change scenario.

5) Deciphering the role of microRNA (miRNA) under abiotic stress could be yet
another potent approach to decipher and improve tolerance in tea to abiotic
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stress. MicroRNAs have been shown to participate in several plant processes
including development, hormonal regulation, and response to environmental
cues [133]. For example, miR159 was identified as a potent stress-responsive
miRNA, and it also regulated the expression of transcription factors AtMYB33
and AtMYB101 [134]. Another stress-responsive and well-studiedmiRNAs were
miR396 [135] and miR169 [136]. Tea offers opportunity to discover novel
miRNAs that might be useful not only for tea but also for other crops.

6) Recent advances in DNA sequencing technologies have enriched genome-wide
microsatellite and SNP markers. High-density SNP genotyping increased inter-
est in genome-wide association (GWA) studies for the dissection of complex
genetic traits in a number of crop plants including outbreed crops. Recent AFLP
fingerprinting of 1644 tea accessions has led to identification of a set of core
collections in Indian tea germplasm. Furthermore, sequencing of core collec-
tions with high-throughput next-generation sequencing will help generation of
high-density genome-wide SNP data and will enable genome-wide association
studies in tea for important traits including drought tolerance.
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tolerance 787
cane yields 895
canola-type oilseed 1353
capillary electrophoresis diode–array detection

(CE–DAD) 710
capillary electrophoresis–mass spectrometry

(CE–MS) 710
CaPMEI1 transcripts 965
capsaicin 385
Capsicum annuum 55, 57, 863, 963, 964,

965, 966
capsicum annuum calciumdependent protein

kinase 3 (CaCDPK3) 964
Capsicum annuum calmodulin 1

(CaCaM1) 966
Capsicum peppers 963
carbohydrate metabolism 1129
Carbon Credited Farming (CCF) 1288

carbon isotope 1158
carbon isotope discrimination (CID) 1308
carbonmetabolism 4, 271, 602, 668, 675, 757,

801, 806, 1040, 1126
cardiovascular diseases, risk of 1402
carotenoids 49, 143, 244, 668, 913, 1292
Ca2þ signaling 11, 552
CAS protein 552
cassava genetic improvement 1049
– develop drought-tolerant variety, genomics

tool for 1053–1055
– drought tolerance 1050, 1051
– – gene discovery for 1055–1059
– – plant traits contributing to 1051
– future perspectives 1060
– gene discovery for 1059
– phenomics, for trait discovery 1052, 1053
– proteomics, and metabolomics

approach 1058–1059
Cassia auriculata 56
Cassia siamea 139
Ca2þ in stress signaling pathways 86
CAT. See catalase (CAT)
catalase (CAT) 49, 51, 55, 153, 403, 427, 908,

1125, 1296
catechin metabolism 1408
cationic peroxidases 760
cauliflowermosaic virus (35SCaMV) 959, 972
cbf2/dreb1b mutant 102
CBF/DREB1 genes 99, 101, 103, 111
CBF/DREB1 transcription factors (TFs) 958
CBF2 gene 99
CBF3 gene 81, 102
CBF-3 gene 440
CBF genes 113, 268, 460
CBL-interacting protein kinases (CIPKs) 86,

111, 551
CBL protein 112
CCAAT box 676
CCAAT-box 650, 676
cDNA-AFLP technique 909, 1000
cDNA-amplified fragment length

polymorphism 324, 326
cDNA arrays 290, 640
cDNA clone encoding 1014
cDNA encoding aquaporin 1296
cDNA libraries 1000, 1001, 1130, 1256,

1293, 1404
cDNAmicroarray analysis 341, 797, 798, 800,

1000, 1138, 1229, 1261
– in common wheat 14
cDNAs 1053, 1102, 1218
– identification 1290
cDNA sequencing 223
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CDPK-mediated stress signaling 114
CDPK pathway 20
CDPK proteins 110
CDT-1 gene 411
cell cycle, and DNA processing 1404
cell death 53
cell detoxification 680
cell membrane 755
cell signaling 1133
cellular capacity, for SO2 detoxification 141
cellular membrane thermostability 646
cellular ROS signaling 759
cell wall proteins (CWPs) 709
Center forGeneticResources (CGN)Genebank

evaluation data 1140
Central Salt and Marine Chemicals Research

Institute (CSMCRI) 1287
Ceratophyllum demersum 55
cereal production, global demand for 924
CERMTtool 311
chaperonins 403
chelation mechanism 934
chili pepper
– abiotic stress tolerance 963–966
– for abiotic stress tolerance 966–967
– capsicum annuum ankyrin-repeat domain

C3H1 zinc finger protein (CaKR1) 965
– protoplasts cytosol 965
chilling stress 59, 1256, 1257
chilling temperature treatment 736
chilling tolerance, in tomato plants 58
Chimeric REpressor gene-Silencing

Technology (CRES-T) 794
China National Offshore Oil Corporation

(CNOOC) 1287
China National Petroleum Corporation

(CNPC) 1287
China Petroleum and Chemical Corporation

(SINOPEC) 1287
Chinese cabbage 957
ChIP-Chip (chromatin immunoprecipitation-

on-chip) 325
ChIP-Sequencing 325
Chlamydomonas reinhardtii 55, 502
1-chloro- 2,4- dinitrobenzene (CDNB) 971
chlorophyll fluorescence 980, 1159
– parameters 1297
chlorophyll molecules, adverse effects of sulfur

dioxide on 143
chloroplast ascorbate peroxidase gene

(TtAPX) 1174
chloroplast-localized glycine-betaine synthesis

pathway 1175
chlorosis 151, 744

choline monooxygenase (CMO) 1183
choline oxidase gene (CodA) 1328
chromatin immunoprecipitation (ChIP) 829
chromosomal abnormalities 914
C2H2-type zinc finger protein 11
Cicer arietinum 54, 996
Cichorium intybus 142, 968
CIPK genes 743
circadian clock-regulated gene expression,

effects of temperature 267, 268
cis-acting elements 453, 454
Citronella java 375
citrus tristeza virus (CTV) 384
CKs biosynthesis 987
climatic changes 954
CL5915 lines 957
cloned genes 386, 809, 815, 856, 999
Cl� toxicity 513
– intercellular compartmentation, to cope

with 513, 514
Cl� transport in plants 512, 513
CML9 gene 110
CML24 gene 110
coal combustion by-products 173
coenzyme A (CoA) 931
CO2 fixation 426
cold acclimation, in plants 98, 256
– cold-inducible gene 98
– genome-wide transcriptome analyses 98
– in rice 461
– transcription factors, to tolerate 99
– transcriptomic studies of 260
cold-induced dehydrin genes 1037
cold-induced gene 738
cold-induced long antisense intragenic RNA

(COOLAIR) antisense transcripts 849
cold-induced/responsive genes containing

DRE element 739
cold-inducible target genes 738
cold-responsive (COR) genes 1002
cold-responsive genes, inArabidopsis 260–263
cold-responsive proteins (COR) 811, 1257,

1321
cold-responsive transcriptome 1257
cold shock proteins 44
cold signaling pathways, signaling molecules

involved in 114
cold stress 458–460, 1037, 1175–1178
cold stress tolerance. See cold acclimation, in

plants; rice, effect of cold
Commelina benghalensis 144
Community Sequencing Program

(CSP) 1055
comparativegenomics 5, 37, 38, 652, 653, 698
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– for drought tolerance 722, 723
comparative proteomics approach 1142
compatible osmolytes 1075
compatible solutes 427, 1125
complex biological process 1005
computational biology 38
conformation-sensitive capillary

electrophoresis (CSCE) 1106
conventional breeding 1223
coordinated transcriptional regulation
– polyamine biosynthesis pathway 276
– raffinose biosynthesis pathway 275
copper/zinc superoxide dismutases 1191
copy number variants (CNVs) 847
COR15 gene 102
COR genes 81, 459
Cor/Lea genes 650
– pathways 1330
cotton 1372
– association mapping of root traits 1391
– Bt cotton 1392
– chlorophyll fluorescence 1386
– drought stress tolerance, genetic

improvement for 1372
– genes to enhance stress tolerance in

1392
– genetic variability in thermotolerance 1384
– genomic approaches offering

opportunities 1390
– improvement for abiotic stress, conceptual

approach 1386, 1387
– major area of cultivation in india 1372
– major cotton-growing countries 1373
– manipulating the canopy architecture 1376
– marker technology applications in

1388–1391
– MLM and GLM tests in TASSEL, associated

physiological traits 1391
– oxygen isotope ratio as 1378, 1379
– potential of genomic resources for 1387,

1388
– QTL affecting traits associated with 1389
– recent alternative method, for

transformation 1393
– response to drought stress 1374, 1375
– root traits, and morphophysiological

traits 1376, 1377
– trait-based breeding, to improve

tolerance 1375, 1376
– transgenics to improve abiotic

tolerance 1391–1393
– variation in root, and shoot growth in

tolerant 1385
– water conservation mechanisms 1382

– – cuticular/nonstomatal water loss 1383
– – epicuticular wax 1382, 1383
– water use efficiency 1379, 1381, 1382
C3 pathway 153
CpG hypermethylation 832
CpG methylation 832
CpMYB10 transcription 407
crassulan acid metabolism (CAM) 153
Craterostigma plantagineum 213, 400, 401
Craterostigma wilmsii 400
CREB binding protein (CBP) 831
C-repeat 11, 699
C-repeat binding factor (CBF) 99, 314, 453,

738, 773, 799
– pathway 836
– transcription factor 1257
– transcription factors 834, 1139
C-repeat binding proteins 81, 1139
Crest Global Green Energy 1288
Cronartium quercuum f. sp. fusiforme 568
crop domestication 196, 197
crop improvement 29, 197, 198, 297, 582,

1007, 1060, 1375, 1414
– dramatic advances in 1331
– programs 1271, 1387
crop management 178, 189, 1122, 1208
– strategies, for P-impacted soils 165
crop physiology design 854
Crop Plant Research in Gatersleben 841
crop productivity 1
– and stress 3
crops
– productivity 436
– salt tolerance of 896
crop stress tolerance 4
crop systems biology 854
Croton bonplandianum 144
crude oil prices 1285
cryopreservation 385
cryoprotectants 737
CSD gene 581
CSPB-expressing maize event 44
CSPB protein 43
c-tonoplast intrinsic protein (c-TIP) 826
Cucurbita ficifolia 628
Cucurbita hybrid rootstock 984
Cucurbita plants 981, 989
Cucurbita rootstocks 983, 984, 987, 988
cultivated alliums 968
Cu/Zn-SOD overexpressing transgenic

tobacco plants 59
Cu/Zn superoxide dismutase 1176
cyanamide hydratase (Cah) 1012
Cyanobacterium aphanothece 13
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cyclic nucleotide-gated channels
(CNGCs) 511

cyclic polyhydric alcohols (cyclic polyols) 427
cyclin-dependent kinase B (CDKB)

gene 1415
Cynodon dactylon glomerata 144
cysteine 138
cysteine proteinase 708
cytochrome P452 54, 806, 1266
cytochrome P452 domain-containing

genes 939
cytochrome P452 monooxygenases

(P452s) 1224
cytokinin homeostasis, control of 1056
cytokinins (CKs) 986
– metabolism 1056
cytokin-oxidase (CKX) enzymes 219
cytoplasmic male sterility system 1206, 1207
cytosine methylation 1334

d
database (TRUNCATULIX) 14
databases, dedicated to abiotic stress in

plants 327
DCL protein 561
2D differential gel electrophoresis (2D-

DIGE) 1040
DEAD-box helicase gene 440
DEAD-box helicases 447
DEAD-box RNA helicase protein 440
decarboxylation 624, 625, 1174
deep rooting systems 1050, 1306
deficit irrigation (DI) 1034
degenerating processes 1127
dehydration, ability of organisms to

survive 399
dehydration response element 11
dehydration-responsive element binding

(DREB) proteins 11, 699, 772, 781,
908, 958

dehydration-responsive elements (DRE) 81,
699, 765

dehydrin 4 (DHN4) 1130
dehydrin-like proteins 755
dehydrin proteins (DHNs) 12, 912
dehydroascorbate (DHA) 1182
dehydroascorbate reductase (DHAR) 12, 49,

55, 59, 1191
dehydroascorbate reductase 5 (DHAR5) 550
DELLA proteins 210
Delonix regia 139
denaturing highperformance liquid

chromatography (dHPLC) 1106
dense marker maps 1219

desiccation-induced stress, mechanisms to
alleviate 401

– adaptations of cell walls 405–407
– countering oxidative, and metabolic stresses

by 402, 403
– modulating antioxidants and 403, 404
desiccation-related protein 414
desiccation tolerance, in plants 400. See also

resurrection plants
– functional genes
– – encoding for antioxidant enzymes 412
– – encoding for LEA proteins 411, 412
– functional proteomic studies 412–414
– molecular biology of 407
– role for small RNAs, as regulators 410, 411
– systems biology of 407
– transcription factors 407, 410
desiccation-tolerant higher plants 1088
desiccation-tolerant organisms 402
detoxification 12, 15, 57, 140, 426
DHA reductase (DHAR) 1182
DHSH treatment 800
diacylglycerol (DAG) 106, 1329
diamine oxidases (DAOs) 625
diamine putrescine 624
differential display reverse transcriptase PCR

(DDRT-PCR) 1000
differentially expressed sequence tags

(dESTs) 816
DIGE-SDS-MALDI-TOF- TOF analysis 1039
digital gene expression (DGE) 325
dimerization domain (DD) 473
diosgenin 385
direct amplification of length polymorphism

markers (DALPs) 1211
directed molecular evolution 35
dissimilarities, stress responses 482, 483
diversification 289, 698
– aromatic plants for 370
– of HDA1 members 831
– of wheat and rice 645
Diversity Arrays Technology (DArT) 786
DNA binding domain 1228
DNA binding proteins 11
DNA blot hybridization 814
DNA damage 34, 61, 683
DNA helicases 437, 444, 445
– role in nucleic acid metabolism 438
DNA hypermethylation 833
DnaK/HSP70 proteins 1189
dnaK-type molecular chaperone 414
DNA markers 1230, 1388
– genome-wide framework 1211
DNA methylation 219, 306, 561, 832, 835
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DNA methyltransferase enzymes
transfer 832

DNA processing 798
DNA profile 911
DNA–protein interaction 325
DNA repair 469
DNA sequence elements 851
DNA sequence variants 855
DNA sequencing technologies 1417
domestication processes 196, 197, 779, 850,

1212, 1408
D-ononitol 1178, 1186, 1188
dormancy 1403
doubled haploid (DH) 376
double-stranded RNAs (dsRNAs) 560
2D-PAGE analysis 1040
D1-pyrroline-5-carboxylate dehydrogenase

(P5CDH) 834
D1-pyrroline- 5-carboxylate synthetase (P5CS)

transcription 959
DRE–ABRE interactions 455
DREB1A gene 102, 473
DREB2A transcription factor 468
DREB1 gene 724
DRE-binding protein 453, 454, 1139
DREB transcription factors 310
DREB2-type genes in rice 699
drought avoidance strategies, in plants 752
drought breeding program 676
drought-responsive enzyme 1334
drought stress 1055, 1178–1184, 1259, 1408
– plants 1124
– sorghum 926
drought tolerance
– in crops and forages, applications for

engineering 414, 415
– crop yield 762
– genetic progress for 762
drought tolerance crops
– barley 779
– maize 751
drought-tolerant genotype 1229
drought-tolerant line 1227
drought-tolerant maize genotypes,

development of 763
dry-down technique 1019
dsRNA-mediated gene silencing

methods 793
DuPont 697

e
early light-induced protein (ELIP) 1227
early response to dehydration 1 (ERD1)

gene 773

earth�s crust 934
ECM proteins 1004
ecosystem biodiversity 783
ectopic expression, of single transgenes 250
electrical conductivity (EC) 1077
Electronic Florescent Protein (eFP

Browser) 309
electron transport chain (ETC) 51
electrospray ionization (ESI) 348, 1038
electrospray ionization quadrupole time-of-

flight tandem mass spectrometry (ESI-Q-
TOF-MS/MS) 1040

electrospray ionization tandem mass
spectrometry (ESI-MS/MS) 1039

Eleusine coracana 81
embryo/ovule/ovary culture, for wide

hybridization 381
EMS mutagenesis 1226
ENA1/PMR2A gene 538
endoplasmic reticulum (ER)

subdomain 1262
energy crises, during heat stress 683, 684
energy-dependent transport, mechanism

for 509
energy metabolism 4
engineer stress-tolerant crop plants 322
enoyl-CoA reductase 931
environmental conditions, major role 1
environmental responses, characterization

of 310
– genetic variation 311, 312
– stress combinations 313
– temporal resolution 311
– tissue and cell-specific analysis 312, 313
environmental stresses 1315, 1324–1328,

1331, 1351
enzymatic antioxidants 54–57
epicuticular wax (EW) 925, 930
epigenetic RILs (epiRILs) 847
epigenome 829
eQTL analysis 767, 811, 812, 813,

850, 1334
Eragrostis nindensis 400
ERD1gene 470
ERECTA gene 1305
ERF proteins 1098
ERF transcription factors 1017
Eruca sativa 1354
erucic acid oil production 1353
Escherichia coli 213, 535, 630, 678
– c-glutamylcysteine synthetase gene 1360
ESK1 gene 100
eskimo mutant 482
EST-based markers 1000, 1001
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EST-based SNPs, computational
discovery 1060

EST libraries 1213
– development 1335
ESTs. See expressed sequence tags (ESTs)
EST sequencing 1058
– in Arabidopsis 322
ethylene biosynthesis 1126
ethylenediurea (EDU) 1164
ethylene-responsive element binding proteins

(EREBP) 1256
ethylene-responsive factors (ERFs) 1134,

1180
ethyl methane sulfonate (EMS) 30, 795
Eucalyptus rudis 146
Euchleana mexicana 196
Euphorbia hirta 144
European Barley DataBase (EBDB) 784
eutrophication 171, 173
exchangeable sodium percentage (ESP) 980
– saline soils 980
expansin 12
expressed sequence tags (ESTs) 20, 223, 291,

342, 562, 644, 786, 787, 807, 912, 938, 997,
1001, 1022, 1055, 1135, 1212, 1266, 1267,
1404, 1408

– database 965
– libraries 1123
Expressed Sequence Tags (ESTs) project 938
expression transcription factors 1417
Exserohilum turcicum 932

f
faba bean 996
Fagopyrum esculentum 528, 529
FAOSTAT database 696
farm yard manure (FYM) 891
Farnesyltransferase (FTB) 1325
fasciclin-like arabinogalactan-proteins

(FLAs) 650
FAST Corn system 792
fatty acid, composition profile 1287
v-3 fatty acid desaturase gene (FAD7) 1177
fatty acids biosynthesis 1290
fatty acid synthase (FAS) complex 930
FeCH-Renzyme(s) 989
Fe deficiency 988
feeder roots, extensive branching

system 1254
Fe(III)-chelate reductase (FeCH-R) 989
ferredoxin thioredoxin reductase protein 12
ferritins overexpression 1195
fertility restoration 1207
fertilizer NPK, use of 900

Festuca arundinaceae 180, 529
FIERY2 (FRY2)/CPL1 gene 103
flavanone 3-hydroxylase (F3H) 1038
flavonoid 30,50-hydroxylase (F3050H) 1038
flavonoids 49
– pathway chalcone synthase 1038
flavonol 3-O-glucosyltransferase

(F3OGT) 1008
flavoprotein oxidoreductase 56
floral differentiation process 1217
fluorescent in situ hybridization (FISH) 937
fluorescent-labeled sequencing by

synthesis 343, 344
Food and Agriculture Organization of the

United Nations (FAO) 1254
food security 436
forestry 31
fossil fuels 134
Fourier transform ion cyclotron resonance

(FT-ICR) 1038
Fourier transform MS (FT-MS) 305
free fatty acids (FFA) 1291
freeze–thaw cycles 1130
freezing tolerance 255, 256
– of cold acclimated plants 256
– – compatible solutes synthesis 258, 259
– – genetic complexity 257
– – gibberellin-regulated DELLA proteins, role

of 257, 258
– – low-temperature signal transduction 257
– – overexpression of CBF genes 257, 258
– – QTL mapping studies 256
– metabolite–metabolite correlations

network 270
– natural genetic variation to identify

genes 268, 269
– plant–environment interactions, and

adaptation 259
– transcript profiling studies 259, 260
fructans 968, 969
– synthesis 969
– types of 969
fructose-1,6 bisphosphatase 1230
fructose polymers 1180
fructosyltransferase activity 969
fruit crops 1033
– genomics and transcriptomics 1036–1038
– metabolomics 1041–1044
– microarray chips 1036
– proteomics 1038–1041
– stress-related fruit transgenics 1044, 1045
fry2/cpl1 mutants 103
Fry1 gene 107
full-length cDNA resource 644
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functional analysis of genes, through
phenomics and metabolomics 29

functional gene classes, and families 32–34
functional genomics approach 5, 640, 765,

1007–1009
– gene silencing approaches 1008
– metabolomics 641
– proteomics 640, 641
– RNA interference-based gene

silencing 641, 642
– TILLING 642, 1008, 1009
– transcriptomics 642, 643
– transgenics 643
Functional Genomics of Abiotic Stress (FGAS)

project 697
functional genomics, of heat stress 680–683
FuturaGene�s research portfolio 32

g
GA/ABA ratio 1160
GabiPD, proteomics-related information 827
galactinol 757
gas chromatography (GC) 1041
gas chromatography–electrospray ionization–

time-of-flight mass spectrometry (GC-EI-
TOFMS) 1042

gas chromatography MS (GC-MS) 305,
812, 836

GDP-mannose-30,50-epimerase 414
gene discovery
– challenges for 766
– in model organism 323
– in plant biotechnology industry 30
gene expression 767, 958, 1293
– analysis in plants, techniques for 326
– of wheat 256
gene families, analyzed in plant systems using

genomics 5
gene ontology (GO) 697
– analysis 309
– categories 846
Generation Challenge Programme

(GCP) 857, 1050
generic pathway under salinity, and drought

stresses 1093
genes encoding membrane proteins 1097
genes, for reestablishing ionic homeostasis/

preventing damage 423. See also
halophytes

– amines 427, 428
– genes with osmotic/protective

function 427
– plasma membrane Naþ/Hþ antiporter 424
– polyols 429

– potassium transporters 425, 426
– proline 428
– ROS scavengers 426, 427
– vacuolar Naþ/Hþ antiporter 424
– vacuolar pyrophosphatase 425
gene silencing approaches 1008
gene-specific tags (GSTs) 1105
gene-tagging tool 1333
genetically modified plants, evaluation 1099
genetic approaches, to combat heat

stress 674, 675
genetic engineering 502, 676
– controlled approach, to minimize negative

effects 503
– for improving plant heat stress

tolerance 683
– limitations 502
– reasons of failure 502
genetic engineering, use of 772
genetic recombination, principles 1273
genetic transformation 386, 1109
– of rice 387
– significance in plant 386, 387
genetic variability 1155
gene transcriptional regulation 451
Genomanalyse im biologischen System

Pflanze (GABI) 827
genome sequence project 1106
Genome Survey Sequences (GSS) 562
genome-wide analysis
– methylation 1335
– resulted in identification GSTs genes 698
– of specific classes of genes 698
– using cDNAmicroarray in common

wheat 14
genome-wide association (GWA) 1330,

1333, 1417
– mapping 223
genome-wide association scans (GWAS) 850
genome-wide expression profiling

studies 995
genomic libraries 766
genomic revolution 220–223
genomics 208, 296–298, 1005–1007
– approaches, role of 4
– in Arabidopsis for improvement of abiotic

stress tolerance 302, 303
– based approaches, cost-effective applications

of 1214
– based studies, in model dicot plants 5
– – Arabidopsis 5–7
– – common ice plant 7
– – Solanum lycopersicum 7, 8
– based studies in model monocot plants
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– – maize 8, 9
– – Oryza sativa 8
– – Sorghum bicolor 9
– chickpea 1007
– peanut 1007
– in plant biotechnology industry 30
– soybean 1006
genomic selection (GS) 223
genotoxicity 154, 155
genotype · environment (G·E)

interactions 1208, 1210
geosmin 171
geranylgeranyl diphosphate (GGPP) 1267,

1292
geranylgeranyl reductase 1266–1268
Germplasm Resources Information Network

(GRIN) 784
germplasm screening 1054, 1276, 1308
germplasm storage, in vitro 385
gf-2.8 gene 651
GFP fusion proteins 525
GGGG-type transporter 519
gibberellin (GA) signaling pathway 210
GIGANTEA gene 267
glasshouse screening, technique 1161
gliadins 375, 640
global food security 751
global profiling 35, 36
global warming 623, 684, 715, 724, 954
glucosinolate (GSL) 149, 606, 1316
b-glucuronidase (GUS) gene 1296
glutamate-activated channels (GLRs) 511
glutamate dehydrogenase (GDH) 151, 805,

826
glutamine 710
glutamine synthetase 12, 151, 805
glutamine synthetase oxo glutarate

(GOGAT) 805
c-glutamyl-cysteinylglycine 403
glutathione 57, 152, 156, 385, 971, 1034,

1089, 1193, 1404
glutathione (GSH) 49, 51, 57, 150, 1360
glutathione-based detoxification 1192
glutathione peroxidase (GPX) 49, 51, 55
glutathione reductase 12, 49, 51, 56, 57, 151,

154, 403, 412, 426, 986, 1140
glutathione S-transferase 49, 51, 57, 1174,

1182, 1329
– fusion protein 965
glutenins 640
glyceraldehyde-3-phosphate 710
glycerol-3-phosphate acyltransferase 1177
glycine betaine 13, 213, 427, 742, 757,

932, 1188

– balances 757
– biosynthesis of 772
glycine-betaine (GB) 1137
Glycine max 55, 502
glycophyte crops 985
Glycyrrhiza uralensis 54
GM crops 195
– adoption of 200, 201
GmRH gene 444
GolmMetabolomeDatabase (GMD) 835, 836
Gossypium arboreum 1372, 1384
Gossypium barbadense 1384
Gossypium herbaceum 1372, 1384
Gossypium hirsutum 529, 1372, 1384
– genetic variability in thermotolerance 1384
Gossypium raimondii 221
G-protein 118
– signaling pathways 1099
G-protein-coupled receptors (GPCRs) 107
GPX-2 expressing, Arabidopsis transgenic

lines 61
grafting 979, 981
– control soil-borne diseases and

nematodes 981
– cucumber cv. Akito 991
– role of 981
– strategy, agricultural use 1071
– vegetable crops 981
– watermelon 982
GrainGenes database 784, 786, 809
grain legumes 995
– functional genomics 1007–1009
– gen�omics� 1005–1007
– metabol�omics� 1005
– OMICS in legumes, and abiotic stress 997,

998
– prote �omics� 1002–1004
– transcript OMICS 998–1002
– transgenomics 1009–1017
Gramene QTL 327, 330, 331
Graphical User Interfaces (GUIs) 327
greenhouse gases 696
green leaf area at maturity (GLAM) 927
green revolution 198, 199
GridQTL software 329
groundwater contamination 955
growing degree days (GDD) 1216
growscreen fluoro technology 225
guaiacol peroxidase (GPOX) 49, 56
guanylate kinase (GK) 11
GWA. See genome-wide association (GWA)
GWAS. See genome-wide association scans

(GWAS)
gypsum, application of 895
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h
hairpin RNA (hpRNA) 794
HAK/KUP/KT transporter family, for

improving salt tolerance 537, 538
HAK transporters 426
halophytes 1077
– and adaptations to salinity 422
– genes in sensing and response to salt

stress 423
– genetic resource for 423
– induction of CAM pathway 422
– physiological and biochemical

mechanisms 422
– as source for gene mining 422, 423
halotolerant cultivars 1070
haploids, in vitro production of 376
– methods of 376
– – anther culture 376–379
– – embryo rescue for wide crosses 380, 381
– – isolated microspore culture 379
– – ovary culture 379, 380
HarvEST Barley 795
harvest index (HI) 1301
HATcomplex 471
Hazardous Substances Data Bank

(HSDB) 134
HC toxin reductase (HCTR) gene 710
HDA1 members 831
heat shock elements (HSEs) 668, 676
heat shock factor A2 (HsfA2) 314
heat shock factors (HSFs) 213, 676
heat shock factors (HSFs) proteins 678
heat shock proteins (HSPs) 13, 213, 403, 461,

649, 699, 908, 1092, 1128, 1173, 1174, 1321
– gene expression 800, 1138
– production of 1130
– role 1173
heat stress 460–462, 659, 1159–1161,

1172–1175
– environmental, and physiological

nature 659, 660
– genetic approaches to combat 674, 675
– high-temperature impact, and plant

responses to 661
– – anatomical responses 662, 663
– – antioxidant adjustments 667–669
– – assimilate partitioning 666, 667
– – hormonal modulations 667–669
– – membrane thermostability 667
– – morphological responses 661, 662
– – osmotic alterations 664, 665
– – phenological responses 663
– – photosynthesis 665, 666
– – physiological responses 663, 664

– – secondary metabolites 667–669
– – water relations 664
– proteins 671
– signal transduction under 674
– threshold 660, 661
– in tobacco for 1173
heat stress transcription factors (HSF) 960
heat tolerance
– germplasm evaluation for 957
– mechanisms of 672–674
heat tolerance index (HTI) 675
heat-tolerant tomato lines 957
heat-tolerant varieties 957
heavy metals
– organ-wise distribution 1260
– stress 1259–1261
helicases 435, 437
– alfalfa MH1 helicase 444
– Arabidopsis AtRH9 and AtRH25 444
– Arabidopsis FL25A4 helicase 440
– Arabidopsis helicase genes
– – under abiotic stress, expression profiling

of 439, 440
– Arabidopsis LOS4 helicase (AtRH38) 440,

442
– dogbane AvDH1 helicase 443
– mechanisms of action during stress

445–447
– pea DNA helicase 45 and 47 442, 443
– pea MCM6 single-subunit DNA

helicase 444, 445
– sorghum HVD1 helicase 442
– soybean GmRH 444
– stress upregulated helicases from

plants 441
herbicides
– resistance 28
– tolerance to 1224–1226
– – nontarget-site herbicide resistance 1224,

1225
– – target-site herbicide resistance 1225, 1226
heterochromatic siRNAs (hcRNAs) 560
heterotrimeric G-protein-mediated

signaling 116–118
high-density oligonucleotide

microarray 1002
high-end equipment 1034
high-mobility group (HMG) proteins 472
high resolution melt curve analysis

(HRM) 1106
high-resolution melting (HRM) 222
high-temperature stress 250, 648, 649
high-throughput experiments, in model plant

systems 219
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high-throughput gene expression
analysis 324, 325

high-throughput genomics technologies,
applications 1332

high-throughput phenotyping 38–43
– contribution of given secondary trait to

final yield 42
– drought-relevant gene, identifications 40
– for drought tolerance 39
– impact of a gene on tolerance to drought

and 42
– plant biotechnology industry addressing,

abiotic stress tolerance 42, 43
– plant treatments in screens 40
– response to low water potential 41
– single-gene traits 41
– utilization of a visible wilting/turgid

phenotype 41
– visual/quantitative wilting screen 42
high-throughput sequencing platforms 1416
high-throughput technologies 1276
high-throughput transformation

pipeline 1058
histidine kinase (HK) 115
histidine phosphotransfer (HPT) protein 116
histone acetylation 305, 471, 674
histone acetyltransferases (HATs) 471,

551, 829
histone code 829, 830
histone deacetylases (HDACs) 471
histone demethylases (HDMs) 471
histone methylation 471, 830
histone methyltransferases (HMTs) 471
histone modifications 471, 833
HKT transporters 519, 529–531
– physiological roles of 531–533
HMGB1/2/3 genes 472
homeodomain 453, 594
– containing transcription factor 460
homeodomain-leucine zipper proteins 407,

800, 1228
homeostasis, to acquire freezing

tolerance 742
homoiochlorophyllous resurrection

plants 402
Hordeum genus 782
Hordeum vulgare 55, 154, 379, 744
Hordeum vulgare cv. Igri 140
horticultural crops, development of 954
H2O2 scavenging enzymes
– ascorbate peroxidase (APX) 1258
– catalase (CAT) 1258
– peroxidase (POX) 1258
hos15 mutant 471

hos9 null mutants 100
HOS1 protein 468
HSEs. See heat shock elements (HSEs)
HsfA2. See heat shock factor A2 (HsfA2)
HSF1 and HSF3, overexpression of 961
HSFs. See heat shock factors (HSFs)
Hsp expression 770
HSPs. See heat shock proteins (HSPs)
human civilizations, expansion 1315
HvAACT1 expression 806
hvapx1 gene 680
HVD1 protein 442
Hyaloperonospora parasitica 965
hybridization-based approaches 338
– microarrays 339–342
– serial analysis of gene expression 339
– suppression subtractive hybridization

338, 339
hydrogen peroxide (H2O2)

accumulation 1133
hydropathy profiling, of NHX proteins 526
hydroxycinnamic acids 624
hydroxy compounds 756
3-hydroxy-3-methylglutaryl coenzyme A

reductase 1291
hydroxyperoxide detoxification 57
hydroxypyruvate reductase (HPR) gene

promoter 1326
11-b-hydroxysteriod dehydrogenase

(HSD) 1326
hyperosmotic stress 113
hypoxia 50, 314, 572, 574, 781, 910, 1042,

1172

i
ICE1-CBF/DREB gene expression, regulation

of 101
– involvement of small RNAs in plant cold

stress response 103, 104
– posttranscriptional regulation 102, 103
– posttranslational regulation 105, 106
– transcriptional regulation 101, 102
ICE1 gene 101
ICE1 protein 106, 469
illumina sequencing 562, 563, 853
Imisun inheritance 1226
immobilized metal–ion affinity

chromatography (IMAC) 121
IMT1 gene 429, 1188
India
– canes growing, features of 904
– cultivatation 968
– salt accumulation, in soil 894
Indian mustard 1353
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– botanical description 1354
– breeding aspects under salinity stress 1355,

1356
– genetic studies, under salt stress 1357,

1358
– nomenclature 1354
– origin of 1353
– salt-tolerant varieties 1358, 1359
– screening methodology for seedling

emergence 1356, 1357
– varieties, characteristics 1359
Indica rice 208
indole-3-acetic acid (IAA) 56
indole acetic acid (IAA) transport blockers,

application 1073
inductively coupled plasma spectroscopy 837
information management system,

implementation of 838
innate nonenzymatic antioxidant defense

mechanism 1251
INO1 gene 429
inositol 8, 77, 429, 1188, 1190
inositol 1,4,5-trisphosphate (IP3) 106, 1329
insect resistance 28
insertional mutagenesis approaches, for

identifying genes for heat tolerance 682
insertion–deletion (INDEL) markers 1212
The Institute for Genomic Research (TIGR)

Solanaceae Genomics Resource 1122
interactome 295, 306, 309, 640, 826, 827, 1276
interactomics 295, 296, 846
International Center for Tropical Agriculture

(CIAT) 1049
International Crops Research Institute for

Semi-Arid Tropics (ICRISAT) 936, 1000,
1007, 1010, 1013, 1014, 1021

International Jatropha Organization 1289
International Plant Phenomics Network

(IPPN) 839
International Triticeae EST Cooperative

(ITEC) 787
International Wheat Genome Sequencing

Consortium (IWGSC) 697
ion homeostasis
– channel genes for 510
– under saline conditions 513
ionic toxicity 72
ionome 837
ion partitioning 4
Ipomoea batatas 628
IPT genes, phylogenetic tree 1057
iron acquisition 988
iron deficiency 980
iron superoxide dismutase (FeSOD) 152

irrigation systems, utilization of 1123
irrigation techniques 1156
isotope-coded affinity tag (ICAT) 348

j
JA biosynthetic pathway genes 804
jasmonate-and ethylene-responsive factors

(JERF) 1178, 1180
jasmonic acid (JA) biosynthesis 800
Jatropha curcas
– abiotic stress tolerance 1285–1299
– commercial-level success challenges, 1289
– cultivation 1288
– fatty acid biosynthesis genes 1290–1292
– fatty acid synthesis 1285–1299
– future perspectives 1298, 1299
– genes associated, with abiotic stress

tolerance 1292–1298
– genes cloned, and characterized 1292
– markets for 1289
– projections of cultivation 1289
– research and cultivation, industry

participation in 1287–1289
– screening and functional evaluation 1293
– target traits for crop improvement 1289,

1290
junk DNA 849

k
KEGG Automatic Annotation Server 331
KEGG PATHWAY Database 1058
Kennedy pathway. See triacylglycerol (TAG)

biosynthetic pathway
b-ketoacyl-acyl carrier protein (ACP) synthase

III (KAS III) 1291
Kþ homeostasis 425
knowledge-based gene discovery 34, 35
Kþ uptake 538

l
labeling approaches 352
– ICPL 352
– iTRAQ 304, 351, 352, 826
– 15N/14N metabolic labeling 352
– SILAC 351, 352
– TMTs 352
late-embryogenesis abundant (LEA)

protein 81, 213, 403, 671, 755, 909
– COR proteins 1322, 1323
– overexpression 1310, 1327
leaf area index (LAI) 1220
leaf disk assays 1184
leaf pigments, adverse effects of sulfur dioxide

on 143, 144
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leaf water potential (LWP) 1219
LEA-like genes 81
LeCBF1 gene 122
LemnaTech company 840
Leonurus japonicus 502
LeOPT1-like transporters 12
Leymus chinensis 423
ligand-gated channels 508
light-harvesting chlorophyll binding protein

(LHCP) complexes 930
light harvesting complex (LHC) 798
lignans 1264–1266
– putative ESTs in synthesis 1267
lignification process 1072
limiting factor 1303
Limonium sinense 423
line source principle 1158
linkage disequilibrium (LD) 766, 937,

1273
– mapping 937
linkage group (LG) 1006
– SSR marker on 1006
linoleic acid (LA) 1253
lipid biosynthesis, key enzyme 1004
lipid peroxidation 629
lipid-soluble antioxidants 1266
lipid transfer protein (LTP) 12, 802, 1261,

1262
liquid chromatography (LC) 348, 1038, 1041
location analysis (LA) 325
logarithm-of-the-odds (LOD) score 809
Lolium multiflorum 178
Lolium perenne 144
Lolium temulentum 423
long-distance signaling pathways 1090
long miRNAs (lmiRNAs) 561
LongSAGE technology 267
long siRNAs (lsiRNAs) 561
Lophopyrum elongatum 647
los4 mutant 102
los4-2 mutants 440
low-abundant endogenous cystatin 1264
low-temperature sweetening (LTS) 1135
luciferase reporter gene 31
Lycopersicon esculentum 54, 150, 548, 600,

1042

m
MADS-box genes 652
magnesium transporter-like protein 13
maize 751
– ABA role, drought
– – ABA-dependent signaling 758
– – ABA-independent signaling 758–760

– CAAT box TF (ZmNFYB2), overexpression
of 773

– C4 crop 751
– development, drought stress, impact of 753
– drought, impact of 752–753
– – metabolic changes 756–757
– – morphological changes 755–756
– – physiological changes 754–755
– – physiological, morphological, and

metabolic changes 753–754
– drought tolerance, functional genomics

of 765–770
– drought tolerance improvement
– – genetic engineering approaches for

770–773
– drought-tolerant genotypes 751
– – basic concept of 752
– drought-tolerant maize 761–763
– genetic research, model systems for 768
– genome sequence 768
– maize–teosinte hybrids 196
– tools to improve drought tolerance 763–765
major intrinsic proteins 250, 1294
malonaldehyde levels 1013
malondialdehyde (MDA) 52, 549, 741, 1174,

1192, 1258, 1392
Mangifera indica 139
mannitol 427, 756, 1185
MapChart software 327, 328
MAPK cascades 113
MAP kinase pathway 20
MAPK kinase kinase (MAPKKK) 743
MAPK-mediated signaling 114
MAPK-specific phosphatases 114
marker-assisted backcrossing (MABC) 928
marker assisted selection (MAS) 222, 676,

677, 765, 808, 932, 998, 1055, 1210, 1387
– advantages 1230
marker-selected genotypes 856
MAS. See marker-assisted selection (MAS)
massively parallel signature sequencing

(MPSS) 37, 290, 324, 796
mass-scale profiling 769
mass spectrometry (MS) 812, 837, 910, 1038
mass spectrometry-based methods 351, 352
MAS strategies, application 1060
MATE-like efflux carriers 12
matrix-assisted laser desorption/ionization

(MALDI) 295, 1038
matrix-assisted laser desorption/ionization–

time-of-flight mass spectrometry (MALDI-
TOF MS) 1004, 1039

maturation proteins 755
Maythorpe 803
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MCQTL software 329
MDA. See malondialdehyde (MDA)
MDA reductase (MDAR) 55, 1182
MdMYB10 in Arabidopsis, overexpression

of 497
MDSPDS1 gene 628
mechanization, of agriculture 198
Medicago sativa 444
Medicago tranculata 14
Medicago truncatula 146, 208, 501, 568, 797,

997, 1102
Mehler reaction 1088
Meloidogyne incognita 137
membrane-bound transcription factors 465,

466
membrane steroid binding protein

(MSBP) 801
membrane transport proteins 508
Mendel�s green cotyledon mutant in pea 930
Mentha piperita 385
mercaptopyruvate sulfur transferases 140
meristem culture 371
Mesembryanthemum crystallinum 7, 153, 423,

525, 526
messenger RNAs (mRNAs) 998
metabolic changes 41, 149, 256, 756, 760,

837, 1005, 1041, 1056, 1364
– in fruits under salinity stress 1043
– induced by drought 753, 754
metabolic responses, solutes categories 756
metabolite profiling 683
metabolite QTL (mQTL) 812
metabolomics 293, 294, 641, 709, 710, 1005,

1058
– in Arabidopsis for improvement, of abiotic

stress tolerance 305
– data and combined analysis, of

transcripts 315
MetaCrop, proteomics-related

information 827
metal binding proteins 1193
metal-catalyzed oxidative reactions 629
metal-containing fertilizers 981
metallothioneins (MTs) 1268, 1269
metal toxicity 1192–1196
– cadmium 1195
– iron 1195
– mercury 1195, 1196
– putative tolerance mechanisms 1194
– tolerance to multiple heavy metals

1193–1195
methylation
– of histone H3 N-tail 471
– of H3K27 472

methyl jasmonate (MeJA) 1012
methylome 306
methyl salicylate 760
O-methyltransferase (OMT) 803
methyl viologen (MV) 967
microarray technology 5, 290, 291, 324, 339,

516, 562, 769
– advantages 342
– cDNA microarray 341
– disadvantages 342
– gene expression, sequence-based

method 769
– oligonucleotide array 340
microchip-based capillary

electrophoresis 344
micronutrient 72
micropropagation
– advantages of 368, 369
– of plants 358
– significance of 369–371
– steps in 369
microRNA (miRNA) 103, 560, 561, 848, 1417
– and abiotic stress 568, 569, 705, 706
– in antipathogen defense 564, 580
– bacteria vs. plant miRNAs 566–568
– cold and 571
– computational approaches 562
– differentially expressed miRNA families,

under stress 574–576
– disadvantages of next-generation

sequencing 563
– expressed sequence tags 562
– Genome Survey Sequences 562
– hypoxia and 572
– to identify stress-responsive miRNAs 562
– mediated plant–pathogen interactions 564
– mediated strategies, to develop stress-

resistant crops 577
– – abiotic stress resistance 581, 582
– – amiRNAs and target mimicry 582
– – artificial miRNAs, in plants genetic

transformation 577–580
– – biotic stress resistance 580, 581
– miR398, important role in 573, 576, 577
– in plant interaction with pathogenic

organisms 568
– sequence-by-synthesis (SBS)

technology 562, 563
– software for, prediction and validation 563
– soil elements� uptake and 569–571
– targeting multiple MYB proteins in

crops 498
– tool of choice for studies 562
– viruses vs. plant miRNAs 565, 566
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– water balance stresses and 572, 573
microsatellite markers 1215
mineral nutrient deficiency 826
miniature inverted repeat transposable

element (MITE) 801
minimum tiling path (MTP) 768
MIP (major intrinsic protein) gene

family 510
MIRNA genes 561
mitochondria 52
– ROS production 52, 53
mitogen-activated protein kinase (MAPK) 10,

112, 113, 802
mkp1 mutant 115
MKS1 phosphorylation 113
Mmyb60 mutant 497
Mn deficiency 900
modern molecular biology tools, use of, 953
Mohria caffrorum 406
moisture absorbers 892
moisture stress 752
molecular approaches, for heat stress

tolerance 676, 677
molecular breeding strategies 1207
molecular geneticmodification, of crops 199,

200
molecular genetic technologies,

applications 1331
molecular markers 936
– in breeding schemes for MAS 222
– development 1005
momilactone A 153
monodehydroascorbate radical (MDA) 1181,

1191
monodehydroascorbate reductase

(MDHAR) 49, 53, 550
mpk4 null mutant 113
mRNA processing 853
mRNA silencing 463
MS-based quantitative methods 352
MudPIT. See multidimensional protein

identification, technology (MudPIT)
multidimensional protein identification 350
– advantages 351
– disadvantages 351
– principle 350
– technology (MudPIT) 348
multidrug and toxic compound extrusion

(MATE) gene sorghum 923, 935
municipal waste (MW) treatment 1260
mutant analyses of sos1 plants 510
MYB gene 463
– for genetic engineering 495
– overexpression of 495

– targeted by microRNAs 498
– transcriptional regulation of 498
MYB15 gene 101
MYB proteins 11, 481, 490
– in abiotic stress signaling in

Arabidopsis 489
– AtMYB2 proteins, role of 489
– in cold adaptation 491
– for human health 496
– and merits 495
– posttranslational regulation of 498, 499
– PtMYB4 role in 500
– as stomatal regulators 489, 490
– SUMO target MYB protein 499
– sumoylated AtPHR1 functions as 499
MYB transcription factors 453, 1107
– in abiotic stress signaling 481
– overview of 485–488
– structure and phylogeny 484, 489
Mycosphaerella graminicola 645
Myc protein 11
MYC-related DNA binding transcription

factor 11
myo-inositol 429
Myrothamnus flabellifolia 400

n
Naþ and Cl� exclusion mechanism 1089
NAC-domain transcription regulator 1230
NAC gene family 11
NaCl saline conditions 983
NAC protein 429
NAC transcription factors 470
NADP-ME proteins 912
Naþ homeostasis, during salinity

stress 524
Naþ movement, in plant tissues 525
NAM proteins 629
Naþ pump system 538
National Center of Biotechnology Information

(NCBI) database 1407
National Science Foundation wheat EST

sequencing program 697
Naþ toxicity 524
Naþ transporters 510, 511, 524
– coexpression of AtCaM15 with AtNHX1

and 526, 527
natural antisense transcript-derived siRNAs

(nat-siRNAs) 560
natural resources 1207
Naþ uptake 511
N-carbamoylputrescine amidohydrolase (CPA)

activities 625
near-isogenic lines (NILs) 784, 928, 1216
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Nested Association Mapping (NAM)
system 847

new-generation sequencing (NGS)
technologies 302, 304, 769

next-generation sequencing (NGS)
technologies 208, 223, 293, 325, 343, 344,
562, 563, 566, 567, 571, 572, 696, 786, 999,
1289, 1417

– fluorescent-labeled sequencing by
synthesis 343, 344

– microchip-based capillary
electrophoresis 344

– pyrosequencing 343
– sequencing by hybridization and

ligation 344
next–next generation (NGS) sequencing

system 999
nha1 mutant 535
NHX antiporters, role of 1093
NHXs transporters 524
– physiological roles of 527, 528
NHX transcripts 525, 526
Nicotiana tabacum 59, 1411
nitrate reductase activity 151
– in tissues 151
nitrate transporter (NRT1) 805
nitric oxide (NO) signaling 630
nitrogen use efficiency (NUE) 818
nitrogen utilization efficiency (NUE) 805
NOD26-like intrinsic proteins (NIPs) 250,

739, 819
nonenzymatic antioxidants 57–58
nonenzymatic antioxidative processes 1258
nonphotochemical quenching 1076, 1088
nonselective cation channels (NSCCs) 511
N/S ratio 139
NtGPDL protein 832
nuclear factor (NF-Y)B 43, 44
nuclear magnetic resonance (NMR) 1041
– metabolite profiling 710
nuclear proteins 1004
nucleoporin protein 102
nucleosome 830
nutrient deficiencies 885
nutritional defects, under salinity 72

o
OA. See osmotic adjustment (OA)
oil crops, characteristics for biodiesel

production 1286
oilseeds 1253
oleoyl-ACP desaturase (FAD) 1290
oligosaccharides 403
O-methyltransferases (OMTs) 700, 1038

omics approaches 1033. See also genomics;
proteomic approaches; transcriptomic
approaches

– for abiotic stress tolerance 1360
– applications, in crop research and

breeding 297
– in Arabidopsis for improvement of abiotic

stress tolerance 305, 306
– data analysis 306, 307
– – correlation and network analysis 308, 309
– – data preprocessing 307, 308
– – differential abundance 308
– – visualization, and comparative

analysis 309, 310
– integration 298
– omics-based research 1050
– omics, integration of 852
omics data, in improvement of stress

tolerance 313
– Lead Gene Discovery 313–315
– mode-of-action characterization 316
– promoter discovery 315, 316
ONAC045 gene 11
one-dimensional LC-MS/MS technology 348
– advantages 349
– principle 348, 349
one/two-dimensional polyacrylamide gel

electrophoresis 345, 346
– advantages of 2DE 346
– limitations of 2DE 346, 347
onion 968
– abiotic stress tolerance 967–968
– flavor intensity 971
– genetic transformation 972
– salt stress, antioxidants role 970–971
open-pollinated (OP) cultivars 1206
Oregon Wolfe Barley (OWB) 819
organic phosphorus (Po) 173
ornithine (Orn) decarboxylation 624
orphan crop. See sesame
Orr�s exponential theory 857
Oryza glaberrima 720
Oryza sativa 8, 55, 695, 790, 961
– complete genome sequence 324
OsCDPK7 gene 110
OsCOIN transgenic rice 961, 962
OsHAK5 expression on plant salt

tolerance 538
OSISAP1 gene 11
OSLEA3-1 gene 43
OsLti6 genes 739
OsMAPK5 gene 113
osm1mutant 86
osmolytes 119, 213, 427, 678
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– increasing production of 742, 743
osmolytes trehalose, accumulation of 886
osmoprotectants 13, 428
osmoprotectant synthesis, pathways for 249
osmotic adjustment (OA) 76, 77, 1210, 1304
– glycine betaine 80
– polyols 78, 79
– proline 79, 80
– soluble sugars 77, 78
osmotic homeostasis 1175, 1176
osmotic potential (OP) 1390
osmotic potential under irrigation (OPi) 816
osmotic shock effects 803
osmotic stress 10, 72, 982
– in crops 490
osmotic stress tolerance 80, 81, 109
osmotin-like proteins 15
osmotin transcripts, accumulation of 1413
osmotin-transformed somatic embryos 1412
OsMYBS3 expression 491, 492
OsRR6 gene 116
Ostreococcus tauri 502
OsWRKY gene clusters 700
OTS1 overexpression 469
oxalic acid (OA) 1040
oxidative stress 54, 61, 82, 156, 1034
– management 82
– – antioxidant enzymes 82, 83
– tolerance 250
ozone stress tolerance in tobacco 56

p
PA oxidases (PAOs) 625
partial root drying (PRD) 1306
partial root zone drying (PRD) 1304
PAs. See polyamines (PAs)
passive transport 508
– mechanism for 508
P5CSF129A gene 213
P5CS gene 86, 213
P deficiency 836
PDH47 protein 443
peanut 996
pectin 406
PEG-induced osmotic stress 1413
PEG-stressed shoots 1414
Pennisetum glaucum 251
PepRSH protein 964
peroxidases 150
peroxisomes 53
Phaseolus vulgaris 55
phen�omics� 38–43, 296–298, 1017–1021.

See also omics approaches
– adaptive vs. constitutive genes 1019, 1020

– environment-specific breeding, physiology
integration in 1020, 1021

– plant response to abiotic stress, complexity
of 1021

– relevant protocols
– – assess plant response to stress 1018
– – used to extract �omics� products in grain

legumes 1018, 1019
phenotypic complexity 853
phenotypic QTL (phQTL) 808
phenotyping protocol 1053
phenotyping techniques 1051
phenyalanine ammonia-lyase (PAL) 12, 1141,

1296
phenylalanine ammonia lyase gene

(SlPAL5) 1036
phenylpropanoid-regulating MYB

factors 497
Phleum pratense 137
Phoenix dactilifera 139
phosphatases 181
phosphate starvation-responsive transcription

factors 602
phosphatidic acid (PA) 106, 551
phosphatidylinositol 4-phosphate 5-kinase

(PI5K) 106
phosphoethanolamine N-methyltransferase

(PEAMT) 214, 427
phospholipase C (PLC) 1329
phospholipase D (PLD) 106, 1298
phospholipid hydroperoxide glutathione

peroxidase 12
phospholipids 106, 107
phosphomonoesterase 182, 183
phosphoproteins 121, 170, 413, 708
phosphoproteomics 121, 304, 765
phosphopyruvate hydratase 414
phosphorus (P) 165
– abundance 166–168
– accumulation potential of annual

ryegrass 178
– – effect of ph on accumulation 180–184
– – greenhouse study 179, 180
– – hydroponic study 178, 179
– – phytoremediation potential, of food

plants 185–187
– animal diet modification, with

phytase 175–177
– chemical amendments
– – of animal waste/manure 173, 174
– – of soil 174, 175
– content of soil 166
– deficiency 166
– discharge to surface waters from 172
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– distribution of organic phosphorus
compounds 170

– excess manure phosphorus, in different
counties of US states 167

– losses from agricultural soils in the United
States 171

– loss, pathways of 168
– overloading, consequences of 171–173
– phytoremediation 177, 178
– P index, incorporate factors 168
– soil cycle of 169
– soil dynamics of 168–171
– total concentrations in soil 169
– US annual production, from livestock and

poultry 167
phosphorylation 110, 466, 467, 499, 500
– by CDPKs 110
– regulatory mechanisms, in stress signaling

transduction 121
phosphorylation/dephosphorylation

cascades 1094
phosphotidylinositol 4,5-bisphosphate

(PIP2) 1329
photoperiod response (PPR) 1216
photoprotection 59, 60, 668, 925
photosynthesis, effect of SO2 on 140, 141
photosynthesis, feedback inhibition 1157
photosynthesis-related genes 1126
photosynthesis-related proteins 15, 1297
photosynthetic assimilation 983
photosynthetic efficiency 550
photosystem II (PSII) complex 1097
phQTL mapping 818
Phragmites australis 55
PHY gene 651
Physcomitrella patens 32, 538
physiological stimuli 837
phytase 175, 177, 181, 184, 187, 188, 1275
phytoalexins 149, 153
phytochelatins 156, 1193
phytoene desaturase (PDS) gene 794
phytohormones 31, 649, 987
phytotoxic effects of pollutants 144
phytovolatilization 1196
Picea asperata 55
Picea sitchensis 269
Pinus sylvestris 56, 137
Pinus taeda 568
Piriformospora indica 543–545
– role in
– – drought tolerance 549–552
– – salt tolerance 546–548
– series of redox reaction, for tolerance to

oxidative stress 553

Pisum sativum 55
PLABQTL software 328
plant breeding 771
– programs 675
– – strategies for heat stress tolerance 676
– traditional/conventional approaches 1274
plant cold acclimation, metabolomic studies

of 269–271
– diurnal cycling of clock genes 276
– lipid metabolism 273, 274
– primary metabolism 271, 272
– secondary metabolism 272, 273
– sulfur and nitrogen metabolism 274
– transcriptional and posttranscriptional

regulation 274–277
plant cold stress signaling pathways 120, 121
plant disease, incited by air pollutant under

ambient conditions 144
plant disease resistance 149
Plant Expression Database (PLEXdb) 796
PlantGDB, databases for plant genome. 324,

787
Plant Gene Resources of Canada (PGRC) 784
plant genetic resources (PGRs) 783
plant genetic transformation, significance

of 386
plant genome projects 221
– NGS approaches 221
– tools and databases for 330
plant genomes 958
plant germplasm 783
plant growth-promoting bacteria (PGPB) 544
plant growth-promoting fungi (PGPF) 544
plant growth-promoting rhizobacteria

(PGPR) 544
plant growth regulating substances 898, 899
– use of 899
plant homeodomain (PHD) 830
plant hormones, role in abiotic stress

response 20
Plant Metabolic Network (PMN) 1058
plant peroxidases (POD) 1183
plant phenomics 223–225
plant proteome, analysis 1022
plant salt tolerance mechanisms 72
plant sensitivity, to salt stress 955
plant�s processes, affected by salt stress 4
plants, systems biology of 854
PLANT STRESS database 327
plant sulfur content 138–140
plants with wide range of GSH levels,

1360
plant temperature stress tolerance, transgenic

attempts 679
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PlantTFDB, proteomics-related
information 827

plant tissue culture 357
– techniques, in relation to crop

improvement 359–367
– various aspects of 368
plant tissues, toxic ions accumulation 911
plant tolerance, to abiotic stress 771, 808
plant tyrosine-specific phosphatases

(PTPs) 115
plasma membrane intrinsic protein

PY-PIP2-1, 13
plasma membrane intrinsic proteins

(PIPs) 250, 739
plasma membrane Naþ/Hþ antiporter 424
PLD genes 107
PLD inhibitor 107
Pleurostima purpurea 400
POA. See potato, abiotic stress (POA)
poikilochlorophyllous resurrection

plants 402
point mutation 222
pollen culture, in indica rice 379
pollen viability 675
pollution influencing reproductive processes in

plants 148, 149
polyacrylamide gel electrophoresis

(PAGE) 966
poly-ADP-ribose polymerase 2 (PARP2) 316
poly(ADP)-ribosylation 683
polyamines (PAs) 150, 970
– abiotic stress tolerance in plants with 627
– action in stress responses, possible

mechanisms of 629–631
– antioxidative role 629
– biosynthesis 624
– catabolism in plants 624
– and stress 625, 626
– transgenic alteration of genes and stress

tolerance 631
– transgenic modifications of biosynthetic

route 626, 628
POLYBAYES polymorphism detection

system 223
Polycomb group (PcG) protein

complexes 831
polyethylene cover, in soil 898
polyethylene glycol (PEG) 1178
polyhydric alcohols (polyols) 427
polymerase chain reaction (PCR)

amplification 1411
polyols 429
polyphenol oxidase (PPO) 414, 1259
polyphenols 404

polyunsaturated fatty acids (PUFA) 1251
Populus euphratica 13, 513
Populus popularis 513
Populus spp. 208
Porteresia coarctata 18
– L-myo-inositol-1 phosphate synthase

(MIPS) 1188
positron-emitting tracer imaging system

(PETIS) 807
postgenome sequencing 939
posttranscriptional gene silencing

(PTGS) 560, 1008
– large-scale programs 1105
posttranslational modification 465
– membrane-bound transcription

factors 465, 466
– phosphorylation 466, 467
– sumoylation 468, 469
– ubiquitination 467, 468
posttranslational modifications (PTMs) 821
posttranslational regulation of MYB

proteins 498
potassium (Kþ)
– channels to facilitate Kþ

flux 512
– as essential macronutrient 511
– factor in resistance to drought, salinity, and

fungal diseases 512
– to maintain turgor and 512
– transporter 425, 426, 511
potato
– abiotic stress (POA) 1130
– cold and frost stresses 1131–1136
– – cellular response to cold 1132, 1133
– – cold-induced sweetening during

storage 1135, 1136
– – gene functions and omics 1133, 1134
– coping with
– – drought stress 1158, 1159
– – heat stress 1161
– – salinity 1163, 1164
– crop growth and yield 1162
– drought and tuber quality 1157, 1158
– drought stress 1156–1159
– field selection for salt tolerance 1163
– future perspectives 1142, 1143
– genomic resources 1122–1123
– growth, and production 1157
– heat stress and thermotolerance 1128–

1131, 1159–1161
– – cellular response to heat 1130
– – cultivar development through omics

approaches 1130, 1131
– – heat effect on tuber quality 1129
– ionic imbalance in soil 1162
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– laboratory selection, for salt tolerance 1163
– photosynthesis, and respiration 1159
– production, abiotic stresses related

to 1123–1128
– – breeding through omics

approaches 1125, 1126
– – drought effect on tuber quality 1124
– – drought sensing mechanisms 1124, 1125
– – genes involved in drought stress

signaling 1127, 1128
– – gene testing in transgenic lines 1128
– – pathways involved in drought stress 1126,

1127
– – water and drought stress 1123, 1124
– production strategies, under abiotic

stress 1155
– reactive oxygen species, and abiotic

stress 1164
– salinity stress 1161–1164
– salt tolerance 1136–1142
– – genes related to salt tolerance 1138, 1139
– – omics studies 1139, 1140
– – salt response mechanisms 1137, 1138
– – wounding 1140– 1142
– tuberization 1159, 1160
– tuber quality 1160
potato, as salt-sensitive crop 15
Potato Genome Sequencing Consortium

(PGSC) 1122
potato zinc finger protein StZFP1, 1128
PP2C-type phosphatases 115
PR 10 class proteins 153
pregerminated setts 885, 893, 896
pri-miRNA transcript 833
principal component analysis (PCA)

models 1043
– supervised 1043
– unsupervised 1043
proline 49, 72, 213, 428, 1187, 1188
– accumulation 428
proline dehydrogenases (PDHs) 428
Prosopis ciceraria 139
protein analysis 304
protein–calorie ratio 1155
protein dimerization 469
protein expression (pQTL) 812
– on chromosome 2HL 815
– of cold tolerance 814
protein kinase 119
protein kinase C 106
protein modification 798
protein phosphatase 2C-like protein

(PP2C) 801, 1127
protein phosphatases 114, 467

protein–protein interactions 452, 824
protein QTL (pQTL) 812
proteins, characterization 1039
protein signaling cascades 483
– MAPK cascades 483, 484
proteins related to general metabolism 12
proteins related to maintenance of osmotic

homeostasis 13
proteins with defined features (PDF) 14
proteins with obscure features (POFs) 14
protein translocators 508
protein with unknown function 13, 14
proteolysis-related proteins 119
proteome response, of plasma

membrane 708
proteomic approaches, in plant stress

responses 208, 294, 295, 344, 345, 640,
641, 825

– in Arabidopsis for improvement of abiotic
stress tolerance 304

– data mining tools 353
– gel-based approaches 344, 345
– – one- or two-dimensional polyacrylamide gel

electrophoresis 345–347
– to identify proteins involved in rice stress

response 708
– labeled/nonlabeled approaches,

351–353
– major components involved 682
– nongel-based approaches 348
– – multidimensional protein

identification 350, 351
– – one-dimensional LC-MS/MS

technology 348, 349
– for understanding heat stress tolerance

mechanism 681
prote �omics,� 1002–1004
– chickpea 1004
– peanut 1004
– soybean 1003
protoplast culture 382, 383
– in rice 382
– significance in crop improvement 384
– steps 382
Prunus persica 375
Pseudomonas syringae 490
PSGD database 327
Psidium guajava 139
PTGS-based strategy 1110
Puccinellia tenuiflora 423
pumpkin rootstocks 988
putrescine (Put) 276, 987
Pyrenophora tritici-repentis 645
pyrophosphate-driven cation transport 1098
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pyrosequencing 343
D-pyrroline-5-carboxylase synthase

(P5CS) 13
pyrroline-5-carboxylate synthase

(P5CS) 1187, 1329
d-1-Pyrroline-5-carboxylate synthetase

(P5CS) 798
– genes coding for 803
pyruvate dehydrogenase 801
pyyroline-5-caroxylate reductase (P5CR) 1329

q
QlicRice 327, 329–331
QlicRice, case study, development of 329–331
QTL. See quantitative trait loci (QTL)
QTL Cartographer software 327, 328
QTL maps 20, 28, 322, 1020, 1229, 1272
– software for 328, 329
QTL Network 2.0 software 328
quadrupole time-of-flight tandem mass

spectrometry (Q-TOF MS/MS)
analysis 1004

quantitative PCR (qPCR)-based
strategies 562

quantitative trait loci (QTL) analysis 676, 677,
764, 923, 927, 963, 995, 1006, 1036, 1042,
1079, 1206, 1222, 1308, 1330, 1332, 1410

– alleles 1078
– in breeding for tolerance 29
– cloning 1052, 1233
– – by high-resolution mapping 322
– – strategies for 1056
– controlling waterlogging tolerance 820
– detection 1073
– information 809
– mapping (See QTL maps)
– for nitrogen-related traits 818
– rice and maize root 939
– on rice chromosome 1 934
– stay-green trait 928
– validation 1231

r
radiation-induced oxidative stress 625
raffinose family oligosaccharides (RFOs) 757
rain-fed areas 892
Ramonda serbica 400
random amplification of polymorphic DNA

(RAPD) markers 1211
Raphanus sativus 384
rapid amplification of cDNA ends

(RACE) 292
ratoon crop 897, 899
RAV1 gene 268

RD29A gene 100, 454, 455, 471
RD29a promoter 1332
RD29B gene 471
RD22 gene 86, 455
reactive oxygen species (ROS) 49, 50, 82, 153,

402, 630, 754, 1076, 1164, 1171, 1310
– accumulation 1125
– detoxification 823
– detoxification for cellular survival 51
– formation, minimizing in resurrection

plants 403
– formation of 986
– gene network, complete understanding

of 62
– generation 1320
– induced damage 12
– induction 1321
– minimizing effects of 310
– neutralization of 909
– production 51–54, 1264
– role in 1077
– scavengers 426, 427, 1086, 1191, 1192
– – to various abiotic stresses 54, 60, 61
– as secondary messenger 107–109
– signaling role in plants 50
– toxicity in plants, transgenic approach 58,

59, 61
real-time PCR 326, 649, 708
real-time polymerase chain reaction (RT-

PCR) 324, 1291
receptor-like protein kinases (RLKs) 118, 119
recombinant CpMYB10 protein 410
recombinant DNA technology 196, 386, 764
recombinant inbred lines (RILs) 839, 1074,

1212
– population 1213, 1218
relative elongation rate (RER) 816
relative water content (RWC) 815, 1179, 1219
– measurements 400
relative water loss (RWL) 1220
repeat-associated siRNAs (ra-siRNAs) 560
response/tolerance mechanisms 1095
restriction fragment length polymorphism

(RFLP) 677, 786, 936, 1211, 1220, 1388,
1389

– markers 1006
resurrection plants 399, 401
– functional studies, and overexpression

experiments 408, 409
– leaf ultrastructure 405
– minimize ROS formation by 402
– transcriptomic and proteomic studies 413
– ultrastructural changes to 405
– upregulate housekeeping antioxidants 403
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reverse transcriptase polymerase chain
reaction (RT-PCR) 1218

RFLP. See restriction fragment length
polymorphism (RFLP)

rhizospheric salinity, control of 885
ribosome inactivating protein (RIP) 1296
rice
– APETALA2 (AP2) domain in 43
– aquaporins 739
– cold acclimation 491
– cold signaling in 492
– cold stress tolerance
– – transcription factors and genes involved

enhancing 740, 741
– drought, classified on basis of 716
– drought tolerance
– – different traits and mapping populations

used for 719
– – gene identification, proteomics/

transcriptomics 723
– – mapping of QTL for 718, 720
– – morphophysiological basis and

breeding 717, 718
– – transcription factors genetically

transformed in 723
– effect of cold
– – on plant physiology 736, 737
– – stress on 734–736
– genes conferring, increased cold tolerance

in 742
– genetic transformation of 387
– improving cold stress tolerance in 738
– – cold stress signal transduction cascade

genes, overexpression of 743, 744
– – osmolytes, increasing production of 742,

743
– – overexpression of transcription factors

and 738, 739
– marker-assisted selection 721, 722
– meta-analysis of drought tolerance QTL

in 720, 721
– OsNHX1 expression 527
– overexpression
– – of OsCDPK7 in 744
– – of OsCDPK7 in 744
– – of SsNHX1 and AgNHX1 424
– protoplast culture in 382
– pump and secondary transporter genes 519
– pyramiding of drought tolerance QTL 721,

722
– transcription factors in cold stress 737, 738
rice–barley double cropping system 781
RiceGeneThresher software 328
rice spl gene spl7 961

RILs. See recombinant inbred lines (RILs)
RING finger E3 ligase 467
RNA-directed DNAmethylation (RdDM) 835
RNA helicases 833
– role in nucleic acid metabolism 438
RNA-induced silencing complex (RISC) 464,

560, 561
RNA-induced transcriptional silencing

(RITS) 560
RNA interference (RNAi) 139, 218, 560, 793
RNAi transformation 18, 642
RNA molecules 834
RNA polymerase 452
RNA polymerase II (RNAP II) 103
RNA-seq strategy 850
RNA sequencing 796
RNA silencing, limitations 1008
RNA splicing 102, 245, 463, 1005, 1257, 1361
Robertson�s hypothesis 843
root-deficit irrigation (RDI) 1306
root elongation, inhibition of 981
root exudation 988
root–shoot signaling 1311
rootstocks 982, 988, 989
– Shintoza 990
root tonoplast membrane 985
ROS. See reactive oxygen species (ROS)
ROS scavenging pathways 1181–1183, 1182
ROS-scavenging system 836
ROS signaling 1089
RPK1 gene 118
rRNA-encoded homing endonuclease 1037
rubisco activase (RCA) expression 649

s
Saccharomyces cerevisiae 510, 538
Saccharum sinense 900
Saccharum species 886, 903
– related genera 903
S-adenosylmethionine (SAM)

decarboxylase 909
S-adenosylmethionine synthetase

(SAM-S) 824
SAGE. See serial analysis of gene expression

(SAGE)
SAGE Technology 5, 266, 267, 292, 339
sakuranetin 153
salicylic acid 153, 430, 668, 830, 966
saline–alkaline conditions 885
saline–alkaline soils 896
saline water 980
salinity
– BTx625, Stg2 QTL region of 929
– grafted plants, effects on 982
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– – fruit quality 983–984
– – growth and yield 982–983
– – photosynthesis and water relations 983
– grafted plants, salt tolerance mechanisms
– – antioxidant defense system 986
– – osmotic adjustment 985–986
– – phytohormone biosynthesis 986–987
– – root characteristics 985
– – salt exclusion and root retention 985
– induced nutritional disorders 980
– related transcriptome, assisting plant

survival under stress 19
– restricts plant growth 933
– Stg QTL of 929
– stress 647, 1161–1164
– – enhancing carbohydrate accumulation

in 12
– – up- and downregulated genes in monocots

and dicots 16–18
– tolerance
– – mechanisms 1136
– – screening for 1163
– water deficit 983
salinity stress-related fingerprints,

investigation 10
– gene regulation 11, 12
– stress perception, and signaling 10, 11
salinization. See also salinity
– process 980
– of soil and water 954
Salix mysrsinifolia Salisb 147
salt exclusion 1075
salt overly sensitive (SOS) pathway 10, 457
salt stress 457, 458, 1139, 1184–1192, 1258
– conditions 4
– inducing oxidative stress in plants 13
– metabolic fingerprinting 1043
– related transcriptome changes, across diverse

genera 9, 10
– response proteins 1103
– treatment of potato 15
salt tolerance
– mechanisms 933, 1088
– osmoprotectants 1185
salt-tolerant grafted plants 985
SAMDC gene 628
SAM decarboxylase (SAMDC) 625
Sanger sequencing 790
SC568 allele 935
Scanalyzer system 840
scan RNAs (scnRNAs) 561
screening protocols, facilitate generation of

high-quality data on plant
phenotypes 1052

secondary metabolites, in vitro production
of 384, 385

secondary transporters, mechanism for 509
seed cane, preservation of 898
seed imbibition protein 13
seedling regrowth rate (REG) 816
semiarid tropics (SAT) 996, 1000
semiquantitativeRT-PCRanalysis 1295, 1298
senescence-related genes 12
sequence and annotation databases, for plant

genome 324
sequence-by-synthesis (SBS) technology 562
sequencing by hybridization, and

ligation 344
serial analysis of gene expression

(SAGE) 324, 325, 326, 796
– library construction 292
– overview of major events in 340
– principle 339
sesame
– abiotic stresses and 1255–1261
– – areas of special focus 1261–1269
– – chilling stress 1256, 1257
– – drought stress 1259
– – heavy metal stress 1259–1261
– – in queen of oilseed crops 1251–1277
– – salt stress 1258
– – waterlogging stress 1255, 1256
– c-aminobutryric acid (GABA) 1268
– caleosins 1262, 1263
– constraints, on productivity 1255
– conventional approach 1272–1274
– – association genetics 1272, 1273
– – phenomics 1273, 1274
– – in utilization of genetic variation 1272–1274
– cultivation, advantages 1254
– extreme susceptibility 1256
– genetic diversity, characterization 1271
– geranylgeranyl reductase 1266–1268
– incorporation approaches, of abiotic

tolerance 1269–1272
– – search for useful genes in

germplasm 1270–1272
– lignans 1264–1266
– lipid transfer proteins 1261, 1262
– metallothioneins (MTs) 1268, 1269
– phytostatins 1264
– steroid dehydrogenase 1263, 1264
– transgenic approach 1275–1277
Sesuvium portulacastrum 429
Shan Qui Red (SQR) 933
shikonin 385
shoot growth 981
– inhibition 987
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– reduction 981
shoot ionome 838
short interfering RNA (siRNA) 103
Si deficiency 892
signal decoding 109, 110
signaling pathways, principle of 483
signal transduction, genes for 429, 430
significant value, of OA as key trait for drought

tolerance in sunflower 1219
Sikkim Himalayas 902
simple sequence repeat (SSR) markers 937,

1002, 1007, 1211, 1410
single-nucleotide polymorphisms

(SNPs) 222, 823, 937, 1060, 1106, 1212
– arrays 1330
single-strand conformation polymorphism

(SSCP) 222
size-based nomenclature, for sorghum

chromosomes (SBI-01–SBI-10) 937
SIZ1 gene 105
siz1 mutant 469
small basic intrinsic proteins (SIPs)

250, 739
small interference RNAs (siRNAs) 560, 834
– role of 1099
small silencing RNAs (ssRNAs) 560
small ubiquitin-related modifier

(SUMO) 469
smog injury on plant foliage 144
SNAC1 gene 724
SNARE proteins 86
Snf1-related protein kinase (SnRK) 466
SNP array platforms 859
SNPs. See single-nucleotide polymorphisms

(SNPs)
SOD activator 1269
sodium 7, 72, 425, 817, 980, 1162
– transport 1189
soil, contamination of 980, 981
soil fertility 954, 955
soil moisture-deficit environments 925
soil salinity 72, 761. See also salinity;

salinization
– antioxidant enzyme activities affected by 72
– causing nutritional constraints 72
– effects on plant growth, and

development 73, 74
– effects on plants 72
– ionic stress 74, 75
– ion selectivity 75
– Naþ exclusion 75
– Naþ sequestration 75, 76
– osmotic adjustment 76–80
– osmotic stress 76

– salt stress-induced proteins 81, 82
soil salinization 980
soils, electrical conductivity value of 980
soil, water loss 892
Solanaceae family, genomic model 1122
Solanaceous crops 981
Solanum integrifolium 990
Solanum lycopersicum 7
Solanum melongena 990
Solanum pennellii, dominant mutant 1109
Solanum torvum 991
Solanum tuberosum Gene Index (StGI) 1122
Solanum tuberosum L. 146
soluble modified green fluorescent protein

(smGFP) 965, 966
solutes, categories 756
somaclonal variation 372
– altered expression of multigene

families 375
– amplifications 374
– causes of 373
– chromosomal changes 373
– cytoplasmic genetic changes 374
– deamplifications 374
– induction of 372, 373
– methylation/demethylation of DNA 374,

375
– mitotic crossing over 373, 374
– nature of 375
– point mutations 374
– significance in crop improvement 375, 376
– transposable element activation 374
– virus elimination 374
somatic embryogenesis 371, 372
somatic hybrid/cybrid plants, scheme for

production 383
somatic hybridization 382, 383
– significance in crop improvement 384
sorbitol 427
sorghum
– abiotic stress tolerance 925–926
– – aluminum tolerance 934–935
– – cold tolerance 933
– – drought tolerance 926–927
– – epicuticular wax 930–932
– – improvement of 923
– – osmotic adjustment 932
– – salt tolerance 933
– – stay green 927–930
– drought response 923
– genetic and genomics resources 935
– – association genetics 937–938
– – comparative genomics 938–939
– – geneticmaps, andQTLmapping 936–937
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– – germplasm resources/genetic
diversity 935–936

– – transcriptomics, and reverse genetics 938
– germplasm 933
– global climate change 924
– miRNA, role of 939
– multidrug and toxic compound extrusion

(MATE) gene 923, 935
– omics approach 940
– osmoprotection 933
– postflowering drought 927
– prospects, sorghum research in

general 939–940
– quantitative trait loci (QTL) 923
– recombinant inbred lines (RILs) 926
– stay-green sources 927, 928
– syntenic relationship of 939
SOS1 gene 534
SOS3 gene 457
SOS pathways 20, 83–85, 535, 1105
SOS1 protein 111
SOS2 protein 457
SOS1 transporter 534
– physiological roles of 536, 537
Soybean Proteome Database 1003
Spartina alterniflora 423
Spd synthase (SPDS) 625
spermidine (Spd) 987
spermine (Spm) 987
splicing mechanism of OsDREB2B 699
Spm signaling pathway 630
Spm synthase (SPMS) 625
Sporobolus stapfianus 400
SSR markers 677
STA1 gene 102
sta1-1 mutant 463
steroid dehydrogenase 1263, 1264
steroid dehydrogenase-like protein

(SDs) 1263
– role 1264
steroleosin 1263
STIFDB database 327
stomatal conductance, and effect of SO2

concentration 141–143
stomatal regulation 489, 490
stress-associated genes, functional relevance

of 907
stress-associated protein 8 (SAP8) 1184
stress factors, plants responding to 1352
stress indicators 1018
stress-induced proteins 12, 13
stress-induced RNA helicase(s) 447
stress-induced tomato ABA stress ripening 1

(SIASR1) protein 1130

stress-inducible promoter (SWPA2) 1140
stress-inducible specific promoters 1101
stress-regulated helicases 438, 439
stress-related genes, expression of 760
stress-related proteins 1039
stress resistance mechanisms 362, 1170,

1172
stress-responsive signal transduction

pathway 4
stress-sensitive transcription factors
– activation of 1171
stress tolerance 1156. See also chilling stress;

environmental stresses; heat stress; osmotic
stress tolerance; ozone stress; salt stress;
waterlogging stress tolerance

– approaches 771
stress-tolerant crops 436
stress transcriptome from other plant species,

analysis of 14, 15, 18, 19
stress-triggered PA accumulation 626
Suaeda salsa 423
suberin poly (phenolic) domain (SPPD) 1141
substantial genetic bottleneck 1206
sucrose Suc 1-fructosyltransferase (1-

SST) 972
sucrose transporters 515, 516
– importance 1306
sugarcane 885–914, 913
– abiotic stresses 887
– – beneficial 914
– breeding strategies 902
– breeding varieties
– – Saccharum spp., tolerance/resistance to

abiotic stresses 900–904
– – varieties developed/identified tolerant to

abiotic stresses 904–907
– cold-inducible ESTs 886
– cultivation of 900
– drought-tolerant, development of 908
– lipid peroxidation 913
– molecular approaches 907
– – drought 908–910
– – heavy metal stress 913–914
– – high-temperature stress 911–912
– – low-temperature stress 912–913
– – nutrient stress 913
– – salinity 911
– – waterlogging 910–911
– physiological approaches 888
– – for drought conditions 890–893
– – drought tolerance 889
– – high temperature 900
– – low temperature 897–899
– – nutrient stress 900
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– – for salt-induced stress conditions
894–897

– – tolerance to high temperatures 890
– – tolerance to low-temperature stress

889–890
– – tolerance to salt-induced stress 889
– – for waterlogged conditions 893–894
– – waterlogging tolerance 889
– plants grown 891
– rhizospheric salinity, control of 885
– root meristem assay of 914
– roots 891
– varieties 901, 905–906, 907
– – tolerant 901
– water requirement 886
sulfate accumulation, in leaves 151
sulfite oxidase (SO) 139, 140
sulfonylurea-tolerant sunflowers 1226
sulfur, as nutrient 134
sulfur deficiency 155–157
sulfur dioxide (SO2) 134
– anthropogenic sources 134, 135
– causing chlorosis, and browning of

leaves 144
– chlorosis of leaves of pumpkin 138
– effect on GSH concentration in

soybean 150
– effects on plant proteins, and antioxidant

enzymes 149–154
– emissions fromoil refinery, impacts on 145
– enhancing peroxidase activity in 150
– froming copper smelter, effect on pine 144
– genotoxic effect of 154, 155
– injury to plants 136
– national ambient quality standard for 134,

135
– natural sources of 134
– needle necrosis in Scots pine 137
– simulated conditions, for evaluation of effect

on plants growth 145–148
– toxicity, due to superoxide radical 149
– visible foliar injury in plants 136–138
sulfur-induced resistance (SIR) 156
sulfur uptake 138–140
sulphosalicylic acid (SSA) 668
SUMO-conjugated proteins 469
sunflower
– breeding achievements 1207–1209
– candidate gene approach 1226–1230
– cold tolerance, during germination and

emergence 1221, 1222
– gene HaHSFA9, 960
– genetic linkage maps, and other genomic

resources 1211–1213

– improving crop productivity, and abiotic
stress tolerance 1205–1233

– key traits identification useful for increasing
yield 1209, 1210

– leaf expansion 1220, 1221
– linkage mapping 1211–1224
– marker-assisted selection 1230, 1231
– osmotic adjustment 1219, 1220
– prospects 1233
– QTL mapping 1213–1217
– – days to flowering 1215–1217
– – oil yield 1213, 1214
– – seed weight 1215
– – for stress-related traits 1219–1222
– – for yield-related traits under stress

conditions 1217, 1218
– recombinant inbred lines used for 1213
– reduced height 1223, 1224
– tolerance, to herbicides 1224–1226
– – nontarget-site herbicide resistance 1224,

1225
– – target-site herbicide resistance 1225, 1226
– tolerance to stem lodging 1223
– traits that awaiting more research 1222
– transgenic breeding 1231–1233
Sunflower Genome Sequencing Project 1213
sunscreen pigments 402
superoxide dismutase (SOD) 49, 51, 55, 149,

151, 152, 403, 426, 444, 669, 1125, 1164,
1296, 1321

– as intracellular enzymatic antioxidants 54
SuperSAGE analysis 1001
suppression subtractive hybridization 338
– principle 338
– SSH procedure 339
sustainable production systems 1122
sweet potato peroxidase (SWPA4) 1130
swi3b mutant 472
switch (SWI)/sucrose nonfermenting (SNF)

complex 472
syntaxin-like protein 13
Synthetic Genomics Inc. (SGI) 1289
systemic acquired resistance (SAR) 668
Systems Biology Graphical Notation

(SBGN) 846
Syzygium cuminii L 143

t
TaDof gene 651
tagged populations in model plant

species 31
Tamarix hispida 423
TaMYBsdu1 expression 491
TaPR60 protein 652
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targeted induced local lesion in genome
(TILLING) approaches 218, 642, 766,
1007, 1106

– mutagenesis 767
targeted RNAi approach 1135
target region amplification polymorphisms

(TRAPs) 1211
target specific mechanisms 1021
TaRSZ38 protein 643
TAS gene 560
T-DNAs 643
– insertion mutants 29
– integration 1107
– tagging 1009
tea 1401
– abiotic stresses 1402
– – catechin metabolism 1408
– – drought stress 1406–1408
– – drought stress, molecular markers

1408–1410
– – molecular approaches 1404–1406
– – physiological and biochemical

basis 1403–1404
– – tolerance, improvement of 1410–1414
– – winter dormancy 1403
– anticancerous 1402
– anticataract 1402
– antimicrobial 1402
– beneficial effect of 1402
– black tea, quality of 1401
– catechin biosynthesis pathway 1409
– cell division, and cell growth 1415
– deciphering, microRNA (miRNA), role

of 1416
– DNA processing 1401
– dormancy 1415
– drought effect 1406
– future research and development

area 1415–1417
– genetic transformation 1410
– India 1402
– reduced risk of cardiovascular

diseases 1402
– types of 1402
tentative consensus (TC) sequences 787
teosinte 196
N-terminal hydrophilic domain 1262
Tetrahymena thermophila 561
tetramine spermine 624
TFs. See transcription factors (TFs)
thearubigins (TR) 1410
Thellungiella halophila 15, 423
Thellungiella salsuginea 31, 535
THE model plant 842

Theobroma cacao 221
thermoinducibility 960
thermospermine 628
thioredoxin peroxidase 708
thioredoxin (Trx) targets 825
thylakoid membranes, LHCP complexes

of 930
tiling array technology 325
tillering 901
time-consuming processes 1057
time-of-flight (TOF) MS 1038
TiO2 chemo-affinity chromatography 121
tissue culture-based vector 386
tobacco 1169–1172
– cold stress 1175–1178
– cold tolerance/resistance in 1176
– drought stress 1178–1184
– – genes engineered for 1179
– with DS10:HaHSFA9 960
– exclusion 1190
– glycine-betaine 1188
– heat shock proteins 1173, 1174
– heat stress 1172–1175
– increased protein stability 1189, 1190
– increased unsaturated fatty acids 1177
– inositol and D-ononitol 1188
– mannitol 1185–1187
– mechanisms 1175, 1177, 1178, 1184
– metal toxicity 1192–1196
– osmoprotection 1174
– osmotic adjustment (trehalose and

fructans) 1178–1180
– osmotic homeostasis 1175, 1176
– proline 1187, 1188
– protectants (glycine-betaine) 1183
– reactive oxygen species scavengers 1191,

1192
– ROS scavenging 1174, 1176, 1177
– – pathways 1181–1183
– salt stress 1184–1192
– salt tolerance
– – genes engineered for 1186, 1187
– sodium transport 1189
– transcription factors 1180, 1181
– – jasmonate/ethylene-responsive

factors 1190, 1191
a-tocopherol 49, 58
tolerance mechanisms 1085, 1170
– molecular dissection 1273
tolerance-related physiological

mechanisms 1070
tomato 1069
– agronomical level, rootstock improves

salinity tolerance 1077, 1078
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– drought and salinity, tolerance mechanisms
to 1086–1109

– fruit yield 982
– future perspectives 1079, 1080
– genes conferring salt and drought

tolerance 1096
– genes involved in 1092–1095
– genes role in 1086
– genetic dissection, genomic tools

1102–1109
– genetic variation, complexity of trait and

sources 1101, 1102
– grafted plants 985, 1073, 1077
– grafting uses 1073, 1074
– growing locations 955
– increasing salt tolerance through transgenic

approach 1095–1102
– insertional mutagenesis and gene

traps 1106–1109
– insertional mutagenesis program 1108
– LeNHX2, physiological role of 528
– long-distance signaling pathways and

relationship 1090, 1091
– overexpression vs. spatial and temporary

modulation of gene expression 1100, 1101
– physiological processes involved in salt

tolerance 1074–1077
– physiological response to
– – osmotic stress 1087, 1088
– – oxidative stress 1088, 1089
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stress 1089, 1090
– posttranscriptional gene silencing (PTGS)
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– proline dehydrogenase (ProDH) gene 1106
– recessive mutant 1108
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– Rootstock–Scion Union formation,

1071–1073
– salinity-tolerant rootstocks, genetic

basis 1078, 1079
– salt-tolerant grafted plants of 986
– spontaneous and induced mutants 1105,

1106
– targeting induced local lesions in genomes
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developmental stage 1091, 1092
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(TERF1) 1098
– tomato spotted wilt virus (TSWV),

1002
– transcriptomics, proteomics, and �omic�

approaches 1102–1104
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evaluation 1099, 1100

tonoplast intrinsic proteins (TIPs)
250, 739
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– – growth and yield 989–990
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plants 990–991
traditional breeding programs 1070
transcript-derived differentially expressed

fragments (TDFs) 800, 909
transcriptional gene silencing (TGS) 828
transcriptional profiling studies, on abiotic

stress responses 493, 494
transcriptional regulation
– ABA-inducible transcription factors

244–247
– of stress signaling networks 244
transcriptional units (TUs) 848
transcription factor databases (TFDB) 502
transcription factors (TFs) 11, 86, 100, 213,

217, 452, 594, 683, 699, 828, 1000, 1014,
1127, 1134, 1180, 1181, 1228, 1297, 1323

– associated with sulfur starvation
response 606

– bZIP transcription factors 100, 455, 469
– in drought stress response 592, 593,

596, 597
– – DREB2 transcription factors 593, 595
– – interact with ABA-responsive

element 595, 596
– epigenetic regulation 471, 472
– HsfA4a transcription factor for Cd

tolerance 609
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– – mediating Al tolerance 609
– – nitrogen response 600–602
– – nutrient deficiency 599, 600
– – responses to excess metals in soil 609
– iron response-related transcription

factors 607, 608
– jasmonate/ethylene-responsive

factors 1190, 1191
– mediating response
– – to cold stress 597, 598
– – to heat stress 598, 599
– MYB and MYC 453
– phosphate starvation-responsive 602
– – factors induced by phosphate

starvation 604, 605
– – PHR1 involved in 602–604
– protein–protein interactions 469, 470
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– regulation of activities 462
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– – transcriptional control 462
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– – drought stress 455–457
– – heat stress 460–462
– – salt stress 457, 458
– zinc deficiency-responsive transcription

factors 608, 609
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responses 338
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– – microarrays 339–342
– – serial analysis of gene expression

(SAGE) 339
– – suppression subtractive

hybridization 338, 339
– sequencing-based approaches 342
– –DNA sequencing of expressed sequence tag

libraries 342, 343
– – next-generation sequencing 343, 344
transcriptomic cold response of barley cv.

Morex 264
transcriptomic responses, to low temperature

in nonmodel species 263, 264
– barley cv. 264
– expression of PHYA- and PHYB-like

genes 264
– perennial shrubs 265
– Picea sitchensis 265
– Pinus sylvestris 265
– plant gene expression, influence of

deacclimation 266
– Populus tremula 265
– SAGE technology, profiling gene expression

during 266, 267
– wheat 264, 265
transcript OMICS 998–1002
– chickpea 1000, 1001
– peanut 1001, 1002
– soybean 1000
transcriptomics 208, 290, 642, 643, 700–705
– approaches, role in identifying genes in

response to salt stress 6, 8

– in Arabidopsis for improvement of abiotic
stress tolerance 303, 304

– closed omics technologies 290, 291
– open omics technologies 291, 292
– – ESTs 291, 292
– – MPSS 292
– – next-generation sequencing 293
– – SAGE 292
transgenic approach
– evidence for role of proline during

80
– for improvement of abiotic stress tolerance in

tea 1410–1414
– to improving salinity tolerance using NHX

genes 528, 529
– to increasing salinity tolerance
– – using class I HKT genes 533, 534
– – using SOS1 genes 537
– in ROS toxicity in plants 58, 59, 61
– in sesame, for transfer of abiotic stress

tolerance to 1275
transgenic attempts, to enhance plant

temperature stress tolerance 679
transgenic Brassica, overexpressing genes for

stress tolerance 1362, 1363
transgenic brassica plants overexpressing

genes of 1362, 1363
transgenic (osmotin) plants 4, 1174
– to identify genes of relevance to drought

tolerance 40
– to osmotic stress 1414
– poly house conditions 1414
transgenic rice plants 11. See also rice
– overexpressing OsMT1a 59
– tolerant to abiotic stress 706, 707
transgenics 643. See also transgenic plants
– under adequate water conditions 1326
– carrying useful agronomic traits 386
– exhibited no significant increase in Naþ

content 529
– to improve abiotic tolerance 1391
– in legume crops and strengthens 1005
– for MTs in rice 1269
– overexpressing genes encoding antioxidant

enzymes 1128
– overexpressing several transcription

factors 1134
– resistant to beet armyworm 972
– stress-related fruit 1044
– transgenic seedling resistance to chilling

stress 739
– using RNAi transformation 621
– in wheat by utilizing various newer

approaches 643
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– in wide variety of crop plants 386
transgenic technologies 649, 678, 956, 1009,
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GPX 61
transgenic wheat, tolerant to abiotic

stress 706, 707
transgenomics 1009–1017
– candidate genes from legumes 1014–1017
– chickpea 1012, 1013
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– phen�omics� 1017–1021
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transient-induced gene silencing (TIGS) 792
transient stresses 761
translational biology approaches 207
– abiotic stress tolerance in crops 212–216
– Arabidopsis as a model system 208–212
– from Arabidopsis to crop 217–220
– genomic revolution 220–223
– plant phenomics 223–225
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transmembrane proteins 13
transpiration, and effect of SO2

concentration 141–143
transpiration efficiency (TE) 1013, 1019,

1301, 1303
transporters 12, 249, 250, 508–510
– ABC transporters 13, 518
– anion Cl� transporters 1089
– bicarbonate transporters 819
– expression profiling of transporters,

differentially expressed under 517, 518
– hexose transporters 515
– HKT transporters 519, 529–534
– ion transporters and osmotic

regulators 14
– LeOPT1-like transporters 12
– membrane transporters 1392
– NHX and HKT type of transporters

function 511
– OsHKT transporters 519
– phosphate transporters 262
– potassium transporters 425, 426
– in rice and Arabidopsis 516–519
– for salt tolerance in plants 510
– salt transporters/vacuolar Naþ/Hþ

antiporters 1138
– sulfate transporters 138
– Venn diagram comparing transporters 519
transposable elements (TEs) 640
transposons 219, 560, 643, 766, 832, 834
trapping systems 1107
Tree Fruit Genome Database 1036

trehalose 13, 213, 403, 743, 1044, 1178,
1180, 1385

trehalose-6-phosphate synthase (TPS1) 1095,
1128, 1178

trehalose phospholylase (TP) 1180
trehalose synthase (TSase) 1180
triacylglycerol (TAG) biosynthetic

pathway 1291
triamine spermidine 624
tricarboxylic acid cycle 1040, 1126, 1268
Trifolium repens L. 55
trihalomethanes (THM) 172
triple superphosphate (TSP) 174
Triticeae, genomes of 782
Triticum aestivum 14, 55, 143, 327, 361, 362,

528, 658, 696, 734, 744, 968, 1362
– AP2/ERF transcription factors from 700
Triticum dicoccoides 250
Triticum monococcum 225
t-test 308
tuberization 1124, 1159–1161
tuber shape disorders 1160
two-component sensor regulator system 115
two-component systems (TCS) 115, 116
two-dimensional gel electrophoresis 812,

1058

u
ubiquitination 105, 119, 467, 468, 469, 829,

1175, 1263, 1334
UDP-glucose:flavonoid 3-O-

glucosyltransferase (UFGT) 1038
UDP-sulfoquinovose synthase 1 140
United Nations Food and Agriculture

Organization (FAO) 1121
United States Department of Agriculture

(USDA) 954
upstream regulatory elements 1257
US Department of Energy (DOE) 1288
UV protection 497

v
vacuolar acid invertase (VInv) 1135
vacuolar antiporter regulating protein 1189
vacuolarATPase (V-ATPase) 423
vacuolar Naþ/Hþ antiporter 424
vacuolar pyrophosphatase (V-PPase) 423, 425
Vavilov�s theory 783
vectorless gene transfer methods 386
vegetable crops 953
– abiotic stress tolerance 953
– adverse soil chemical conditions, grafted

plants 979
– electrical conductivity (EC) 980
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– exchangeable sodium percentage
(ESP) 980

– grafting 981
– – potentiality of 981
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– production 954
– – environment 954
– – threat 953
– soil chemical factors 979
– soil salinization 980
– vegetative cycle 1155
– vegetative desiccation tolerance, in

angiosperms 400
vegetable crops, productivity improvement
– abiotic stress
– – in drought conditions 956
– – due to freezing temperature 956–957
– – thermal effect 955–956
– abiotic stress tolerance
– – transgenic chili pepper for 966–967
– – variety development 957–958
– abscisic acid interaction, during stress

tolerance 970
– chili pepper, abiotic stress tolerance

963–966
– freezing/drought tolerance, fructans

role 968–970
– heat stress transcription factors (HSF)

960–961
– onion
– – abiotic stress tolerance 967–968
– – genetic transformation 972
– – salt stress, antioxidants role 970–971
– plant stress tolerance, transcription factors

role 958–960
– polyamine, role of 970
– salinity, effect of 954–955
– stress tolerance, TFs uses 961–963
Vicia faba L. 146, 996
Vigna aconitifolia 213
Vigna mungo 55, 365
Vigna radiate 56
virus-induced gene silencing (VIGS) 1008
– strategies 794
Vitis vinifera 15, 527, 1036
volatile organic compounds (VOCs) 843
voltage-dependent anion channel 1, 114
VRN1 vernalization genes 645, 814

w
water
– acquisition
– – genotypic differences 762
– availability 956

– contamination of 980
– depletion patterns 761
water channels 1037, 1294
– downregulation of 804
– protein 18, 1097
water deficit stress 15, 59, 73, 81, 646, 757,

760, 800, 909, 932, 1008, 1038, 1110, 1220,
1387, 1407

water-induced light stress 402
watering/dehydration cycles 1099
water-limited maize production systems 773
waterlogged soils 894
waterlogging 820, 887, 888
waterlogging stress 810, 820, 889, 910, 1039,

1255, 1256
– stress tolerance 820
waterlogging, types of 893
water-soluble carbohydrates 1302
– remobilization 1306
water treatment residuals (WTR) 174
water use efficiency (WUE) 925, 981, 1014,

1301, 1373
– important aspect 1305
WAXY proteins 645
WD. See winter-dormant (WD)
wheat desiccation 491
wheat functional genomics
– for plant growth and development 651, 652
– for various stresses 646
– – drought stress 646, 647
– – high-temperature stress 648, 649
– – low-temperature stress 647, 648
– – salinity stress 647
– – signaling network 649–651
Wheat Genetics Symposium 787
wheat genomic resources 644
– ESTs 644
– full-length cDNA resource 644, 645
– introgression lines 645, 646
– wheat mutants 645
wheat mutants 645
WheatOMTgenes 700
wheat vacuolar pyrophosphatase gene

1045
whole-genome expression 209, 516, 833
whole-genome sequences
– availability 1333
whole-genome shotgun (WGS) 786
whole-transcriptome analysis 1037, 1038
winter-dormant (WD) 1403, 1404
– mechanism of 1406
– photochemical efficiency of photosystem

(PSII) 1405
wound-healing process 1142
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WRKY genes 698
WRKY transcription factor 113, 456, 700
WUE. See water use efficiency (WUE)

x
xanthine oxidase (XOD) 53
xanthophyll cycle 1076, 1088
xenobiotic-inducible cytochrome P452

gene 1232
xenobiotics 50, 61, 1207, 1225, 1232, 1233,

1361
Xerophyta humilis 400
Xerophyta viscosa 400
xylogulcanases 12

y
YK1gene, overexpression 710

z
ZAT12 gene 101, 102, 268
ZAT12 transcription factor 459
Zea mays 196, 379, 600
zinc finger protein 11, 261, 430, 459, 594,

965, 1045, 1139, 1186
zinc finger transcription factors 109, 408,

410, 453, 597, 604, 704
Zinnia 138
Zizyphus mauritiana Lam 143
Zn deficiency 807, 900
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