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PREFACE

The Ecophysiology of Plant-Phosphorus Interactions is the seventh volume in the 
Plant Ecophysiology series. It reviews the current state of knowledge, concepts and 
research of plant-phosphorus interactions in natural and managed ecosystems 
together with aspects of the phosphorus nutrition of crop plants, addressing in par-
ticular the sustainability and possible environmental consequences of agricultural 
production.

Phosphorus (P) is an essential macronutrient for plant growth. Plants take up P 
as phosphate (Pi) from the soil solution. Since little Pi is available to plants in most 
soils, they have evolved mechanisms to acquire and use P efficiently and foster 
symbiotic relationships to help them acquire P sources beyond their immediate 
range. Whilst in agricultural systems P limitations are frequently overcome by the 
application of P-fertilizers, these may cause environmental pollution and the use of 
inorganic Pi is unsustainable. The genetic and phenotypic variation among plants 
adapted to ecosystems with low P availability provides an opportunity to improve our 
understanding of plant responses to P limitation and this knowledge could be utilized 
to develop crop varieties with better P use for agriculture.

In the first chapter of this volume, Holm Tiessen places P in a global context. He 
reviews the geochemistry of P, the cycling of P in the environment, the effects of 
humans on P cycles, and their consequences. Next, Karl Niklas describes the allometric 
relationships between tissue C, N and P concentrations among and within plant species, 
and explores the implications of these for various physiological, ecological and evolu-
tionary phenomena. Gabrielle Thiébaut explains how P is acquired by aquatic plants 
and how P supply and seasonal fluctuations in P loads affect the abundance and distribu-
tion of aquatic plant species, while Philip White and John Hammond summarize the 
requirements and functions of P in terrestrial plants and the impacts of P availability on 
their ecology. These authors also introduce the biochemical, physiological and morpho-
logical traits that enable terrestrial plants to acquire and utilize P most effectively, and 
how the expression of these traits might be regulated by plant P status.

Jonathan Lynch and Kathleen Brown focus on the root traits that provide an 
adaptive strategy for P acquisition by terrestrial plants, which include: greater root 
biomass allocation, changes in root architecture to exploit local P patches, increased 
root length density, proliferation of root hairs,  symbiosis with mycorrhizal fungi 
and the secretion of organic acids and phosphohydrolases. This theme is continued 

xi



by Carroll Vance, who addresses the adaptations for the acquisition and use of P 
in plants lacking effective mycorrhizal symbioses, concentrating on species that 
develop specialized complex roots (cluster and dauciform) and on Arabidopsis. 
These chapters are complemented by those of Jose Barea and colleagues, who 
describe the nature of plant-mycorrhizal symbioses and their impact on plant 
productivity, plant community structure and P cycling in the environment, and of 
Petra Marschner, who provides an overview of the influence of rhizosphere micro-
organisms on the growth and P nutrition of plants. These chapters describe the 
major influence of plant species on rhizosphere community composition, and discuss 
the possible reasons for this. They also discuss the use of microbial inoculants to 
improve plant productivity.

The role of P-fertilizers in agriculture is reviewed by Ernest Kirkby and Johnny 
Johnston, who emphasize the necessity of P-fertilizers for crop production and reflect 
on their environmental and ecological footprint. Against the backdrop of depleting Pi 
reserves, and the necessity for global food security, they establish strategies for more 
efficient use of soil and fertilizer P based on knowledge of the behavior of P in soils, the 
introduction of best management practices and the potential for developing “P- efficient” 
cultivars of crop plants. These strategies are further explored in chapters by John 
Hammond and Philip White, who describe how the application of P- fertilizers to crop 
plants can be optimized by monitoring and modeling the P status of soils and plants, 
and by Tim George and Alan Richardson, who describe how appropriate breeding and 
transgenic approaches can be used to improve crop P acquisition. The volume con-
cludes with a thought-provoking  perspective by John Raven on the past and future P-
nutrition of plants, which includes a checklist of priorities for immediate action to 
enable the world to feed its burgeoning human population.

It is hoped that this book will be of interest to students and researchers studying 
all aspects plant-phosphorus interactions: omicists, physiologists, ecologists and all 
readers interested in sustainable crop production.

John P. Hammond
Philip J. White

xii Preface



Chapter 1
PHOSPHORUS IN THE GLOBAL 
ENVIRONMENT

Holm Tiessen

INTRODUCTION

Phosphorus is not one of the “global” elements, it does not enter the atmosphere 
like nitrogen, it does not spread like sulfur by acid rain and its solubility in water is 
so low that there is only a slow, steady movement of P down-stream as landscapes 
erode and weather, or P-containing pollutants are discharged. Yet, there are some 
global trends in the distribution of P. To understand these and their drivers it is 
 useful to review some of the basic properties of P in the environment.

The earth’s crust contains about 1,200 mg P kg−1, making it the 11th most abundant 
element. Common concentrations for total P in soils are between 200 and 800 mg kg−1, 
with older soils containing lower amounts of P and younger soils containing higher 
amounts of P. In primary rocks and young soils, P is largely bound to calcium or 
magnesium, giving P a typical water solubility near 0.5 mg P L−1. The weathering of 
minerals changes the solubility of P, as Ca is preferentially leached out, the relative 
abundance of Fe and Al increases and the solubility of P becomes controlled by Fe- or 
Al-phosphates, which have much lower solubilities than Ca-phosphates. As a result, 
the sequestration of P in low-solubility Fe and Al-phosphate compounds and the 
effect of leaching and erosion, many older and tropical soils are P deficient, i.e. the 
availability of P to plants and other organisms restricts ecosystem processes such as 
N fixation or C sequestration.

The availability of P to plants is controlled by physical and chemical reactions, 
including sorption/desorption and precipitation/dissolution and biological proc-
esses such as immobilization (uptake by plants and microorganisms) and by miner-
alization (decomposition of residues). The sorption of P, followed by slower 
transformations, such as solid state diffusion into the matrix of the sorbent, reduce 
the solubility of P, sometimes to such a degree that P is said to become “fixed”. 
Strictly speaking, P fixation is a misnomer, since all chemical reactions are to some 
degree reversible, but the amount and rate of release of “fixed” P may be so low 
that they are ecologically insignificant.

Over 99% of naturally occurring P is in the form of phosphate, either as inorganic 
phosphates or as organic phosphate esters. With its four oxygen atoms per P,  phosphate 
has a high negative charge density, so it can readily bond to any positively charged 
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2 H. Tiessen

cation or surface. This greatly restricts the mobility of P in the environment. When 
phosphate is bound into relatively large organic molecules, this charge is somewhat 
shielded. Consequently, organic forms of P are often more mobile in the environ-
ment than inorganic P. In most soils organic P accounts for 30–65% of the total P, 
although some soils contain up to 90% organic P (Harrison 1987). This accumula-
tion of organic P implies low mobility, which is due to the sequestration of P in 
recalcitrant soil organic matter. The negative relationship between mobility and 
accumulation of organic P forms is seen in the abundance of inositol hexaphosphate, 
which may account for half the identifiable organic P in soils. Inositol hexaphos-
phate is sorbed more strongly than inorganic phosphate in soils due to the high 
charge density resulting from its six phosphate ester groups.

In water bodies, with few absorbing surfaces and constant mixing, organisms 
can take up P much more easily than from a soil matrix, where sorption is strong 
and transport towards uptake surfaces is limited by diffusion. Even low concentra-
tions of P are therefore very effective in increasing the biological productivity of 
aquatic systems. This makes aquatic systems highly sensitive to P contamination. 
Phosphate losses from land to water, commonly have significant eutrophying effect 
on surface waters.

THE BIOLOGICAL IMPORTANCE OF P

Phosphorus is an essential element of biological systems. It is part of the genetic 
material and the phosphate ester bond is universally used for energy transfer 
 reactions in organisms. Plants take up and concentrate P from near 0.1 mg P L−1 in 
soil solution to 100 mg P L−1 in xylem sap, and can accumulate near 4,000 mg P kg−1 
in seeds. Mammals contain around 25,000 mg P kg−1 dry weight. Because of the 
importance of P in biological processes, changes in P availability can have major 
impacts on ecosystem function and structure. Often both N and/or P availabilities 
may be near limiting levels, but the dependence of biological N fixation on adequate 
P supply makes P the principal limiting element of ecosystems. The biological 
importance of P, means that ecosystems have developed mechanisms by which P is 
taken up, recycled and retained efficiently (Cole et al. 1977; Attiwill and Adams 
1993). In dystrophic or oligotrophic tropical forests, a significant portion of P is 
cycled biologically within the plant biomass, thus it is protected from conversion to 
soil P of low solubility. Lal et al. (2001) estimated that between 20% to 91% of the 
P demand of Indian dry forest trees was satisfied by re-translocation of P prior to 
leaf abscission. The extent of re-translocation reflects soil nutrient availability 
(Tiessen et al. 1994). Recycling through mineralization of organic P from plant 
 residues also contributes to plant P requirements (Frossard et al. 2000). Annual 
recycling of P to soil in above- and below-ground plant residues represented 18–38% 
and 15–80% (mean 55%) of plant P uptake in temperate crop and forest ecosystems, 
respectively (Hanway and Olsen 1980; Pritchett and Fisher 1987). In dystrophic 
forests, much of the P uptake by roots may be directly from plant litter via the 
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hyphae of mycorrhiza. The biological and biochemical processes of P cycling are 
more important in tropical soils than in most temperate environments, because of 
the combination of lower inorganic P availability and greater biological activity in 
the tropics. The high biological potential of the humid tropics is evident in the large 
biomass production and rapid turnover of organic matter, and also in the very inten-
sive land use. Up to four crops can be planted and harvested per year on a single plot, 
generating high nutrient demand.

THE AGRICULTURAL IMPORTANCE OF P

Much of tropical agriculture is undercapitalized with respect to P fertility. Mailly 
et al. (1997) illustrate a P-budget typical for most low input agriculture over a 
six-year cultivation cycle in Java. Of the 130 kg P ha−1 accumulated in plants 
 during the cycle, half were removed in harvested materials. Fertilization replen-
ished only 45 kg P ha−1. In addition, P stocks of arable fields are frequently 
depleted further by erosion. In a study on the P fluxes in low input agriculture in 
northeast Brazil, Menezes and Sampaio (2002) showed the largest P flow was 
associated with erosion from cultivated fields (6 kg ha−1 year−1), followed by the 
erosive flow from (generally overstocked) pastures. By comparison to these ero-
sive flows, the output of P from the farm by crop (2 kg ha−1 year−1) and animal 
(0.2 kg ha−1 year−1) products was minor.

Biological cycling of P is rarely sufficient to supply P to highly productive 
cropping systems. Continued inputs of P in the form of fertilizers are required to 
sustain high levels of production after the initial mineralization of soil organic 
matter, commonly associated with bringing land under cultivation. On North 
American grasslands, this initial release of P from inherited soil organic matter 
lasted for some 60 years of cultivation without P inputs, and resulted in 20–30% 
decreases in soil organic P (Tiessen et al. 1982). Following these first 60 years of 
cultivation, fertilizer use in the region increased many-fold.

Crop P fertilizer requirement varies with soil type, from <1 kg P ha−1 in rela-
tively unweathered soils of arid environments to 200 or 300 kg P ha−1 in oxide rich 
tropical or volcanic soils. As a result, oxidic tropical and subtropical soils, which 
are often in regions with low purchasing power, account for 50% of the world 
inorganic P fertilizer requirements for crop production. Crop production on such 
soils without inorganic P fertilisation will degrade the (agro-) ecosystem. The 
important role of P in maintaining ecosystem quality is demonstrated by the need 
for large P inputs in restoration strategies that combine P fertilisation with the 
planting of N-fixing legumes for degraded lands in Southeast Asia. During the 
plant succession following P application, P is recycled in plant residues, which 
decompose to release P in quantities and at rates greater than those determined by 
inorganic P availability. As a result, plants with higher P demand can grow, thus 
re-creating an organic P supply cycle that can effectively compete with inorganic 
P sorption and prevent P losses by runoff and leaching. Soil P availability will 
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4 H. Tiessen

remain a major constraint on food production. Management of P fertilizer inputs, 
together with an understanding of organic matter cycling, should allow for the 
development of more sustainable agriculture practices.

ECOSYSTEM P AND THE IMPACT OF HUMAN ACTIVITY

The distribution of total ecosystem P between soils and plants varies widely. In a 
grazed permanent pasture, herbage P amounted to only 1% of the total P content of 
topsoil (0–20 cm; Williams and Haynes 1992), whereas above- and below-ground 
plant parts of a temperate forest accounted for 38% of total P in the ecosystem (Hart 
et al. 2003). In many dystrophic tropical forests, the largest reservoir of nutrient 
elements is in the plant biomass. In the total (300 t ha−1) aboveground biomass, of 
a P-limited Colombian tropical rainforest, Rodriguez-Jimenez (1988) measured 
40 kg P. Such differences in P contents and elemental ratios reflect plant community 
adaptation to geochemical constraints.

Elevated P concentrations in the environment are often an indicator of (past) 
biological or human activity. Megalithic and Khalahari campsites and Terras Pretas 
do Indio in the Amazon all show a clearly elevated P content. Even the “industrial” 
fertilizer P, mined from rock phosphate with a P concentration of approximately 
150,000 mg kg−1, is ultimately derived from biological processes. It is the product 
of the sedimentation and accumulation of marine organisms.

Human impacts have substantially altered global P transformations and trans-
fers. Phosphorus transfers in the environment are closely correlated with human 
occupation, as shown by the regression between P exports from watersheds and 
their population density: loss rates of 0.3 kg P km−2 at a population density of 
0.1 km−2, rising to 30 kg P km−2 at densities of 300 km−2 (Caraco 1995). In the 
Canadian province of British Columbia, diatom records in lake sediments show a 
significant P enrichment since 1850, the time of European settlement. The advent 
of inorganic P fertilizers and concentrated livestock production in some areas has 
greatly increased P loads in surface waters (Anderson 1997). Particularly in richer 
nations, inorganic P fertilizer use and concentrated livestock production have 
increased P loads and transfers to surface waters. The P balance for a lake water-
shed in Sweden, a wealthy nation with a sound environmental policy, suggests 62% 
of P inputs came from inorganic P fertilizer, 30% from manure, 5% from sewage, 
2% from atmospheric deposition and 0.3% from the natural weathering of rocks 
(Ryding et al. 1990). Phosphorus outputs were, 93% in crop exports, 6% in erosion 
from arable land and 0.6% was leached to ground water. The total P inputs were 
three times greater than outputs; i.e. the watershed showed a net P accumulation.

The surplus of P in highly developed regions is in stark contrast to the nutrient 
deficiencies in many developing countries. While P reserves in soils of highly 
developed agricultural areas are increasing, and even reaching saturation, many 
tropical soils have a large P deficit, aggravated by high P fixation capacities that 
reduce fertilizer availability. Increased food demands from old, weathered, often 
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tropical soils has reduced the fertility of these soils beyond the traditional capacity 
for regeneration (such as under shifting cultivation) and land degradation is evident. 
Phosphorus availability in these soils is very low and will not sustain growing 
 populations without extra P inputs.

World trade movements amount to some 10 million tonnes P year−1, with 81% 
of trade in fertilizer, rock or phosphoric acid, 15% in plant and 1% in livestock 
commodities (Beaton et al. 1995). Since trade flows are uneven between world 
regions, these figures imply an important P enrichment in regions with large and 
wealthy populations, which import both fertilizers and other P-containing com-
modities. An equalization of P availabilities around the globe would require large 
resources, investments in effective P recycling and an increased value-added 
 activity in primary producer regions. Shipping livestock products rather than 
 soybean for instance, would avoid some of the nutrient concentration in rich inten-
sive livestock production regions. While the need for efficient use of P has prompted 
human populations to evolve elaborate management strategies for maintaining 
P fertility in agriculture, recycling P and limiting P pollution from wastes, improve-
ments in management and shipping patterns are still needed if increasing popula-
tions are to manage their environments sustainably.

Regions that import large P surpluses endanger the biological integrity of their 
surface waters. Although most watersheds will show a net P retention, even with 
substantial P inputs, they are leaky, and rates of P export are higher after P applica-
tion than natural levels. Phosphorus inputs into fresh waters can increase growth of 
algae and aquatic weeds and lead to oxygen shortages due to their decomposition. 
Remedial action in such cases has focused on the role of P, although N is also 
essential for the growth of aquatic biota. The focus on P is due to the difficulty in 
controlling the fixation of atmospheric N by blue-green algae (Sharpley and 
Rekolainen 1997). Some 10% of P export from land occurs by leaching and ground 
water transport, while 90% is transported by overland flow as sediment or dissolved 
P. Despite the small proportion of leached P, it has a greater effect on eutrophication 
of receiving waters because it is soluble and therefore easily available to biota. 
Phosphorus losses by over-land transport range from 0.1 to 10 kg ha−1 year−1, or 
more on highly erosive sites.

On average, surface runoff waters carry 10 µg L−1 of dissolved and 1,000 µg L−1 
of sediment P (Melak 1995). While P is transported down-stream, sedimentation 
and re-suspension occur. Phosphorus is released from the sediment when solution 
P is diminished. The concomitant movement and recycling of P results in a “spiral-
ing” of P as it moves down rivers. Inland lakes are affected by past fertilizer and 
animal waste management. More dialogue between freshwater and land use practi-
tioners on the transfers of nutrients between systems is needed to develop regional 
plans to prevent P loss.

Globally some 33 million tonnes P year−1 are discharged into oceans, of which, 
more than half is carried by rivers and the remainder is coastal runoff (Howarth 
et al. 1995). Most of the input to oceans is ultimately buried in sediments, through 
processes lasting millions of years. Coastal seas receive both sediment-bound and 
dissolved P. The bio-available portion of P in fluvial transport is estimated to be 
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approximately 2 million tonnes P year−1 and is responsible for the high productivity 
of near-shore waters. The sensitivity of coastal regions means that prevention 
should be favored over damage management. Water of the high oceans contains 
only 0.01 mg P L−1, and P is critically limiting productivity of these waters.

One problem with quantifying the role of P in the global environment is the dif-
ficulty in measuring the biologically active or available portion of P. Phosphate 
availability is a function of chemical equilibrium-controlled solubilities and 
 sorption reactions, and of rate-limited biological processes. Most methods for 
determining available P attempt to quantify only the chemical solubility of P using 
different extractants, but few relate this to P supply rates to plants. Soil test  methods 
extract a portion of soil P that is related to plant available P, as estimated by regres-
sion equations established over years of agronomic experimentation and testing of 
fertilizer responses. Results obtained with this approach are rarely  transferable 
between crops or soil types. The approach does not work at all when perennial 
plants or natural ecosystems are examined, because measurable pools are often 
small, and biological P re-cycling determines P availability. Since  available P is 
constantly replenished, it is strongly time dependent. This makes available P a 
functional concept rather than a measurable quantity.

REFERENCES

Anderson NJ (1997) Reconstructing historical phosphorus concentrations in rural lakes using diatom 
models. In: Tunney H, Carton OT, Brookes PC, Johnston AE (eds), Phosphorus Loss from Soil 
to Water. CAB International, Wallingford, pp 95–118

Attiwill PM, Adams MA (1993) Nutrient cycling in forests. New Phytol 124: 561–582
Beaton JD, Roberts TL, Halstead EH, Cowell LE (1995) Global transfers of P in fertilizer materials 

and agricultural commodities. In: Tiessen H (ed), Phosphorus in the Global Environment: 
Transfers, Cycles and Management SCOPE 54. Wiley, Chichester, pp 7–26

Caraco NF (1995) Influence of human populations on phosphorus transfers to aquatic systems: a 
regional case study using large rivers. In: Tiessen H (ed), Phosphorus in the Global Environment: 
Transfers, Cycles and Management SCOPE 54. Wiley, Chichester, pp 235–244

Cole CV, Innis GS, Stewart JWB (1977) Simulation of phosphorus cycling in semi-arid grassland. 
Ecology 58: 1–15

Frossard E, Condron LM, Oberson A, Sinaj S, Fardeau JC (2000) Processes governing phosphorus 
availability in temperate soils. J Environ Qual 29: 15–23

Hanway JJ, Olsen RA (1980) Phosphate nutrition of corn, soya beans, and small grains. In: 
Khasawneh FE, Sample EC, Kamprath EJ (eds), The Role of Phosphorus in Agriculture. 
ASA/CSSA/SSSA, Madison, WI, pp 681–692

Harrison AF (1987) Soil Organic Phosphorus - A Review of World Literature. CAB International, 
Wallingford

Hart PBS, Clinton PW, Allen RB, Nordmeyer AH, Evans G (2003) Biomass and macro-nutrients 
(above- and below-ground) in a New Zealand beech (Nothofagus) forest ecosystem: implica-
tions for carbon storage and sustainable forest management. Forest Ecol Manag 174: 
281–294

Howarth RH, Jensen HS, Mariano R, Postma H (1995) Transport to and processing of P in near-
shore and oceanic waters. In: Tiessen H (ed), Phosphorus in the Global Environment: 
Transfers, Cycles and Management SCOPE 54. Wiley, Chichester, pp 321–345



1 Phosphorus in the Global Environment 7

Lal CB, Annarurna C, Raghubanshi AS, Singh JS (2001) Foliar demand and resource economy of 
nutrients in dry tropical forest species. J Veg Sci 12: 5–14

Mailly D, Chritanty L, Kimmins JP (1997) Without bamboo, the land dies: nutrient cycling and 
biogeochemistry of a Javanese bamboo talun-kebun system. Forest Ecol Manag 91: 155–173

Melak JM (1995) Transport and transformations of P, fluvial and lacustrine ecosystems. In: 
Tiessen H (ed), Phosphorus in the Global Environment: Transfers, Cycles and Management 
SCOPE 54. Wiley, Chichester, pp 245–254

Menezes RSC, Sampaio EVSB (2002) Simulação dos fluxos e balanços de fósforo em uma uni-
dade de produção agrícola familiar no semi-árido paraibano. In: Silveira LM, Petersen P, 
Sabourin E (eds), Agricultura familiar e agroecologia no semi-árido: avanços a partir do 
Agreste da Paraíba. Rio de Janeiro, RJ, pp 249–260

Pritchett WL, Fisher RF (1987) Nutrient cycling in forest ecosystems. In: Properties and 
Management of Forest Soils (2nd edition). Wiley, New York, pp 180–204

Rodriguez-Jimenez LVA (1988) Consideraciones sobre la biomasa, composicion quimica y 
dinamica del bosque pluvial tropical de colinas bajas, Bajo Calima, Buenaventura, Colombia. 
In: Serie Documentacion, Corporacion Nacional de Investigacion y Fomento Forestal. Bogota, 
Colombia

Ryding SO, Enell M, Wennberg L (1990) Swedish agricultural non-point source pollution: A sum-
mary of research and findings. Lake Reservoir Manag 6: 207–217

Sharpley AN, Rekolainen S (1997) Phosphorus in agriculture and its environmental implications. 
In: Tunney H, Carton OT, Brookes PC, Johnston AE (eds), Phosphorus Loss from Soil to 
Water. CAB International, Wallingford, pp 1–54

Tiessen H, Stewart JWB, Bettany JR (1982) Cultivation effect on the amounts and concentrations 
of carbon, nitrogen and phosphorus in grassland soils. Agron J 74: 831–835

Tiessen H, Chacon P, Cuevas E (1994) Phosphorus and nitrogen status in soils and vegetation 
along a toposequence of dystrophic rainforests on the upper Rio Negro. Oecologia 99: 
145–150

Williams PH, Haynes RJ (1992) Balance sheet of phosphorus, sulphur, and potassium in a long-
term grazed pasture supplied with superphosphate. Fert Res 31: 51–60



Chapter 2
CARBON/NITROGEN/PHOSPHORUS 
ALLOMETRIC RELATIONS ACROSS 
SPECIES

Karl J. Niklas

INTRODUCTION

This chapter reviews some of the ecological and evolutionary implications of  carbon (C), 
nitrogen (N), and phosphorus (P) stoichiometry and the allometric relationships 
among these elements reported for terrestrial plant species because the patterns of C 
mass allocation and N:P-stoichiometry for different plant organ-types are of general 
interest to understanding a broad range of ecological and evolutionary phenomena 
(Aerts and Chapin 2000; Bazzaz and Grace 1997; Chapin et al. 1986; Grime 1979; 
Niklas and Enquist 2001, 2002; Westoby et al. 2002; Wright et al. 2004; Niklas 
et al. 2005, 2007; Kerkhoff et al. 2006). Much of the functional-trait variation 
observed among species differing in overall size can be attributed to differences in 
the amount of C, N or P allocated to the construction of leaves, stems, roots, and 
reproductive structures as well as to differences in overall body size (Grime 1979; 
Field and Mooney 1986; Tilman 1988; Bazzaz and Grace 1997; Jackson et al. 
1997; Milberg and Lamont 1997; Weiher et al. 1999; Niklas and Enquist 2001, 
2002; Enquist and Niklas 2002; Westoby et al. 2002; Wright et al. 2004; Niklas 
et al. 2005, 2007; Kerkhoff et al. 2006). Likewise, the P and N concentrations in 
plant tissues critically influence the material and energy cycles of whole ecosys-
tems (Chapin et al. 1997; De Angelis 1980; Kerkhoff et al. 2005; Koerselman and 
Meuleman 1996; Silver 1994; Sterner and Elser 2002; Vitousek 1982; Vogt et al. 
1986; Ågren and Bosatta 1996) and phylogenetic functional trait differences in the 
ability to acquire and use N or P are temperature-dependent, such that climatic 
shifts of sufficient magnitude (e.g., along latitudinal or altitudinal gradients) can 
have major affects on the C economy of terrestrial vegetation (Kerkhoff et al. 2005; 
Wright et al. 2005; Westoby and Wright 2006).

The allocation of N and P to leaves is of particular interest because leaves 
 provide the principal means by which vascular plants capture sunlight. Both N and 
P play pivotal roles in photosynthesis and respiration, and their abundance also 
influences the consumption of leaves by herbivores (Cebrian 1999; Elser et al. 
2000a,b; Mattson 1980). In addition, the availability of N and P is known to limit 
the growth of both terrestrial (Chapin et al. 1986; Ågren 1988; Güsewell 2004) 
and aquatic plants (e.g. Klausmeier et al. 2004; Karpinets et al. 2006). Further, 
 coordinated  patterns of variation in N and P have been observed across the leaves 
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of  phylogentically and ecologically unrelated plant species. These patterns have 
received particular attention in the light of recent stoichiometric models that draw 
attention to the biochemical constraints imposed on plant growth by the allocation 
of N to tissue proteins (which are particularly N-rich) and the allocation of P to the 
 ribosomal RNA “machinery” used to synthesize proteins (Sterner and Elser 2002; 
Ågren 2004; Güsewell 2004; Wright et al. 2004; Kerkhoff et al. 2005; Niklas and 
Cobb 2005; Niklas et al. 2005, 2006, 2007).

QUARTER-POWER SCALING “RULES” 
AND N:P-STOICHIOMETRY

Stoichiometric models are especially relevant to theories purporting to explain the 
apparent ubiquity of quarter-power scaling “laws” that span all levels of biologi-
cal organization, from molecules to ecosystems, across prokaryotes and eukaryo-
tes, and among plants and animals (Hemmingsen 1960; Peters 1983; Calder 1984, 
1996; Schmidt-Nielsen 1984). For example, across animal species ranging in size 
from that of a mouse to an elephant, maximum life span in captivity, blood vol-
ume circulation, fast muscle contraction, and a host of other phenomena each 
scale closely to the 1/4 power of body mass (Lindstedt and Calder 1981). Perhaps 
the most famous of these rules is Kleiber’s, which states that basal metabolic rates 
scale as the 3/4 power of body mass (Kleiber 1932, 1961) – a scaling relationship 
that finds its analog in the allometry of growth rate versus body mass across the 
polyphyletically and ecologically diverse unicellular algae and terrestrial plants 
(Banse 1976; Niklas 1994; Niklas and Enquist 2001).

Yet, the identification of an unambiguous mechanistic explanation for the origin 
of these scaling rules remains an open theoretical problem. Numerous theories have 
been advanced, but each has been viewed with considerable skepticism (e.g. Blaxter 
1965; Blum 1977; Gray 1981; Heusner 1982; Feldman 1995; Economos 1982, 
1983; Prothero 1986a). Among the most recent of these, is the theory of Geoffrey 
B. West, James H. Brown and Brian J. Enquist (denoted hereafter as the WBE the-
ory) who assert that all quarter-power scaling rules (and their 1/4 multiples like 3/4) 
emerge from the interplay among the physical or geometric constraints resulting 
from three functional properties of every biological system (West et al. 1997, 1999, 
2001). Specifically, their theory claims that for biological systems, all networks 
(1) are space-filling, hierarchical branching systems, (2) have terminal branch ele-
ments that are invariant in size, and (3) by virtue of natural selection, minimize the 
energy required to transport and deliver nutrients (and thus minimize either the time 
or distance nutrients are moved).

As so many theories before it, the WBE theory has been heavily criticized on 
empirical, theoretical, and even strictly mathematical grounds (e.g. Dodds et al. 
2001; Darveau et al. 2002; Weibel 2002). Arguably, the first assumption 
(i.e. that biological delivery networks are “fractal” in nature) is consistent with 
the “self-similarity” typically observed when branched nutrient networks within 

10 
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multicellular organisms are dissected and numerically quantified. However, if 
the WBE theory is valid across all levels of biological organization, from that of 
molecules to ecosystems as claimed by its authors, fractal-like delivery net-
works must exist at each level, which is difficult to imagine for some levels of 
biological organization (e.g. molecules) and undocumented for others (e.g. 
organelles and ecosystems). Similar concerns exist for the two remaining 
assumptions of the WBE theory. It has yet to be established that capillaries, 
bronchioles, and terminal xylary elements are invariant in size or that they mini-
mize the time and energy required to exchange mass or energy.

Despite these concerns (or perhaps because of them), the WBE theory has 
 engendered a renaissance in the field of allometric theory and empirical enquiry – 
one in which alternative theories for the existence of quarter-power scaling rules 
continue to be sought. It is in this context that recent developments in modeling the 
effects of N and P allocation patterns on protein synthesis rates (and thus “growth”) 
are particularly exciting. These models emerge from the perspective that, irrespective 
of phyletic affinity or ecological preference, the growth rate of any kind of organism 
is positively correlated with ribosome number and rate of activity and negatively 
 correlated with protein concentration (Dobberfuhl 1999; Sterner and Elser 2002; 
Elser et al. 2003; Ågren 2004; Vrede et al. 2004). Conceptually, the amounts of 
ribosomes and proteins are thought of as respective measures of an organism’s 
 protein-production “machinery” and the “overhead” that must be  produced per unit 
time to maintain a constant growth rate. N:P- stoichiometry is emphasized, because 
large fractions of an organism’s N and P are allocated to the construction of proteins 
and rRNA, respectively. Thus, N:P-stoichiometry is  predicted to correlate with growth 
rate at the level of cells, tissues and the whole organism (Dobberfuhl 1999; Sterner and 
Elser 2002; Vrede et al. 2004). Specifically, growth rates should correlate positively 
with increasing rRNA (and P) investments relative to protein (and N) investments.

This prediction is particularly relevant to three previously reported allometric 
relationships for plants (Niklas and Enquist 2001, 2002). First, annual growth rates 
in body mass across phyletically and ecologically diverse species appear to scale as 
the 3/4 power of body size. Second, growth rates scale linearly (isometrically) with 
the capacity to intercept sunlight. Third, total leaf N appears to scale as the 3/4 power 
of total leaf P, across and within some species (Niklas and Cobb 2005; Niklas et al. 
2005, 2007). The goal of this paper is to review these relationships and to explore 
them empirically with the aid of a recently expanded database for nonwoody and 
woody plant species ranging across eleven orders of magnitude in total body size.

A STATISTICAL ASIDE

Biological scaling relationships, referred to as “power rules”, comply mathemati-
cally with the formula

 Y  =o a β αY ,  
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where Y
o
 and Y

a
 are the variables plotted on the ordinate and abscissa axes, respec-

tively, β is the normalization constant, and α is the scaling exponent. In most, but 
not all cases, Y

a
 is some measure of mass (typically, but not invariably, expressed in 

units of carbon mass). When α = 1, the formula Y
o
 = β Y

a
α describes an isometric 

relationship that plots as a straight line on both linear and logarithmic axes. When 
α ≠ 1, the formula Y

o
 = β Y

a
α describes an allometric relationship that plots as a lin-

ear function on logarithmic axes. Logarithmic transformation shows that log β and 
α are the Y

o
-intercept (“elevation”) and the slope (“scaling exponent”) of the log-log 

linear allometric relationship, respectively, i.e.

 log log logY Yo a = β + α    

The linearization of data by means of logarithmic transformation has become a 
conventional practice in allometric studies, in part because it minimizes the sum of 
squared residuals for the transformed as opposed to the original function. It should 
be noted, however, that regression parameters estimated in this way do not invaria-
bly provide the best fit of data to a regression model compared to minimizing the 
squared residuals for the actual function by using nonlinear regression protocols. 
Analyses of residuals are required to determine whether log-log linear or log-log 
nonlinear functions optimize the goodness of fit. This protocol does not appear to 
be a “standard practice”, perhaps because most allometric theories assert (or insist 
on) the existence of numerically unique scaling exponents, which do not exist for 
log-log nonlinear relationships.

The objective of the vast majority of allometric studies is to determine the 
numerical values of log β and α. When a predictive relationship is sought, simple 
ordinary least squares regression (OLS) analysis can be used. When the objective 
is to establish a functional relationship between Y

o
 and Y

a
, as is generally the case, 

OLS regression analysis is ill equipped for this purpose, in part because it is 
based on the assumption that Y

a
 is biologically independent of Y

o
 and that it is 

measured without error. Three regression methods have been suggested to over-
come this limitation, i.e. Bartlett’s three-group method, principal axis regression, 
and reduced major axis regression (Sokal and Rohlf 1980), which has been 
recently renamed as standardized major axis regression (Warton et al. 2006). 
Considerable controversy revolves around which of these methods is the most 
appropriate (Smith 1980; Harvey 1982; Prothero 1986b; Seim 1983; Rayner 
1985; McArdle 1988, 2003; Jolicoeur 1990; Warton et al. 2006). This issue is not 
trivial, especially when the goal is to “test” when empirically determined scaling 
exponents agree statistically with those predicted by a particular theory, because 
the numerical values of α and log β depend on the regression techniques used and 
because different techniques can produce significantly different numerical values 
even for the same data set.

Space precludes a detailed discussion of the merits and detractions of each of the 
three regression methods. However, standardized major axis (SMA) regression 
analysis has emerged as a “standard” allometric technique over the past few years. 
Statistical software is available to perform SMA regression analyses, but access to 
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this software is not critical, because OLS regression summary statistics provide all 
the necessary information to compute the numerical values of α and log β, and their 
corresponding 95% confidence intervals.

Specifically, these regression parameters can be computed using the formulas

 
α

α
SMA

OLS=
r  

and

 log log logSMA RMAβ = − αY Yo a ,  

where α
SMA

 is the (reduced major axis) scaling exponent, α
OLS

 is the OLS regression 
slope, r is the OLS correlation coefficient, log β

SMA
 is now called the allometric 

constant, and logY  denotes the mean value of log Y. The corresponding 95% confi-
dence intervals of these two regression parameters are computed using the 
formulas
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where MSE is the OLS mean square error, SS
a
 is the OLS sums of squares for 

log Y
a
, N is the sample size, and t

N−2
 = 1.96 when N − 2 > 120.

LIGHT, GROWTH, AND BODY SIZE

Two scaling relationships appear to cut across phyletically diverse unicellular algae 
and tree-sized embryophytes (Banse 1976; Niklas 1994, 2004; Niklas and Enquist 
2001). Growth in dry C mass per individual per year (“annual growth”, G

T
) scales 

isometrically with respect to the capacity to intercept sunlight (quantified by pig-
ment concentration per cell for unicellular algae, C

P
, and by standing leaf mass for 

tree species, M
L
), and annual growth scales as the 3/4 power of body mass (total cell 

or organism dry mass, M
T
). Respectively, these scaling relationships are expressed 

by the isometric and allometric formulas

 H GT= 0β , 
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and

 G MT T= 1β 3 4/ , 

where H denotes C
P
 or M

L
 and allometric constants are distinguished from each 

other by different numerical subscripts. Combining these two scaling relationships 
leads to the prediction that the ability to harvest sunlight as gauged by C

P
 or M

L
 is 

proportional to the 3/4 power of total body mass, i.e.

 H MT= 2
3/4β , 

where β
2
 = β

0
 β

1
. These log-log linear scaling relationships are illustrated in 

Figures 2.1 and 2.2.
An isometric relationship between H and G

T
 makes intuitive sense. Even though 

the ability to “harvest sunlight” and its corresponding “energy use efficiency” are 
very different biophysical phenomena, it is not unreasonable to expect growth rates 
to correlate linearly with the ability to capture radiant energy. In contrast, it is not 
obvious why either annual growth rate or light-harvesting ability should scale as the 
3/4 power of body mass. Early workers exploring the relationship between basal 
metabolic rates across animals differing in body size expected a 2/3 scaling expo-
nent, because they assumed that the ability of cells or entire organisms to exchange 
mass or energy with the environment is dictated by body surface area (which scales 

Fig. 2.1 Bivariate relationship between log
10

-tranformed data for annual growth in total dry mass 
per plant (G

T
) and total body mass (M

T
) for unicellular algae, herbaceous species, and trees (see 

insert for key to symbols). Original units: G
T
 = pg C per cell per day (algae) and kilogram dry 

mass per embryophyte per year; M
T
 = pg C per algal cell (algae) and kilogram dry mass (embry-

ophytes). Solid line, standardized major axis regression curve (for all data); see Table 2.1 for 
regression statistical summary. (Data from Niklas and Enquist 2001.)
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Fig. 2.2 Bivariate relationship between log
10

-tranformed data for total light-harvesting capacity 
(H) and annual growth in total dry mass per plant (G

T
) and total body mass (M

T
) for unicellular 

algae, herbaceous species, and trees (see insert for key to symbols). Original units: H = pg photo-
synthetic pigments per cell per day (algae) and kilogram dry leaf mass per plant per year; G

T
 = pg 

C per cell per day (algae) and kilogram dry mass per embryophyte per year. Solid line, standard-
ized major axis regression curve (for all data); see Table 2.1 for regression statistical summary. 
(Data from Niklas and Enquist 2001.)

as the square of any linear reference dimension L) and that the demand for nutrients 
is correlated with body volume (which scales as the cube of L). Importantly, the 2/3 
scaling relationship between surface area and volume holds true only for a series of 
geometrically identical objects that retain the same shape as they increase in size – 
two conditions that are repeatedly violated by unicellular and multicellular organ-
isms, both ontogenetically and phylogenetically.

Regardless of the mechanistic explanation for why the three scaling relation-
ships exist, each receives reasonably strong statistical support when “tested” 
against empirically observed trends for phyletically diverse unicellular algae and 
tree-sized dicots and conifers (Table 2.1). For these organisms, the 95% confi-
dence intervals of the slope of the log-log linear relationship between light har-
vesting capability and annual growth approach or include unity. Likewise, the 
intervals of the slope of the log-log linear relationship between annual growth and 
total body mass include 0.75. Thus, the proportional relationships summarized by 
H α G

T
 α M

T
 3/4 are reasonably accurate across unicellular algae and tree-sized 

plants.
In pointed contrast, the allometry of nonwoody plants (i.e. herbaceous species 

and one-year old dicot and conifer tree species) deviates from these predictions, 
because it is strongly isometric in terms of all three biological variables, i.e., 
H α G

T
 α M

T
 (Table 2.1). Consequently, the 3/4 scaling “rule” is neither “invariant” 

nor “universal”.
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LEAF N:P-STOICHIOMETRY

That growth does not invariably scale as the 3/4 power of body mass is evident from 
the analyses of data for nonwoody vascular plants presented in the previous section. 
However, the claim that annual growth across ecologically and phyletically diverse 
unicellular and multicellular photoautotrophic eukaryotes scales isometrically or 
nearly so with respect to light harvesting ability (see Niklas and Enquist 2001, 
2002) is statistically robust (Table 2.1). In the case of unicellular photoautotrophs, 
H is measured in units of photosynthetic pigment concentrations per cell, C

P
. 

However, for terrestrial embryophytes, H is measured in terms of standing dry leaf 
mass per plant, M

L
. Thus, annual growth appears to be inexorably linked to the 

“machinery” of photosynthesis in some very basic way that cuts across otherwise 
sharply defined phyletic boundaries.

This linkage probably exists at numerous metabolic and structural levels, but the 
view advocated here is that it is sensitive to the manner in which N and P is allo-
cated in light harvesting structures (e.g. moss phyllids, “microphylls” and 
“euphylls”, and entire tree canopies). This perspective is based on the compara-
tively strong scaling relationships that exist between total leaf carbon mass (M

C
) 

and total leaf N and P (M
N
 and M

P
, respectively) – relationships that appear to obey 

their own quarter-power “rules” across and within those species that have been 
examined in sufficient detail.

For example, based on stoichiometric data collected from 131 herbaceous 
 species, including C

3
 and C

4
 species, Niklas et al. (2005) report that leaf N content 

scales almost isometrically with respect to increasing leaf carbon content, whereas 
leaf P content scales as the 4/3 power of leaf carbon content (Figure 2.3a; Table 2.2). 

Table 2.1 Standardized major axis regression scaling exponents, allometric constants, and their 
respective 95% confidence intervals for log

10
-transformed annual growth rates G

T
, light intercep-

tion capabilities H, and total dry body mass M
T
 of unicellular algae, nonwoody plants, and woody 

plants (see Figures 2.1 and 2.2)

 α
SMA

 (95% CI) log β
SMA

 (95% CI) r2

Unicellular algae (H gauged by cell pigment concentration C
P
) (n = 68)

log H vs. log G
T
 0.95 (0.87; 1.03) −3.51 (−4.43; −2.60) 0.886

log G
T
 vs. log M

T
 0.75 (0.73; 0.76) −0.91 (−1.10; −0.70) 0.995

log H vs. log M
T
 0.71 (0.64; 0.78) −4.38 (−5.25; −3.50) 0.876

Nonwoody species (H gauged by standing leaf mass M
L
) (n = 1,147)

log H vs. log G
T
 1.01 (0.97; 1.06) −0.91 (−1.01; −0.80) 0.903

log G
T
 vs. log M

T
 0.99 (0.95; 1.04) 0.51 (0.39; 0.63) 0.907

log H vs. log M
T
 1.01 (0.99; 1.03) −0.39 (−0.46; −0.32) 0.975

Woody species (H gauged by standing leaf mass M
L
) (n = 265)

log H vs. log G
T
 0.90 (0.84; 0.97) −0.11 (−0.19; −0.03) 0.790

log G
T
 vs. log M

T
 0.77 (0.71; 0.83) −0.74 (−0.87; −0.61) 0.804

log H vs. log M
T
 0.70 (0.64; 0.75) −0.78 (−0.91; −0.65) 0.766
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For these species, it follows from M
N
 ∝ M

C
 and M

P
 ∝ M

C
4/3 such that M

N
 ∝ M

P
3/4, 

which should also hold true for N and P content expressed as percentages (Figure 
2.3b; Table 2.2). Although stoichiometric analyses of plant conspecifics differing in 
size are sparse, the data that are available indicate that intraspecific trends may abide 
by the same “rules”. For example, in a study of Eranthis hyemalis (a perennial 
 member of the Ranunculaceae), Niklas and Cobb (2005) report scaling exponents 

Fig. 2.3 Bivariate relationships among log
10

-tranformed data for total leaf nitrogen, phosphorus, 
and carbon content (M

N
, M

P
, and M

C
, respectively) and percentage of leaf nitrogen and phosphorus 

content. a. M
N
 and M

P
 versus M

C
 for 131 species. (Data from Niklas et al. 2005.) b. % M

N
 versus 

% M
P
 for 131 species. (Data from Niklas et al. 2005.) c. % M

N
 versus % M

P
 for 7,445 species. (Data 

from Reich and Oleksyn 2005.) Original units: gram mass per leaf gram dry mass. Solid lines, 
standardized major axis regression curves; see Table 2.2 for regression statistical summaries
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Fig. 2.4 Bivariate relationships among log
10

-tranformed data for nitrogen, phosphorus, and car-
bon content (M

N
, M

P
, and M

C
, respectively) for organs and plant parts of Eranthis hyemalis (see 

insert for key to symbols: R = roots, AS = aerial stems, L = leaves, F = developing fruits and seeds, 
US = tubers from growing plants; US’ = tubers from winterized plants). See Table 2.2 for regres-
sion statistical summaries. (Data from Niklas and Cobb 2005.)

Table 2.2 Standardized major axis regression scaling exponents, allometric constants, and their 
respective 95% confidence intervals for log

10
-transformed data of total leaf nitrogen, phosphorus, 

and carbon content (M
N
, M

P
, and M

C
, respectively)

 α
SMA

 (95% CI) log β
SMA

 (95% CI) r2

Across herbaceous species (n = 131)

log M
N
 vs. log M

C
 1.06 (0.95; 1.17) −1.67 (−1.76; −1.58) 0.941

log M
P
 vs. log M

C
 1.37 (1.27; 1.48) −2.61 (−2.70; −2.52) 0.968

log M
N
 vs. log M

P
 0.78 (0.72; 0.85) −0.74 (−0.72; −0.76) 0.948

Eranthis hyemalis (n = 17)

log M
N
 vs. log M

C
 1.00 (0.98; 1.03) −1.33 (−1.39; −1.26) 0.996

log M
P
 vs. log M

C
 1.37 (1.32; 1.42) 0.77 (0.65; 0.90) 0.993

log M
N
 vs. log M

P
 0.73 (0.70; 0.76) −1.89 (−1.97; −1.82) 0.996

Across Reich and Oleksyn (2004) data set (n = 7,445)

log MN vs. log MP 0.73 (0.71; 0.75) 1.08 (1.07; 1.08) 0.33
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for M
N
, M

P
, and M

C
 relationships that are statistically indistinguishable from the 

proportional relationships M
N
 ∝ M

C
 and M

P
 ∝ M

C
4/3 and M

N
 ∝ M

P
3/4 even at the level 

of organ-type (Table 2.2; Figure 2.4).
Whether these scaling relationships are “universal” properties of vascular plant 

biology remains problematic. Based on an extensive world-wide survey of leaf N 
and P composition, Wright et al. (2004) reported that leaf N content scales roughly 
as the 2/3 power of leaf P content. In contrast, using an expanded version of the leaf 
N and P data reported by Reich and Oleksyn (2004) consisting of 7,445 entries for 
individual species reflecting conspecifics differing in age, regression analysis of M

N
 

versus M
P
 reveals a scaling exponent of 0.73 with 95% confidence intervals that 

include the numerical value of 3/4 but exclude that of 2/3 (Figure 2.3c; Table 2.2). 
This inconsistency may be the result of phyletic effects (i.e. biases introduced by 
differences in the taxonomic composition of the data sets used). However, regard-
less of the reason, it is clear that the relationship between leaf N and P content is 
allometric and governed by the generic formula

 M MN 3 P
1.0=β α <

�  

N:P-STOICHIOMETRY AND GROWTH MODELS

This “generic” formula has added significance when it is juxtaposed with stoichio-
metric models for predicting relative growth rates based on cell or tissue N and P 
content. Dobberfuhl (1999) first proposed that growth depends on total body N (N

T
) 

and total body P (P
T
) allocation to protein and ribosomal RNA (also see Sterner and 

Elser 2002; Ågren 2004; Vrede et al. 2004). This model conceptually relates rela-
tive growth rates to N:P-stoichiometry by envisioning proteins as the “overhead” 
required to achieve growth and rRNA as the protein-output “machinery” used to 
maintain or recycle this overhead. Dobberfuhl and others noted that, when an 
organism maintains a constant chemical composition, its relative growth rate µ can 
be mathematically expressed in terms of the amounts and rates of change of carbon 
(C), nitrogen (N), and phosphorus (P) content by the formula

 
µ =

1

C

dC

dt N

dN

dt P

dP
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For any one of these essential substances, designated as X, µ can be approximated 
by the formulas
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where X
2
 is the total concentration of substance X at time t

2
 and X

1
 is the total 

 concentration of X at time t
1
 (see Hunt 1990). If X is some measure of protein 

 synthesis, the formulas for µ can be recast as
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T
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f
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where f
N
 is the decimal fraction of N

T
 invested in proteins, k

s
 is the protein synthesis 

rate per ribosome, r
e
 is the protein retention efficiency, F is the decimal fraction of 

total RNA allocated to rRNA, f
P
 is the decimal fraction of P

T
 invested in RNA, m

r
 

is the mass of an average ribosome, and t now denotes the time interval t
2
 − t

1
 

(Dobberfuhl 1999; Vrede et al. 2004).
The relative growth rates of very different unicellular algae and small aquatic 

animals have been successfully predicted using this approach or ones similar to it 
(e.g. Nielsen et al. 1996; Klausmeier et al. 2004; Vrede et al. 2004) despite the 
assumptions that N

T
 and P

T
 allocation patterns are ontogenetically invariant, that 

balanced growth has been achieved, and the supposition that resources are not limit-
ing. In addition, this approach has been integrated with allometric theory by  noting 
that the ability to harvest light scales isometrically with respect to total annual plant 
growth across unicellular algae and vascular plant species (Table 2.1; Niklas and 
Enquist 2001).

As noted for vascular plants, this ability is gauged by standing leaf dry mass M
L
. 

Consequently, the relative growth rate of leaves µ
L
 may provide a reliable gauge of 

the relative growth rate of the entire plant body. Accordingly, if the formula for µ 
is generally valid, µ

L
 should be governed by total leaf N and P such that

 

µL = P
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Combining this relationship with the observation that M
N
 = β

3
 M

P
α obtains a quan-

titative description of leaf relative growth rates in terms of the allometry of total 
leaf N and P:
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Note that this formula predicts that leaf relative growth rates will increase across 
species with either increasing leaf N or P allocations when α < 1.0 (see Niklas 
et al. 2005).
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TESTING THE MODEL

The relationship adduced in the previous section for µ
L
 has three significant 

attributes: (1) it incorporates an allometric relationship for leaf N and P allocation 
directly, (2) it relates the N:P-stoichiometry of leaves directly to relative growth 
rates (and thus prior allometric theory treating the relationship between leaf dry 
mass and total plant annual growth), and (3) it can be examined empirically based 
on observed leaf growth rates, thereby setting limits on the numerical values of α 
and other allometric or physiological parameters.

However, this relationship has an important distraction. It can be evaluated empiri-
cally only if the numerical values of all physiological variables are known. For bacte-
ria and animals, the values of some of these variables have been experimentally 
determined, i.e., k

s
 = 2.5 × 10−11 µg protein ribosome−1 day−1, r

e
 = 0.60, F = 0.80, and 

m
r
 = 4.53 × 10−12 µg rRNA ribosome−1 (Campana and Schwartz 1981; McKee and 

Knowles 1987; Mathers et al. 1993; Sadava 1993; Vrede et al. 2004). Assuming that 
these values are equally applicable to plants, it follows that k

s
 r

e
 F/m

r
 = 2.648. The 

value of f
N
, however, is problematic for plants. Prior work indicates that between 16% 

and 27% of total leaf N is incorporated in RuBisCo (Evans 1989) and that, depending 
on whether ambient light conditions are high or low, between 15% and 60% of total 
leaf N is found in chloroplast thylakoids (pigment-protein complexes, electron trans-
port constituents, reaction centers, components of the electron transport chain, particu-
larly cytochrome b/f; and ferredoxin; Evans 1989). Therefore, based on published N 
 allocation to RuBisCo and thylakoids, it is reasonable to suppose that f

N
 ~ 0.55 across 

otherwise diverse species.
Likewise, from prior analyses of 131 herbaceous species, the allometry of 

leaf N with respect to leaf P is reasonably well approximated by the formula 
M

N
 = 0.18 M

P
3/4 (Figure 2.2; Table 2.2; Niklas et al. 2005). Using this scaling 

relationship gives a model for the relative growth rates of leaves that lacks the 
numerical value of only one parameter, the decimal fraction of total leaf P 
allocated to RNA:

 µL = P N P Pln . ln . ./ /1 47 37 1 26 751 3 1 1 4 1+( )⋅ = +( )⋅− −f M t f M t  

Assuming that f
P
 varies little or not at all across species, this formula predicts that 

µ
L
 will increase as a function of either increasing M

N
 or M

P
 (either or both of which 

increase with leaf C mass). It also predicts that µ
L
 should decrease as a function of 

increasing M
N
/M

P
.

Unfortunately, reliable estimates for f
P
 for vascular plant species are currently 

unavailable. However, the aforementioned model has been used to calculate µ
L
 

using different values of f
P
 and its results have been compared to observed leaf 

growth rates to set limits on the range of f
P
-values that may occur in leaves (Niklas 

et al. 2005; Niklas 2006). Specifically, across 131 ecologically and phyletically 
diverse herbaceous species, observed µ

L
 scaled as the 0.33 power of total leaf N (r2 

= 0.72), as the 0.25 power of total leaf P (r2 = 0.76), and as the 0.22 power of total 
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leaf carbon mass (r2 = 0.78; Figure 2.5). Likewise, as predicted, µ
L
 decreased as the 

quotient M
LN

/M
LP

 increased.

CAVEATS AND THE ALLOMETRY OF CURRENT-YEAR 
SHOOTS

Nevertheless, considerable variation exists when observed leaf growth rates are 
plotted as a function of leaf carbon mass (Figure 2.1). This feature can be attributed 
to a number of factors not addressed in the model, but that are nevertheless of great 
ecological importance. Among the more obvious of these are species-specific dif-
ferences or ecotypic variation in protein synthesis rates or retention efficiencies 
(Mathers et al. 1993; Sadava 1993; Güsewell 2004), differences in the fractional 
allocation of leaf N to proteins as a consequence of leaf age or different ambient 
light intensities (Evans 1989; Ryser et al. 1997), morphological and anatomical 
differences in leaf construction (Nielsen et al. 1996), recruitment of N and P from 
older organs during early growth (Meyer and Tukey 1965), differences in leaf tissue 
ploidy and N-use efficiency (Brown 1978), and changes in N or P allocation to leaf 
components during leaf ontogeny.

Despite the remarkable success of the model in light of the undoubted influence 
of these and other physiological and ecological variables on growth, there are 
grounds for concern. As noted, one of the attributes of N:P-stoichiometric models 
is that they can be challenged empirically by comparing the numerical values of 
physiological variables used to predict observed growth rates with those that are 
actually reported in the literature. One of these variables is the decimal fraction of 
total body P allocated to RNA construction, denoted by f

P
. Inspection of Figure 2.5 

indicates that the relative growth rates observed for 131 plant species plot between 
those predicted by a model in which f

P
 is a priori set equal to 0.05 and 0.15. The 

fact that all observed leaf growth rates plot within the “corridor” defined by these 
two values suggests that between 5% and 15% of total leaf P is invested in the con-
struction of RNA.

However, this range does not agree with f
P
-values reported for other life forms 

such as bacteria, small aquatic heterotrophs, or unicellular algae (Rhee 1978; Elser 
et al. 2003). Across these species, the decimal fraction of total cell or body P com-
mitted to RNA ranges between 0.20 and 0.90 (with an average value of 0.50 for 
animals). Therefore, the range 0.05 ≤ f

P
 ≤ 0.15 identified by the model to set 

boundaries on the growth rates of vascular plant leaves is unusually low.
This discrepancy may be the result of systematically underestimating plant 

growth rates because of their ability to store and annually recycle large pools of N 
and P. Specifically, the relative growth rates plotted in Figure 2.5 are based on the 
difference in leaf N and P concentrations measured early and late in the growing 
season (Niklas et al. 2005). This procedure may introduce a systematic bias because 
there is substantial evidence that vascular plants recruit N and P from older organs 
as new tissues and organs are produced during the early growth season (e.g. 
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Fig. 2.5 Log
10

-tranformed data for observed relative growth rates (µ
L
) and those predicted by 

allometric theory plotted against log-transformed data for leaf carbon mass (M
C
). Predicted values 

of µ
L
 assume that the decimal fraction of total leaf phosphorus content invested in RNA (f

P
) equals 

5% or 15% (predicted µ
L
 indicated by lines). (Data from Niklas et al. 2005.)

Mochizuki and Hanada 1958; Meyer and Tukey 1965; Taylor 1967; Taylor and 
May 1967; Niklas and Cobb 2005, 2006) and reabsorb substantial quantities of N 
and P toward the end of the growing season, e.g. an average of 50% of total P is 
reabsorbed before leaf senescence (50% of which comes from nucleic acid hydroly-
sis; Chapin and Kedrowski 1983; Aerts 1996). Therefore, tissue N and P concentra-
tions in newly formed leaves may be significantly higher than those reached once 
constant growth rates are achieved (thus violating a basic assumption of the model), 
and leaf N and P concentrations may be on the decline even before visible signs of 
leaf senescence. If leaf relative growth rates are systematically underestimated for 
these (or other) reasons, the upper and lower f

P
-levels identified by the model to fit 

the data would, likewise, be underestimated.
There is also good evidence that statistically significant differences exist for the 

N:P-stoichiometry of the current-year shoots of tree and herbaceous species. Niklas 
and Cobb (2006) report that M

N
 scales as the 1.17-power of dry leaf mass M

L
 and 

that M
P
 scales as the 1.09-power of M

L
 across current-year shoots of trees. The 

numerical values of these scaling exponents were found to be significantly different 
from those observed for herbaceous species (Table 2.3). Likewise, across tree 
shoots, M

N
 scaled as the 1.07-power of M

P
, whereas, across herbaceous shoots, M

N
 

scaled as the 0.77-power of M
P
 (Figure 2.6; Table 2.3). These data strongly caution 

against extrapolating N:P-stoichiometric scaling relationships across different plant 
size ranges (Reich et al. 2006).

Finally, there is evidence that the faction of M
N
 invested in photosynthetic tis-

sues decreases with increasing M
L
. For example, Takashima et al. (2004) studied 

the stoichiometry of two “evergreen” and two deciduous Quercus species and 
report that the fraction of M

N
 allocated to the photosynthetic machinery of the 
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evergreen species is smaller than that allocated in the deciduous species, whereas 
the fraction allocated to cell wall proteins was correspondingly higher. Across 
these species, the fraction of M

N
 in cell wall proteins was also positively correlated 

with M
L
 per unit area, suggesting a trade-off exists in how N is partitioned between 

photosynthetic and cell wall structural proteins. This suggestion is consistent with 
the observation that M

N
 increases across tree species with increasing M

L
 more 

Table 2.3 Standardized major axis (SMA) regression parameters for leaf mass and N:P–stoichiometry 
relationships. M

N
 = total leaf nitrogen content, M

P
 = total leaf phosphorus content; M

L
 = total leaf 

dry mass

 α
SMA

 (95% CI) log β
SMA

 (95% CI) r2

Tree shoots (n = 112)

log M
N
 vs. log M

L
 1.17 (1.14; 1.20) −1.75 (−1.78; −1.71) 0.949

log M
P
 vs. log M

L
 1.09 (1.04; 1.14) −2.77 (−2.82; −2.73) 0.885

log M
N
 vs. log M

P
 1.07 (1.02; 1.12) 1.22 (1.07; 1.38) 0.887

Herbaceous shoots (n = 131)

log M
N
 vs. log M

L
 1.06 (1.02; 1.10) −1.67 (−1.70; −1.64) 0.945

log M
P
 vs. log M

L
 1.37 (1.34; 1.41) −2.61 (−2.64; −2.58) 0.966

log MN vs. log MP 0.77 (0.74; 0.80) 0.34 (0.25; 0.43) 0.948

Fig. 2.6 Bivariate relationships among log
10

-tranformed data for nitrogen, phosphorus, and car-
bon content of all leaves from first-year shoots of herbaceous and tree species (M

N
, M

P
, and M

C
, 

respectively; see insert for symbols). Solid lines, standardized major axis regression curves; see 
Table 2.3 for regression statistical summaries. A. M

N
 and M

P
 versus M

C
. B. M

N
 versus M

P
. (Data 

from Niklas and Cobb 2006.)
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 rapidly than across herbaceous species (whose leaves tend to be less structurally 
reinforced than those of tree species), whereas M

P
 increases more rapidly with 

respect to M
L
 across herbaceous species (whose leaves tend to possess larger 

 fractions of living tissues; Niklas and Cobb 2005, 2006). These trends are also 
consistent with studies reporting non-uniform M

N
 distribution patterns in tree cano-

pies (e.g. Hirose and Werger 1987; Werger and Hirose 1991; Sellers et al. 1992; 
Sands 1995; Anten et al. 2000) that accord with the theoretical prediction that 
optimal M

N
 distribution patterns should increase with increased light intensities 

(Field and Mooney 1986; Anten et al. 1995).

VARIATION AND FUTURE DIRECTIONS

That significant differences in leaf N:P-stoichiometry exist even among vascular 
plants is strongly suggested by the allometric and stoichiometric trends reviewed here 
and elsewhere (Broadley et al. 2004; Watanabe et al. 2007). As noted, the relation-
ships among total leaf mass, annual growth rates, and total body mass differ between 
nonwoody and woody plants and they differ between the current-year shoots of 
 herbaceous and woody species. Across non-woody plants, total leaf mass scales 
 isometrically with respect to both annual growth rate and total body mass (i.e., M

L
 ∝ 

G
T
 ∝ M

T
), whereas, across woody plants, leaf mass scales as the 3/4 power to total 

body mass (i.e., M
L
 ∝ G

T
 ∝ M

T
 3/4). Yet, based on the data presented here and else-

where, total leaf mass (in units of C mass) scales isometrically with respect to total 
leaf N and allometrically albeit roughly as the 3/4 power of total leaf P (i.e., M

C
 α.  

M
N
α. MP

3/4; Table 2.2). Assuming that these relationships are definitive, it follows that 
total annual growth rates should scale across all species as the 3/4 power of total leaf 
P (i.e. G

T
 ∝ M

P
3/4). However, it also follows that total leaf P should increase as the 4/3 

power of the total body mass for nonwoody plants (i.e. M
P
 ∝ M

T
4/3) but scale isometri-

cally with respect to the body mass for woody plants (i.e. M
P
 ∝ M

T
).

These predictions have yet to be explored empirically, but they are in accord 
with the observation that much of the total body mass of woody plants is composed 
of physiologically inert material (heartwood) that increases in volume fraction with 
each passing year. Indeed, we need to know much more about the allometry and 
stoichiometry of what may be called “necromass” – organic constituents that con-
tribute to total body mass but that do not participate in metabolic activity or 
resource utilization, e.g. cell wall materials and secondary metabolites sequestered 
in the lumens of dead cells, which continue to accumulate throughout the lifetime 
of the multicellular individual. We also need to know much more about the allome-
try of annual biomass accumulation with respect to the N:P-stoichiometry of 
 meristematic tissues, both for herbaceous non-woody and woody species.

It is also clear that the juxtaposition of allometric theory and observation with the 
potential insights gained from N:P-stoichiometric models is in its infancy. This 
approach clearly offers great promise (if for no other reason than that it helps to 
identify and quantify interdependencies across every level of biological organization, 



26 K.J. Niklas

from molecules to ecosystems, and across bacteria to multicellular eukaryotes), but 
it is perhaps best viewed as a heuristic device with which to explore important con-
ceptual issues. To be more effective, this juxtaposition would benefit greatly from 
more detailed measurements of how stoichiometric parameters vary ontogenetically 
and phylogenetically. In particular, more detailed data sets are needed for protein 
synthesis rates per ribosome, protein retention efficiencies, and the proportion of 
total P and N committed respectively to the construction of rRNA and nonstructural 
proteins. Mutants of unicellular algae, like those of Chlamydomonas, and parasitic 
plants with a “leaf-stem” construction, like Monotropa, should be used to “dissect” 
how total N and P of cells and tissues are allocated to the construction of different 
parts of the photosynthetic machinery. Perhaps in this way, we will be able to explain 
why tissue and organ N and dry mass scale as the 3/4 power of P and why so many 
other phenomena seem to obey similar quarter-power rules.
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Chapter 3
PHOSPHORUS AND AQUATIC PLANTS

Gabrielle Thiébaut

THE ROLE OF PHOSPHORUS IN AQUATIC ECOSYSTEMS

Aquatic systems receive the bulk of their nutrient supply from stream inflow. 
In stream communities, and also in lakes with a stream outflow, the export of 
nutrients in outgoing stream water is a major factor in nutrient budgets of aquatic 
communities. By contrast, in lakes without an outflow, nutrient accumulation in 
permanent sediments is often the major export pathway. Only a small fraction of 
available nutrients is incorporated into the biological interactions of stream 
 communities (Winterbourn and Townsend 1991). In streams and rivers, the major-
ity of nutrients flow on, as particles or dissolved in the water, to be discharged into 
a lake or the sea. Nevertheless, some nutrients do cycle from inorganic forms in 
freshwater, to inorganic forms in animals or plants, to inorganic forms in water, 
and so on. Because of the transport downstream, the displacement of nutrients may 
be best represented as a spiral (Elwood et al. 1983), where rapid phases of inor-
ganic nutrient displacement alternate with periods when the nutrients are locked in 
biomass (e.g. in aquatic plants). Aquatic plants may obtain nitrogen (N) and phos-
phorus (P) from the sediment and then release these elements into the water. These 
plants function as a source for nutrients, by trapping fine organic and inorganic 
particles, enhancing mineralization of organic matter through oxidation of the 
sediments, and altering the localized environment, thus enabling P release through 
reducing conditions and increased pH and temperature. Oxygen translocation to 
the roots of plants has the effect of oxidizing the immediate sediment environment, 
and this may limit P availability (Moore et al. 1994; Wigand et al. 1997). Aquatic 
plants can also have a significant impact on a system’s light environment and 
nutrient budget (Reckhow and Chapra 1999).

Considerable attention has been devoted to investigating P dynamics in lacus-
trine ecosystems (Lofgren and Bostrom 1989) and microcosm experiments (Pelton 
et al. 1998) that do not accurately reflect natural conditions. Although the nutrient 
enrichment of flowing waters is of great concern (Smith et al. 1999), the P dynam-
ics of stream plants have received little attention to date (Madsen and Adams 1988; 
Chambers et al. 1989; Robach et al. 1995; Pelton et al. 1998; Clarke and Wharton 
2001a,b; Thiébaut and Muller 2003; Baldy et al. 2007). Nutrient availability 
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( primarily P and, when P is in excess, N) plays an important role in controlling the 
abundance and development of aquatic plants (e.g. Sculthorpe 1967; Abernethy 
1994; Carr and Chambers 1998).

NUTRIENT REQUIREMENTS OF AQUATIC PLANTS: 
ADAPTATIONS-COMPETITIVENESS

Relative trophic status of water and sediment (Best and Mantai 1979; Rattray et al. 
1991) and particularly the amount of soluble reactive phosphorus (SRP; Denny 1972; 
Pelton et al. 1998) are important factors in the nutrition of aquatic plants. For many 
years, controversy has existed regarding the relative roles of roots versus shoots, and 
sediment versus open water in the nutrition of submerged aquatic plants.

Role of sediment versus open water in the nutrition 
of aquatic plants

The vast majority of work on the nutrition of aquatic plants has been done in lentic 
mineral waters. The conclusion of these extensive studies is that lacustrine sediments 
are generally more important sources of P than lake water (Barko and Smart 1980, 
1981; Raven 1981; Rattray et al. 1991; Barko et al. 1991; Rattray 1995). Most stud-
ies on lacustrine plant species have been conducted in laboratory chambers (Denny 
1972; De Marte and Hartman 1974; Bole and Allan 1978; Best and Mantai 1979; 
Barko and Smart 1980; Gabrielson et al. 1984; Smart and Barko 1985; Best et al. 
1996). These stagnant conditions are not appropriate for plants whose ecology is 
dependent on water flow. In contrast to lakes, the sediment pore water of running 
waters is permanently flowing.

Water and sediments exhibit a high degree of variability within rivers and 
between different rivers (Figures 3.1 and 3.2). However, when little sediment P is 
available, uptake of water P by plants can be observed (Chambers et al. 1989; Pelton 
et al. 1998). Madsen and Cedergreen (2002) showed that in nutrient rich Danish 
streams, aquatic plants were able to satisfy their nutrient demands by leaf uptake 
alone, in spite of the low water/pore water SRP ratio. However, since these authors 
de-rooted the plants for their experiments, they could not exclude the possibility that 
nutrients were taken up by roots of intact plants. Significant positive correlations 
were found between SRP in the water column and total P in plant tissues for Elodea 
nuttallii Planchon St John, Elodea canadensis Michaux, Ranunculus peltatus 
Schrank and Callitriche platycarpa Kütz (Table 3.1; Thiébaut and Muller 2003). 
Although Robach et al. (1995) did not observe a significant correlation between total 
plant P and total sediment P, positive correlations between total sediment P and total 
tissue P have been observed for R. peltatus, E. nuttallii, Callitriche  obtusangula Le 
Gall. and C. platycarpa (Table 3.1; Thiébaut and Muller 2003).
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Fig. 3.1 Boxplots of soluble reactive phosphorus in water versus sites (mean values). Values 
were obtained from nine samples from each of the sites. n = 12 sites. (Thiébaut and Muller 
2003.)
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Role of root versus shoot in the nutrition of aquatic plants

Plant morphology, and particularly root to shoot ratio, lead to preferential use of 
different sources of nutrients. For example, detached floating species, such as 
Lemna, must obtain nutrients from the water column, because there is no contact 
with the substrate. Sediment P can be the main nutrient source for plants with large 
root systems (Denny 1972). However, some results are contradictory. For example, 
Berula erecta (Huds.) Coville has a large root system and a strictly submerged 
growth form and C. obtusangula has few roots and floating and submerged shoots. 
Baldy et al. (2007) reported positive correlations between the P concentration of 
shoots and roots of B. erecta and water P concentration but not sediment P concentra-
tion, but did not find any correlations between shoot P concentration of C.  obtusangula 
and water or sediment P concentration. However, significant correlations between 
shoot P concentration of C. obtusangula and sediment P concentration have been 
reported (Thiébaut and Muller 2003).

The P uptake mechanism is not well known in the case of aquatic species. 
Phosphorus is taken up by plant cells in the form of phosphate (Pi) using transporter 
proteins, such as H

2
PO

4
−/H+ symporters in the plasma membrane (Schachtman et al. 

1998; Smith et al. 2003). Phosphate can be translocated from shoots to roots or from 
roots to shoots, as has been demonstrated in laboratory studies (De Marte and 
Hartman 1974; Eugelink 1998). While shoot absorption is still a subject of debate, 
root uptake of Pi is commonly accepted as the mode aquatic plants use to acquire Pi 
(Bole and Allan 1978; Best and Mantai 1979; Barko and Smart 1981; Barko et al. 
1988). Even plants with limited root systems have been shown to take up Pi via their 
roots (Barko and James 1998). The sediment appears to be a nutrient source for 
rooted plants mainly when nutrients are not sufficiently available in the water (Bole 
and Allan 1978; Barko and Smart 1981). Therefore, the importance of sediment 
nutrients to aquatic plants will depend upon both species (morphological type) and 
the environment (trophic status, flow, shade, competition, pollution, management).

The most important function of roots in many submerged species may be 
anchorage and not nutrient acquisition. This is in agreement with the observation 
that many species of fast-flowing habitats (e.g. Ranunculus species) have shallow 

Table 3.1 Relationships between water SRP and plant P concentra-
tions and between sediment total P and plant P concentrations (mean 
values). r2: Pearson correlation coefficient, ns: non significant, *p < 
0.1, **p < 0.05; ***p < 0.001. (Thiébaut and Muller 2003.)

Species Water SRP Sediment TP

C. hamulata ns ns
C. platycarpa r2 = 0.72** r2 = 0.84***

C. obtusangula ns r2 = 0.66*

E. nuttallii r2 = 0.69* r2 = 0.75*

E. canadensis r2 = 0.95* ns
R. peltatus r2 = 0.77* r2 = 0.79*
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roots, which curl around large sediment particles and do not penetrate deeply into 
the sediment. Evidence that both roots and shoots are able to obtain nutrients 
(Agami and Waisel 1986), and that Pi translocation in two Elodea species was 
greater from shoot to root than from root to shoot (Eugelink 1998), suggest that 
nutrient acquisition by roots may be a secondary function in some species.

The relationships between aquatic plants and the trophic status of rivers is 
complex, partly because rooted plants can absorb nutrients from both the sedi-
ment and the water column, and partly because of the effects of a wide range of 
environmental variables (Clarke and Wharton 2001a,b).

Role of ecological factors in the phosphorus nutrition 
of aquatic plants

Ecological factors, such as substratum (Clarke and Wharton 2001a,b) and water 
velocity (Royle and King 1991; Carr and Chambers 1998), can modify P availa-
bility and thus plant nutrition. However, limited information is available on the 
influence of water velocity on Pi uptake by plants. Water velocity may cause a 
decrease in Pi uptake by impeding nutrient adsorption (Boeger 1992) or it may 
increase Pi uptake by increasing the amount available in the water or sediment 
(Jarvie et al. 2002). The few studies focusing on the role of water velocity on P 
dynamics have been conducted in aquatic plant communities (Dawson 1988), or 
on sediment chemistry (Prairie and Kalff 1988; Chambers et al. 1992; Chambers 
and Prepas 1994). These studies reported a relatively long-term effect of hydro-
logical regimes on P dynamics, with positive or negative correlations between 
dissolved P and water discharge. These correlations varied in magnitude and 
direction among streams. With the exception of the study by Baldy et al. (2007), 
there is no literature available on the role of water velocity on P storage by plant 
species in lotic ecosystems. These authors established that C. obtusangula stores 
P more efficiently in its shoots in conditions of low water velocity than in condi-
tions high water velocity. Moreover, as Boeger (1992) observed, the water veloc-
ity effect may be mediated by the substratum. B. erecta grows preferentially on 
coarse substrate (gravel) with high water velocities, in contrast with C. obtusan-
gula, which grows on finer sediments (sand, mud) with low water velocities.

Phosphorus storage in aquatic plants

Although P assimilation and storage in aquatic plants depends on the vegetation type 
and their growth characteristics (Reddy et al. 1999), aquatic plants form a continuum 
across a unique pattern of change in nutrient concentrations. This continuum exists 
despite considerable differences in the plants’ architectural, evolutionary and life 
 histories, and the growth conditions encountered in their habitats (Duarte 1992).
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Tissue P concentration differs in different parts of submerged angiosperms (Rorslett 
et al. 1985) and in plants collected during different seasons (Gerloff and Krombholz 
1966; Carpenter and Adams 1977; Bole and Allan 1978; Carignan and Kalff 1980; 
Rorslett et al. 1985; Madsen and Adams 1988; Royle and King 1991; Robach et al. 
1995; Eugelink 1998; Thiébaut and Muller 2003; Garbey et al. 2004a). Tissue P con-
centration also varies according to the plant species. Tissue P concentration varied 
according to year and season in C. platycarpa, C. hamulata and E.  nuttallii, and tissue 
P storage depended on the trophic level of sediment and water, and varied by species 
(Figure 3.3). The rank order of tissue P concentration was C. obtusangula > 
R. peltatus ≥ E. nuttallii ≥ E. canadensis > C. platycarpa > C.  hamulata (Thiébaut and 
Muller 2003). The mean tissue P concentrations in E. nuttallii and E. canadensis, are 
comparable to the tissue P concentrations obtained by Barko and Smart (1980) for 
two other hydrocharitaceae species Hydrilla verticillata (L.f) Royle and Egeria densa 
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Fig. 3.3 A comparison of the tissue P concentration in macrophytes, expressed as percentage 
of dry matter. (Using data from our study (Garbey et al. 2004a) and from the literature.)
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Planchon, but higher than the tissue P concentrations measured by Dawson (1976) for 
another Ranunculus species. Gerloff and Krombholz (1966)  suggested that the distri-
bution patterns of plants with tissue P concentrations above critical concentrations 
(1.3 mg P g-1 dry plant weight), were not limited by nutrient availability. When the 
growth rate was at its maximum in the spring for R. peltatus and Elodea species, 
there was sufficient P to satisfy their nutrient requirements. In contrast, competition 
for P could occur between invasive species and C. platycarpa in nutrient-poor sites.

Adaptation to temporally fluctuating resource availability

The flow rates and amount of P in plants varies continuously throughout the year. 
This is illustrated in Figure 3.4, which shows a seasonal effect, and is evident from 
the literature (Madsen and Adams 1988; Rorslett et al. 1985; Robach et al. 1995). 
Seasonal variation could be a consequence of annual growth and decomposition 
patterns of the plant species, as was shown for Potamogeton pectinatus L. 
(Howard-Williams and Allanson 1981), Ranunculus penicillatus (Dum.) Bab. 
(Dawson 1976), R. peltatus (Garbey et al. 2004b), and E. nuttallii (Kunii 1984). 
The temporal variability in Pi uptake by aquatic plants could be explained by 
phenology and morphology. This variability reflected the fluctuating nutrient 
availability at the sites.
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Aquatic plant tissue P concentrations were the lowest in spring, and the high-
est in autumn (Thiébaut 2005). New shoots developing in autumn probably 
played an important role in accumulating P for the next year’s initial growth for 
E. nuttallii. The success of Elodea species might be correlated with their ability 
to remain in a vegetative condition throughout the winter season. The increase 
in biomass in spring progressively restricts flow and thus reduces velocity and 
turbulence. Reduced  turbulence increases the boundary layer of static water 
around the plant, and the uptake of nutrients is then reduced to the diffusion rate 
across this zone (Dawson 1976). Reproductive growth also occurs in spring 
Elodea species and R. peltatus. Elodea species, as well as R. peltatus, are 
adapted to seasonal P fluctuations whereas C. platycarpa, a slower growing spe-
cies, displayed low storage ability. High spatial and/or temporal fluctuations in 
nutrient availability favored the spread of these aquatic plants and supports the 
theory of invasibility of Davis et al. (2000).

However, plant growth and nutrient availability are not always directly 
 correlated (Kern-Hansen and Dawson 1978; Canfield and Hoyer 1988; Feijoo 
et al. 1996). Indeed, if plant development results from the mobilization of 
energy reserves and structural materials accumulated in different storage 
organs, nutrient-uptake is likely to exceed the rate of utilization in growth, 
allowing reserves to accumulate (Grime 1988; Chapin and Van Cleve 1989). 
This “luxury” uptake may benefit the plant later, if water P concentrations 
diminish. Species distributions may be partly influenced by their P usage; their 
ecological range being a function of their ability to adapt to low or fluctuating 
water P concentrations. Therefore, competitiveness for nutrients has to inte-
grate both the plant’s ability to use that nutrient for rapid growth, and its ability 
to extract and retain nutrients for when nutrient availability is low. This ability 
might be described more accurately by physiological traits such as nutrient 
storage in plant tissues (e.g. Garbey et al. 2004a).

SPECIES DISTRIBUTION AND WATER PHOSPHATE 
OR SEDIMENT PHOSPHORUS

Nutrient availability in the sediment and water column is known to affect the com-
munity composition of submerged plants. For example, the occurrence of the exotic 
Elodea species in the streams of Northern Vosges corresponded with an increase in 
nutrient concentrations (Thiébaut et al. 2004).

Within the aquatic plant community there is a spectrum of tolerances to nutrient 
enrichment (Table 3.2). Many of the more abundant species are fairly “cosmopoli-
tan”, occurring over a wide range of water Pi concentrations. Within this minimum-
maximum tolerance range, however, individual species preferences are apparent.

Some species, although fairly cosmopolitan, were found either rarely or at low 
abundances at low water Pi concentrations, and were found more frequently or at 
greater abundances as the water Pi concentration increased (e.g. E. nuttallii in 
Northern Vosges streams; Figure 3.5).
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Table 3.2 Species distribution and water nutrient status

Species Nutrient status

Acorus calamus L. Eutrophic
Alisma lanceolatum With Eutrophic
Alisma plantago-aquatica L. Eutrophic
Apium inundatum L. Oligotrophic
Apium nodiflorum (L.) Lag. Mesotrophic to eutrophic
Berula erecta (Huds.) Coville Oligotrophic
Butomus umbellatus L. Eutrophic
Callitriche hamulata Kütz. ex Koch Oligotrophic to eutrophic
Callitriche obtusangula Le Gall Eutrophic
Callitriche platycarpa Kütz. Oligotrophic to eutrophic
Callitriche stagnalis Scop. Oligotrophic to mesotrophic
Callitriche truncata Guss. ssp. occidentalis Mesotrophic
Carex rostrata Stokes Oligotrophic
Catabrosa aquatica (L.) Beauv. Oligotrophic to mesotrophic
Ceratophyllum demersum L. Eutrophic
Ceratophyllum submersum L. Eutrophic
Eleocharis palustris (L.) Roemer & Schultes Oligotrophic to mesotrophic
Elodea canadensis Michx Mesotrophic
Elodea nuttallii (Planchon) St John Mesotrophic to eutrophic
Glyceria fluitans R. Br. Oligotrophic to eutrophic
Groenlandia densa (L.) Fourr. Oligotrophic to mesotrophic
Helodes palustris Spach Oligotrophic
Hippuris vulgaris L. Oligotrophic to mesotrophic
Hottonia palustris L. Oligotrophic to mesotrophic
Hydrocharis morsus-ranae L. Mesotrophic
Hydrocotyle vulgaris L. fo aq. Oligotrophic
Iris pseudacorus L. Oligotrophic to eutrophic
Juncus bulbosus L. Oligotrophic
Juncus subnodulosus Schrank aq. fo. Oligotrophic
Lemna gibba L. Eutrophic
Lemna minor L. Mesotrophic to eutrophic
Lemna trisulca L. Mesotrophic
Littorella uniflora (L.) Ascherson Oligotrophic
Luronium natans (L.) Rafin. Oligotrophic
Lycopus europaeus L. Oligotrophic to eutrophic
Mentha aquatica L. Oligotrophic to eutrophic
Menyanthes trifoliata L. Oligotrophic
Montia fontana L. agg. Oligotrophic
Myosotis gr. palustris (M. scorpioides L.) Mesotrophic
Myriophyllum alterniflorum DC. Mesotrophic
Myriophyllum spicatum L. Eutrophic
Myriophyllum verticillatum L. Mesotrophic
Najas marina L. Eutrophic
Najas minor L. Eutrophic
Nasturtium officinale R. Br. agg. Mesotrophic to eutrophic
Nuphar lutea (L.) Sibth. & Sm. Eutrophic
Nymphaea alba L. Oligotrophic to mesotrophic
Nymphoides peltata (S. G. Gmelin) O. Kuntze Mesotrophic
Oenanthe aquatica (L.) Poiret Oligotrophic to mesotrophic
Oenanthe crocata L. Oligotrophic to mesotrophic
Oenanthe fluviatilis (Bab.) Coleman Mesotrophic to eutrophic

(continued)
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Phalaris arundinacea L. Oligotrophic to eutrophic
Phragmites australis (Cav.) Trin. ex Steudel Eutrophic
Polygonum amphibium L. Eutrophic
Polygonum hydropiper L. aq. fo. Eutrophic
Potamogeton acutifolius Link Mesotrophic
Potamogeton alpinus Balbis Oligotrophic to mesotrophic
Potamogeton berchtoldii Fieber Eutrophic
Potamogeton coloratus Hornem. Oligotrophic
Potamogeton compressus L. Eutrophic
Potamogeton crispus L. Eutrophic
Potamogeton friesii Rupr. Mesotrophic
Potamogeton gramineus L. Mesotrophic
Potamogeton lucens L. Eutrophic
Potamogeton natans L. Oligotrophic to mesotrophic
Potamogeton nodosus Poiret Eutrophic
Potamogeton obtusifolius Mert. & Koch Mesotrophic
Potamogeton panormitanus Biv. Mesotrophic to eutrophic
Potamogeton pectinatus L. Eutrophic
Potamogeton perfoliatus L. Mesotrophic to eutrophic
Potamogeton polygonifolius Pourret Oligotrophic
Potamogeton praelongus Wulfen Oligotrophic to mesotrophic
Potamogeton trichoïdes Cham. & Schelcht Eutrophic
Ranunculus aquatilis L. Oligotrophic to mesotrophic
Ranunculus circinatus Sibth. Mesotrophic
Ranunculus fluitans Lam. Oligotrophic to eutrophic
Ranunculus hederaceus L. Oligotrophic to mesotrophic
Ranunculus hololeucos Lloyd Oligotrophic
Ranunculus omiophyllus Ten. Oligotrophic
Ranunculus peltatus Schrank. Oligotrophic to eutrophic
R. penicillatus ssp. penicillatus Oligotrophic to eutrophic
Ranunculus trichophyllus Chaix Oligotrophic to mesotrophic
Rorippa amphibia (L.) Besser Oligotrophic to eutrophic
Sagittaria sagittifolia L. Eutrophic
Scirpus fluitans L. Oligotrophic
Scirpus lacustris L. Eutrophic
Scirpus sylvaticus L. Oligotrophic to eutrophic
Sparganium angustifolium Michaux Oligotrophic
Sparganium emersum Rehmann sh. l. Oligotrophic to eutrophic
Sparganium erectum L. Oligotrophic to eutrophic
Sparganium minimum Wallr Oligotrophic
Spirodela polyrhiza (L.) Schleiden Eutrophic
Trapa natans L. Mesotrophic
Typha angustifolia L. Eutrophic
Typha latifolia L. Eutrophic
Vallisneria spiralis L. Eutrophic
Veronica anagallis-aquatica L. Oligotrophic to mesotrophic
Veronica beccabunga L. Oligotrophic to eutrophic
Wolffia arhiza (L.) Horkel & Wimmer Eutrophic
Zannichellia palustris L. Eutrophic

Table 3.2 (continued)

Species Nutrient status
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Fig. 3.5 Frequency of occurrence of Elodea species, expressed as percentages, according to the 
nutrient status of water in the Northern Vosges streams (North Eastern France). Distribution of 
Elodea species in four groups: group 1 (oligotrophic status): < 40 µg P l−1; group 2: 40 < × < 60 µg 
P l-1; group 3: 60 < × < 100 µg P l−1; group 4 (eutrophic status): > 100 µg P l−1

However, aquatic plant species have different trophic requirements (Holmes and 
Newbold 1984) and respond differently to sediment nutrient supply. Denny (1972), 
suggests that across a number of rivers there should be evidence of different species 
responses to sediment P. Some species will be associated with low concentrations of 
sediment P and others will be associated with higher concentrations of sediment P. 
Therefore, there may be species that do not respond to sediment nutrients and will 
therefore show no particular preference for sediments of a particular nutrient status. 
The species associated with high sediment P concentrations (Nuphar lutea L. Sibth. 
& Sm., Potamogeton natans L., Sagitaria sagittifolia L.) are characteristic of silt and 
clay sediments and sluggish flows (Clarke and Wharton 2001a). In  contrast, 
Myriophyllum spicatum L. appears to be associated with sediments with  relatively 
low P and with high water nutrient levels.

THE USE OF AQUATIC PLANTS

The use of aquatic plants for nutrient removal from wastewaters

Some floating aquatic plants are used in constructed wetlands, mainly in tropical 
countries, due to their capacity to absorb and store large quantities of nutrients, and 
their rapid growth rates. Their high productivity and nutrient removal capability have 
created substantial interest in their use for wastewater treatment and resource recov-
ery. However, most studies have focused on the treatment of municipal wastewater 



42 G. Thiébaut

and have tested the efficiency of constructed wetlands for the treatment of effluents. 
Relatively few studies have been reported on the use of floating plants in animal 
manure-based wastewater treatment or as an alternative approach for fish farm man-
agement. The application of aquatic plants for treatment of effluents has mainly 
involved constructed wetlands. Constructed wetlands have an appeal as a farm waste 
management practice because they are low cost, use simple technology, and ideally 
require little maintenance or management after construction (Hammer 1992). The 
resulting gains in vegetative biomass can also provide economic returns when 
harvested.

Among the floating aquatic plants, water hyacinth (Eichhornia crassipes), a 
species which has spread worldwide, has been evaluated on a large scale for 
nutrient removal from wastewaters (Reddy and Smith 1987). Studies have shown 
that among the floating plants, water hyacinth (Eichhornia crassipes (Mart.) 
Solms), water lettuce (Pistia stratiotes L.), and pennywort (Hydrocotyle umbel-
late L.) were more productive than small-leaf plants such as salvinia (Salvinia 
rotundifolia Willd.), azolla (Azolla caroliniana Willd.) and duckweed (Lemna 
minor L.; Reddy et al. 1983). In terms of nutrient reduction, chemical oxygen 
demand (COD), solids, and salinity, water hyacinth performed better than water 
lettuce and pennywort in diluted anaerobically digested flushed dairy manure 
wastewater (Sooknah and Wilkie 2004).

The use of aquatic plants in biological assessment 
of water quality

The concept of using living organisms to identify, monitor and assess pollution 
is well established. There are several advantages to using aquatic plants as the 
basis for bioindication: plants are stationary; there are relatively few species 
within any one region; many are rooted and thus reflect both water and sedi-
ment quality; and they are relatively long-lived and therefore can integrate sea-
sonal or disturbance factors (Carbiener et al. 1990). Additionally, plants may 
encompass a broad taxonomic base (Kelly and Whitton 1998), increasing the 
likelihood of detecting a variety of pollution effects. The disadvantages of 
using aquatic plants as monitoring tools include: marked seasonal variations in 
community composition and species abundance; sparse vegetation in many 
freshwater systems due to abiotic factors; and the fact that the ecology of many 
aquatic plant species and their response to pollution is not well documented. 
There is currently considerable interest in utilizing plant-based bioindication 
and biomonitoring techniques to identify, assess, and inform management pol-
icy on the anthropogenic nutrient enrichment (eutrophication) of freshwater 
systems.

Water quality monitoring using aquatic plants has been developed in Europe 
over the past two decades (Harding 1981; Holmes and Newbold 1984; Carbiener 
et al. 1990; Holmes 1995; Thiébaut and Muller 1999; Dawson et al. 1999; 
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Schneider and Melzer 2003; Haury et al. 2006). For the operational monitoring 
demanded by the European Union Water Framework Directive, three trophic 
indices can be used as metrics to describe aquatic plant communities in running 
waters. The hypothesis is that biological indices express the trophic status of a 
river in terms of the response of the aquatic plant communities to nutrient 
status.

The mean trophic rank (MTR)

At present, the most widely employed method utilizing aquatic plants in the trophic 
assessment of rivers is the Mean Trophic Rank (MTR; Holmes 1995). The UK 
Environment Agency has recently commissioned the development of the MTR 
scheme (Holmes et al., 1999) as a bioindication tool to aid in the implementation 
and monitoring of the European Union Urban Waste Water Treatment Directive 
(EU UWWTD; Dawson et al. 1999).

The “MTR” is a biotic index, specifically for the purposes of biological moni-
toring under the EU UWWTD. It is successfully used for monitoring changing 
nutrient concentrations, principally at sewage treatment works. It is based on the 
presence and abundance of aquatic plants and uses a simple scoring system to 
derive a single index to describe the trophic status of a site. Although MTR has 
been shown to  differentiate sites upstream and downstream of nutrient inputs on 
a catchment scale, relationships between MTR and water quality can be obscured 
by site factors such as land-use, shade and localized disturbance (Demars and 
Harper 1998).

The trophic index of macrophytes1 (TIM)

The “Trophic Index of Macrophytes” (TIM) is a tool tested in Germany for 
indicating the trophic state of running waters (Schneider and Melzer 2003). The 
method is based on both the P concentrations in the water body and the sedi-
ment pore water. The TIM is useful for detecting differences in the trophic state 
of running waters. It may be an important tool in finding the causes of degrada-
tion according to the European Union Water Framework Directive and in long-
term monitoring of improvements in water quality (Schneider and Melzer 
2003).

1 The term “aquatic macrophytes” is commonly used for all macroscopic forms of aquatic vegeta-
tion; it includes macroscopic algae, bryophytes, some pteridophytes and many flowering plants 
(angiosperms).
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The “Biological index of macrophytes in rivers” (IBMR)

The French trophic index “Biological Index of Macrophytes in Rivers” (IBMR) is 
a biotic index used by the French Water Agencies as a macrophyte-based method 
to assess the trophic status of rivers (Haury et al. 2006). Species are assigned a 
score according to their tolerance to eutrophication (the higher the score, the less 
the tolerance) and a mean score for the site is then calculated, weighted by the 
abundance of the individual species. The French trophic index appears to be a use-
ful means for assessing eutrophication of running waters (Figure 3.6).

Limitations of trophic indices

As simple indices may provide useful ecosystem management tools to assess rapidly 
the possible detrimental effects of ecosystem pollution, several studies have  evaluated 
their suitability for monitoring water quality (Thiébaut et al. 2002; Thiébaut 2006). 
The trophic indices appeared to be more pertinent tools for monitoring the trophic 
status of the streams. Aquatic plant indices may not be adequate tools for discover-
ing the causes of habitat and water quality degradations (industrial pollution, flood 
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Fig. 3.6 Comparison of the trophic status of the Moselle river (NE France) from upstream 
(Bussang) to downstream (Velle). The trophic status, based on aquatic macrophyte communities, 
was calculated using the Biological Index of Macrophytes in Rivers (IBMR) and the modified 
Mean Trophic Rank (MTR) index. The values obtained with the modified MTR index corre-
sponded to the values of the MTR index divided by five, allowing for comparison with IBMR
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disturbances). Some deficiencies and limitations to the current methodology have 
been discussed by Thiébaut et al. (2002). However, the effectiveness of the MTR and 
IBMR methods is limited at the full catchment scale by the low numbers of indicator 
species in headwater streams (Demars and Harper 1998; Haury et al. 2006). 
Furthermore, a number of other factors might affect aquatic plant species in streams 
undergoing water pollution that are not evaluated by trophic indices.

CONCLUSIONS AND SUMMARY

The input of large amounts of P from human activities plays an important role in 
controlling the presence and abundance of aquatic plants. Relative trophic status of 
water and sediment, and particularly the amount of SRP, are important factors in 
aquatic plant nutrition. For many years controversy has existed regarding the role 
of roots versus shoots and sediment versus open water in the nutrition of submerged 
aquatic plants. Laboratory and in situ experiments have indicated that rooted sub-
merged plants obtain nutrients from both sediment and water. Environmental (e.g. 
water velocity) and biological factors play a role in determining plant P nutrition. 
However, the source of nutrients for submerged, rooted plants has not been clearly 
defined despite considerable effort over almost 40 years. Over the course of a year, 
the flow rates and P in plants varies continuously. Phosphorus storage in tissues 
depends on the plant species, on the season, and on the trophic status of the site. 
Within the aquatic community, there is a spectrum of tolerances to nutrient enrich-
ment. Many of the more abundant species are fairly cosmopolitan. Some floating 
aquatic plants are used in constructed wetlands due to their rapid growth rates and 
their capacity to absorb and store large quantities of nutrients. They are also used 
in biological assessment of water quality.
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Chapter 4
PHOSPHORUS NUTRITION 
OF TERRESTRIAL PLANTS

Philip J. White and John P. Hammond

INTRODUCTION

Phosphorus (P) is essential for plant growth and fecundity. It is an integral com-
ponent of genetic, metabolic, structural and regulatory molecules, in many of 
which it cannot be substituted by any other elements. Tissue P concentrations in 
well fertilized plants approximate 0.4–1.5% of the dry matter (Broadley et al. 
2004), most of which is present as nucleic acids and nucleotides, phosphorylated 
intermediates of energy metabolism, membrane phospholipids and, in some tis-
sues (principally seeds), as inositol phosphates. Some P also occurs in phospho-
proteins and as inorganic phosphate (Pi) and pyrophosphate (PPi). It has been 
estimated that small metabolites, nucleic acids and phospholipids contribute 
approximately equally to leaf P content in P-replete plants (Figure 4.1; Marschner 
1995; Dörmann and Benning 2002). Tissue P concentrations show no systematic 
differences between angiosperm species grown in P-replete conditions, but strong 
positive correlations occur between shoot P and shoot organic-N concentrations 
(Broadley et al. 2004). When plants are sampled from their natural environment, 
shoot N:P mass ratios vary between about 5:1 and 40:1 (e.g. Garten 1976; 
Thompson et al. 1997; Elser et al. 2000a; Tessier and Raynal 2003; Güsewell 
2004; McGroddy et al. 2004; Güsewell et al. 2005; Han et al. 2005; Niklas et al. 
2005; Wassen et al. 2005; Wright et al. 2005; Kerkhoff et al. 2006) and leaf N 
appears to scale as the 3/4 power of leaf P (Niklas et al. 2005; Niklas 2008). 
Ratios of 10:1 approximate the maximum critical organic-N:P ratios reported for 
a range of crop plants (Greenwood et al. 1980; Güsewell 2004). In general, leaf 
N:P ratios below 13.5 suggest N-limited plant growth, whilst leaf N:P ratios 
above 16 suggest P-limited plant growth (Aerts and Chapin 2000; Güsewell and 
Koerselman 2002; Tessier and Raynal 2003). Stoichiometric relationships 
between leaf N and leaf P appear to be a consequence of the requirements of N 
for proteins and of P for nucleic acids, membranes and metabolism (Elser et al. 
2000b; Niklas 2008). Plant relative growth rate (RGR) is positively correlated 
with rRNA concentration and negatively correlated with protein concentration 
(Ågren 1988; Elser et al. 2000b; Niklas 2008). Thus, shoots of fast-growing her-
baceous species characteristic of nutrient-rich, disturbed habitats tend to have 
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higher concentrations of N and P, but lower N:P ratios, than shoots of slow-
 growing species characteristic of infertile habitats (Grime et al. 1997; Thompson 
et al. 1997; Grime 2001; Güsewell 2004; Niklas et al. 2005). Similarly, shoot N:
P ratios increase during ontogeny as plant RGR declines (Güsewell 2004; Niklas 
2008) and, between tissues, structural tissues have higher N:P ratios than meta-
bolically active ones (Kerkhoff et al. 2006). This is consistent with the large P 
requirements for the growth of young tissues and the absolute cellular require-
ment for protein.

A lack of available P rapidly reduces plant growth rates. However, tissue P 
requirements and responses to P availability vary markedly between terrestrial plant 
species and among genotypes of a particular species (e.g. Bradshaw et al. 1960; 
Loneragan and Asher 1967; Rorison 1968; Ozanne et al. 1969; Greenwood et al. 
1980, 2005, 2006; Coltman et al. 1986; Johnston et al. 1986; Alt 1987; Fageria 
et al. 1988; Föhse et al. 1988; Gunawardena et al. 1993; Gourley et al. 1994; Yan et al. 
1995a,b, 2006; Beebe et al. 1997; Fageria and Baligar 1997, 1999; Li et al. 1997; 
Tian et al. 1998; Bolland et al. 1999; Narang et al. 2000; Sanginga et al. 2000; 
Baligar et al. 2001; Gaume et al. 2001; Górny and Sodkiewicz 2001; Liu et al. 
2001; Osborne and Rengel 2002; Güsewell et al. 2003; Trehan and Sharma 2003; 
Blackshaw et al. 2004; Gahoonia and Nielsen 2004a,b; Zhao et al. 2004; Zhu and 
Lynch 2004; Hipps et al. 2005; Ozturk et al. 2005; White et al. 2005a,b; Wissuwa 
2005; Oracka and Łapiñski 2006; Su et al. 2006; Marschner et al. 2007; Tesfaye 

Fig. 4.1 The effect of P supply on leaf dry weight (line), expressed as a percentage of the maxi-
mum, and the percentage contributions of small metabolites (open triangles), nucleic acids (open 
squares), phospholipids (open circles) and inorganic phosphorus (filled squares) to the total leaf P 
content. (Data taken from Marschner 1995.)
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et al. 2007; George and Richardson 2008), suggesting significant genetic variation 
in the ability of plants to acclimate to reduced P availability through the conserva-
tive use of P in tissues and/or an increased capability for P acquisition. Even mild 
P deficiency alters cellular biochemistry, biomass allocation and root morphology 
to match P acquisition with plant P requirements. Typical responses of plants to P 
starvation include the remobilization, reduction or replacement of P in inessential 
cellular compounds, the exudation of metabolites and enzymes into the rhizosphere 
to increase P availability and changes in root morphology and/or associations with 
microorganisms to acquire P more effectively from the soil. In this chapter, physio-
logical responses of plants to the vagaries of P availability will be reviewed and set 
in the context of their consequences for plant growth and survival in natural and 
agricultural ecosystems.

PHOSPHORUS-CONTAINING COMPOUNDS IN PLANTS

Phosphorus is present in many chemical forms in plant cells (Marschner 1995). 
Some cellular compounds containing P are present at low concentrations or can be 
diminished and/or replaced with little consequence. It is the P-containing com-
pounds that have unique cellular roles and those that are required in high concentra-
tions by plant cells that define the absolute P requirement of plants. The acclimatory 
responses of plants to P starvation are directed towards maintaining essential cellu-
lar functions, either by utilizing plant P efficiently or by increasing P acquisition by 
the root system.

Nucleic acids

Phosphorus is an essential component of DNA and RNA, in which phosphodiester 
bridges link the deoxyribonucleotides or ribonucleotides. The requirement for 
DNA and RNA is greatest in tissues undergoing rapid cell division and/or cell 
expansion (Ågren 1988; Elser et al. 2000b; Niklas 2008). The plant cannot dispense 
with DNA or RNA and although DNA and RNA concentrations in plant cells can 
be reduced during P starvation this has a significant affect on plant growth rate 
(Raven 2008). In addition, P is required as ADP in photosynthesis and respiration, 
as ATP for energy transfer reactions in, for example, nucleic acid synthesis, metab-
olism, cytoskeletal rearrangements and membrane transport, as GTP for energy 
transfer reactions during nucleic acid biosynthesis, as NADPH in biosynthetic reac-
tions and as signaling molecules such as GTP and cAMP. It is possible for a cell to 
reduce some dependence on ATP by rerouting biochemical pathways and utilizing 
PPi as an energy substrate (Figure 4.2; Plaxton and Carswell 1999; Hammond 
et al. 2004; Hammond and White 2008a), but a finite requirement for ATP cannot 
be avoided.
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Phosphorylated metabolites

A considerable quantity of cellular P occurs in the many phosphorylated intermedi-
ates of metabolic pathways. Phosphorylated compounds occur, for example, in the 
Calvin cycle, in the photorespiratory pathway, in glycolysis, in the pentose  phosphate 

Fig. 4.2 Alternative metabolic processes for cytosolic glycolysis, mitochondrial electron trans-
port, chloroplast processes and tonoplast H+ pumping (bold arrows) that may enable plants to 
survive under P limiting conditions. Abbreviations for compounds are as follows; Glu-1-P, glu-
cose 1-phosphate; Glu-6-P, glucose 6-phosphate; Fru-6-P, fructose 6-phosphate; Fru-1,6-P2, 
fructose 1,6-bisphosphate; G3P, glyceraldehyde-3-phosphate; 1,3-DPGA, 1,3-dephosphoglycer-
ate; OAA, oxaloacetate; E4P, erythrose 4-phosphate; S3P, shikimate-3-phosphate; HT, hexose 
translocator; PEP, phosphoenolpyruvate; PPT, phosphoenolpyruvate/phosphate translocator; Pi, 
inorganic phosphate; TPT, triose phosphate/phosphate translocator; TrioseP, triose phosphates; 
XPT, xylulose 5-phosphate/phosphate translocator. (Figure redrawn from Plaxton and Carswell 
1999 and Flügge et al. 2003 by Hammond and White 2008.)
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pathway, in nitrogen and sulfur assimilation, in the pathways of amino acid and 
nucleotide metabolism, and in pathways leading to the synthesis of polyphenols 
and lignin (Coruzzi and Last 2000; Dennis and Blakeley 2000; Malkin and Niyogi 
2000; Siedow and Day 2000). In addition, where integrated metabolic transforma-
tions occur in different cellular compartments, it is often phosphorylated com-
pounds that are transported across membranes. There is some flexibility in these 
metabolic pathways and, when plants lack sufficient P, alternative pathways requir-
ing lower concentrations of phosphorylated intermediates are adopted (Figure 4.2; 
Plaxton and Carswell 1999; Flügge et al. 2003; Vance et al. 2003; Hammond et al. 
2004; Hammond and White 2008a).

Phospholipids

In cell membranes, P occurs in phospholipids (phosphatidyl serine, phosphatidyl 
ethanolamine, phosphatidyl choline, phosphatidyl inositol and diphosphatidylglyc-
erol), and the intermediate compounds of their biosynthesis (Somerville et al. 
2000). In addition to their structural roles, phospholipids serve as substrates for the 
production of biochemical signals, such as inositol trisphosphate (IP

3
), diacylglyc-

erol, lysophosphatidyl choline, jasmonate and free headgroups (inositol, choline, 
ethanolamine, serine). Membrane lipids are required in abundance by photosyn-
thetic tissues and tissue undergoing rapid cell division and/or cell expansion. The 
thylakoid membrane of the chloroplast is predominantly composed of sulphoqui-
novosyldiacylglycerol (SQDG), digalatosyldiacyglycerol (DGDG) and monogala-
tosyldiacyglycerol (MGDG), which is the most abundant lipid on the planet. By 
using these lipids in chloroplast membranes, plants reduce their requirements for 
phospholipids. Furthermore, when plants are starved of P, the relative abundance of 
SQDG, DGDG and MGDG increases in plant membranes, thereby contributing to 
tissue P economy (Essigmann et al. 1998; Härtel et al. 2000; Dörmann and Benning 
2002; Andersson et al. 2003, 2005; Jouhet et al. 2004; Benning and Ohta 2005; 
Kobayashi et al. 2006; Li et al. 2006). Interestingly, these lipids are also found in 
the peribacteroid membranes surrounding rhizobial symbionts in legumes, where, 
again, their relative abundance increases during P starvation (Gaude et al. 2004).

Inorganic and storage P

In P-replete plants, over 85% of the cellular Pi is located in the vacuole (Marschner 
1995). However, vacuolar Pi concentrations decrease rapidly when plants lack suf-
ficient P, to maintain cytoplasmic Pi concentration ([Pi]

cyt
) in the range 3–20 mM 

(Lee et al. 1990; Schachtman et al. 1998; Mimura 1999). If the P supplied to P-
replete plants is reduced to the minimal amount required for optimal plant growth 
only the P in the inorganic fraction decreases substantially, which reflects the mobi-
lization of surplus Pi from the vacuole (Figure 4.1; Marschner 1995). However, 
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when the P supply to plants is decreased from an optimal to a suboptimal level, the 
P associated with nucleic acids, lipids, small metabolites and inorganic fractions all 
decrease. In contrast to most other tissues, Pi concentrations in seed are low and 
phytate (IP

6
) is a dominant P fraction. In P-replete plants 50–90% of the total P in 

seeds occurs as phytate, but this value declines with decreasing P supply (Bieleski 
1973; Marschner 1995; Mengel and Kirkby 2001). Remarkably, it is estimated that 
the amount of P contained in seed phytate is as much as 50% of all phosphate ferti-
lizer applied annually on a global scale (Lott et al. 2000).

In addition, a small, but important, amount of P occurs in proteins. Phosphorylation 
and dephosphorylation of serine residues affects the activity of many enzymes 
(Raven 2008). Appropriate regulation of these enzymes is often critical for cellular 
homeostasis and, therefore, the P associated with this function is indispensable.

SYMPTOMS OF PHOSPHORUS IMBALANCE IN PLANTS

The symptoms of P deficiency in plants reflect the roles of P in plant cells. Phosphorus 
deficiency results in a diminutive or spindly habit, acute leaf angles, suppression of til-
lering, prolonged dormancy, early senescence and decreased size and number of flow-
ers and buds (Bould et al. 1983; Bergmann 1992; Marschner 1995; Mengel and Kirkby 
2001). Symptoms of P deficiency occur first in older leaves. The development of dark 
green or blue-green foliage is among the first symptoms of P deficiency. Red, purple 
or brown pigments develop in leaves, especially along veins. This is a consequence of 
anthocyanin production, which is induced by increased leaf sucrose concentrations 
(Müller et al. 2005; Teng et al. 2005; Amtmann et al. 2006; Solfanelli et al. 2006) and 
is thought to protect nucleic acids from UV damage and chloroplasts from photoin-
hibitory damage caused by P-limited photosynthesis (Hoch et al. 2001). Severe P 
deficiency results in chloroplast abnormalities, such as a reduction in the number of 
grana and their morphology (Bould et al. 1983). There is a gradual reduction in rates 
of cell division, cell expansion, photosynthesis and respiration, and changes in the 
abundance of C, N and S metabolites and concentrations of plant growth regulator 
substances during P starvation (Bould et al. 1983; Marschner 1995).

In agriculture, P-deficiencies of crops are usually treated by the addition of P-
fertilizers to the soil. This has the added advantage of increasing soil P reserves for 
future crops. Foliar sprays of ammonium or potassium phosphate can be used, but 
may cause damage to the leaves (Bould et al. 1983). A lack of phytoavailable Zn 
in the soil can also cause P toxicity in crops (Loneragan et al. 1982). In nature, P 
rarely accumulates to toxic concentrations in plant tissues, except occasionally in 
species adapted to soils with excessively low P availability (Shane et al. 2004). 
However, in the laboratory, when roots of P-deficient plants are transferred to solu-
tions containing high Pi concentrations, P may accumulate to toxic levels in shoots 
(e.g. Green et al. 1973; Clarkson and Scattergood 1982; Cogliatti and Clarkson 
1983). This is a consequence of an innate inability to rapidly downregulate the high 
Pi uptake capacity of roots of P-deficient plants.
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PHOSPHORUS AVAILABILITY TO PLANTS

Phosphorus is the 11th most abundant element in the earth’s crust, and its concen-
tration in soils generally lies between 100 and 3,000 mg P kg-1 soil, or 200–6,000 kg 
P ha-1 (Hedley et al. 1995; Mengel 1997).

In the soil, P is present as free Pi in the soil solution, labile Pi bound to soil parti-
cles, especially clays, as insoluble inorganic salts, such as calcium (Ca) phosphate 
in alkaline soils or aluminum (Al) and iron (Fe) phosphates in acidic soils, as com-
plex organic compounds in the soil organic material, which may constitute 30–60% 
of the P in the topsoil, and the P in living soil biomass, which comprise about 5% of 
soil P (Mengel 1997; Hinsinger 2001; Oberson and Joner 2005; Turner 2007; Kirkby 
and Johnston 2008). These P sources must be solubilized or degraded (mineralized) 
to release soluble Pi for plant nutrition. The rates by which P is interconverted 
between these P fractions varies widely (Barber 1995; Mengel 1997), and both the 
amounts of P in each fraction and the rates of their interconversion are influenced by 
vegetation, amounts and chemical constituents of any Pi-fertilizers applied, the total 
P concentration in soil, soil structure, organic matter content and mineralogy, soil pH 
(Pi availability is highest between pH 6.5 and 7.5), temperature, soil moisture, and 
the abundance and identity of the soil micro-organisms present.

Nevertheless, P availability frequently limits plant growth in both natural and agri-
cultural ecosystems (Epstein 1972; Chapin et al. 1986; Ågren 1988; Vance et al. 2003; 
Güsewell 2004). The simple reason for this is that both plant roots, and their associated 
mycorrhizal fungi, can only acquire P as orthophosphate (Schachtman et al. 1998; 
White 2003), which is present at extremely low concentrations (<10 µM) in the soil 
solution due to the low solubility products of inorganic P salts (Bieleski 1973; Barber 
1995; Hedley et al. 1995; Marschner 1995). As a consequence, the diffusion of Pi 
through the soil solution is slow, and plant roots with their associated mycorrhizal 
fungi must occupy the soil volume at high density to acquire Pi at a sufficient rate for 
maximal growth (Bieleski 1973; Barber 1995; Marschner 1995). In addition, plant 
available Pi in the rhizosphere soil solution is rapidly depleted, and the replenishment 
of Pi in the rhizosphere soil solution from soil P sources is slow (Bieleski 1973; Barber 
1995). For these reasons, conventional agriculture applies Pi-fertilizers to increase Pi 
concentrations in the rhizosphere to maximize crop P uptake and growth. Unfortunately, 
the reserves of commercially exploitable Pi rock are currently estimated to last less 
than 150 years (Mengel 1997; Steen 1998; Vance et al. 2003; Cohen 2007), so alterna-
tive strategies for P-fertilisation of crops may be required in the future.

PLANT STRATEGIES TO INCREASE THE ACQUISITION OF P

A variety of strategies are employed by plants to mobilize and acquire Pi from 
the soil (Vance et al. 2003; Hammond et al. 2004; Ticconi and Abel 2004; 
Raghothama and Karthikeyan 2005; Rengel and Marschner 2005; White et al. 2005a; 



58 P.J. White, J.P. Hammond

Lambers et al. 2006; Jain et al. 2007b). In general, these utilize the excess carbon 
assimilated when plant growth is limited by factors other than photosynthesis 
(Mengel and Kirkby 2001; Morgan et al. 2005; Hermans et al. 2006; Hammond 
and White 2008a). In response to P deficiency: (1) Plant roots acidify the rhizo-
sphere and secrete low-molecular-weight organic anions and phosphatase 
enzymes into the soil to mobilize Pi from inorganic and organic P sources. (2) 
Plants invest a greater proportion of their biomass in their root system. (3) The 
morphology of the root system is altered, not only to explore the soil volume 
more effectively but also to exploit any localized patches of high Pi availability. 
(4) There is a general increase in the capacity of plant roots to take up Pi, accelerating 
the rate of Pi uptake from the soil solution. (5) Most plants foster symbiotic 
relationships with mycorrhizal fungi to increase their ability to explore the soil 
volume and mobilize P from remote inorganic and organic sources. None of 
these strategies are  mutually exclusive and plants often employ several simulta-
neously to avert P-deficiency.

Rhizosphere modification

Roots of P-deficient plants often release protons (H+) to acidify the rhizosphere 
(Marschner 1995; Hinsinger 2001). In addition, they secrete low-molecular-mass 
organic anions, such as carboxylates and piscidic acid (Jones 1998; López-Bucio 
et al. 2000b; Hocking 2001; Ryan et al. 2001; Dakora and Phillips 2002; Jones et al. 
2003; Delhaize et al. 2007). However, the effectiveness of these compounds in 
releasing Pi from soil minerals differs greatly (generally citrate > oxalate > malate 
= tartrate > acetate > succinate = lactate, but this order is dependent upon soil type; 
Jones 1998; Hinsinger 2001; Jones et al. 2003) and plant species differ in both the 
identity and quantity of the low molecular-mass organic acids they exude from their 
roots (e.g. Van ura and Hovadík 1965; Ohwaki and Hirata 1992; Dinkelaker et al. 
1995; Jones 1998; Neumann and Römheld 1999; López-Bucio et al. 2000b; 
Hinsinger 2001; Dakora and Phillips 2002; Dechassa and Schenk 2004; Jain et al. 
2007b), which may be related to their phylogeny, ecology and/or their ability to 
form mycorrhizal associations. Differences between genotypes of particular species 
in their ability to exude organic acids and to access different forms of mineral P 
have also been reported (Subbarao et al. 1997; Narang et al. 2000; Gaume et al. 
2001; Ishikawa et al. 2002; Liao et al. 2006; Pearse et al. 2007, 2008). Although 
organic anions released by roots are rapidly decomposed in the soil (Jones 1998; 
Jones et al. 2003), plant roots secrete these compounds in locations where the abun-
dance of microorganisms is low, such as the root apex or within clusters of lateral 
roots (Dinkelaker et al. 1995; Jones 1998; Gaume et al. 2001; Vance et al. 2003; 
Thornton et al. 2004; Lambers et al. 2006; Liao et al. 2006; Paterson et al. 2006). 
It is commonly observed that the release of carbon compounds increases microbial 
biomass and activity in the rhizosphere, but its consequences for microbial com-
munity structure and function are less well understood (Morgan et al. 2005). 
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Changes in microbial abundance and/or community structure can either promote or 
reduce Pi availability to plants, both directly and indirectly (Jones 1998; Barea 
et al. 2005; Morgan et al. 2005; Rengel and Marschner 2005; Marschner 2008).

Plant roots also secrete enzymes into the rhizosphere to release Pi from organic 
P compounds in the soil. These enzymes include acid phosphatases and phytases 
that hydrolyze organic phosphomonoesters, which are the dominant form of organic 
P in the soil, and apyrases and RNases that hydrolyze phosphodiesters (Thomas 
et al. 1999; Haran et al. 2000; Miller et al. 2001; Coello 2002; Wasaki et al. 2003; 
Tomscha et al. 2004; Zimmermann et al. 2004; Jain et al. 2007b). Although there 
is significant genotypic variation in the phosphatase activities secreted by roots 
both between and within plant species (Tadano and Sasaki 1991; Asmar et al. 1995; 
Li et al. 1997; Liu et al. 2001; Gaume et al. 2001), these are not always correlated 
with their ability to acquire P or grow in many soils (George et al. 2008). This may 
reflect the complementarity of the many compensatory mechanisms plants employ 
to acclimate to low P availability. It is noteworthy that rhizosphere microorganisms 
also release phosphomonoesterases and phosphodiesterases that contribute to P 
cycling in the soil and/or induce the release of these enzymes by plants (George and 
Richardson 2008; Marschner 2008).

Altered biomass allocation and root system modification

In response to P deficiency plants allocate more of their biomass to the root sys-
tem, thereby increasing root growth rates and the volume of soil the root system 
can explore (Vance et al. 2003; Hutchings and John 2004; White et al. 2005a; 
Hermans et al. 2006; Hammond and White 2008a). To exploit the local effects of 
secreting organic anions and enzymes into the rhizosphere, plants increase their 
root length density in regions of higher P availability. In response to P deficiency, 
plants preferentially produce roots in the topsoil, since P is often concentrated 
close to the soil surface (Barber 1995; Lynch and Brown 2001; Rubio et al. 2003; 
Liao et al. 2004; Ho et al. 2005; Zhu et al. 2005), proliferate lateral roots in P-rich 
patches (Drew 1975; Robinson 1994; Hodge 2004; Hutchings and John 2004) and 
increase the length and density of root hairs to enlarge the effective surface area of 
the root system, thereby increasing the volume of soil explored for minimal bio-
mass investment (Jungk 2001; Zhang et al. 2003). All these acclimatory responses 
increase P acquisition and plant growth, and there is considerable genetic variation 
both between and within plant species in these traits (e.g. O’Toole and Bland 
1987; Sattelmacher et al. 1990; Klepper 1992; Oyanagi 1994; Barber 1995; 
Bonser et al. 1996; Manske et al. 2000; Lynch and Brown 2001; Stalham and 
Allen 2001; López-Bucio et al. 2002; Chevalier et al. 2003; Rubio et al. 2003; 
Gahoonia and Nielsen 2004a,b; Liao et al. 2004; Yan et al. 2004; Zhu and Lynch 
2004; Ho et al. 2005; Malamy 2005; White et al. 2005a,b; Wissuwa 2005; Zhu 
et al. 2005, 2006; Reymond et al. 2006).
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Increased Pi uptake capacity

The Pi uptake capacity of plant root cells is also increased in P deficient plants 
(Epstein 1972; Lee et al. 1990; Schachtman et al. 1998; Smith FW et al. 2003; 
Raghothama and Karthikeyan 2005; Bucher 2007; Jain et al. 2007b) even in 
the mature, suberised parts of the root (Clarkson et al. 1978; Rubio et al. 
2004), but this is not considered to be a major factor affecting P acquisition 
efficiency (Barber 1995; Horst et al. 2001; White et al. 2005a; Lambers et al. 
2006). Differences in root:shoot biomass ratio, root growth rate, root hair pro-
duction and root system morphology generally account for most variation in P 
acquisition efficiency between and within plant species (Ozanne et al. 1969; 
Fageria et al. 1988; Föhse et al. 1988, 1991; Baligar et al. 2001; Lynch and 
Brown 2001; Dechassa et al. 2003; Wissuwa 2003; Zhu and Lynch 2004; 
White et al. 2005a; Zhu et al. 2005), although the exudation of organic acids 
contributes to the exceptionally high P acquisition efficiency of some crops, 
such as brassica (Hoffland 1992; Dechassa et al. 2003) and white lupin 
(López-Bucio et al. 2000b).

Improved symbiotic associations

To increase their exploration of the soil, most land plants form associations with 
mycorrhizal fungi (Harrison 1999; Karandashov and Bucher 2005; Bucher 2007; 
Smith and Read 2007). This association can benefit both partners, with the fungi 
receiving C from the plants and the plants receiving P and other mineral ele-
ments from the fungi. It is estimated that between 4% and 20% of net photosyn-
thate is transferred from plants to their fungal partners (Johnson et al. 1997; 
Morgan et al. 2005). In return, the fungal partner acquires the mineral elements 
for the symbiosis. The fungal hyphae enlarge the volume of soil explored, 
increase the surface area for Pi uptake, extend into soil pores too small for roots 
to enter and, in some cases, hydrolyze organic P compounds that plants cannot 
(Bieleski 1973; Harrison 1999; Karandashov and Bucher 2005; Morgan et al. 
2005; Bucher 2007). Consequently, roots of mycorrhizal plants can acquire 
between three to five times more Pi than those of non-mycorrhizal plants when 
grown in low P soils (Bieleski 1973; Marschner 1995; Johnson et al. 1997; 
Smith SE et al. 2003; Smith and Read 2007). By contrast, when Pi is readily 
available to plants, the C costs of mycorrhizal associations are not compensated 
for by improved P nutrition and a reduced mycorrhizal colonization of roots is 
often observed (Johnson et al. 1997; Graham 2000; Morgan et al. 2005). It is, 
perhaps, also noteworthy that nodulation and nodule growth in legumes are 
increased as plant P status improves, and this beneficial symbiosis stimulates 
plant growth enormously (Marschner 1995; Vádez et al. 1999; Schulze et al. 
2006; Raven 2008).
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CO-ORDINATING PLANT RESPONSES TO VARIATIONS 
IN P SUPPLY

Plants respond both to tissue P status, enabling the efficient use of C, N, S and P 
resources within the plant, and to local variations in soil Pi availability, enabling the 
proliferation of roots in Pi rich patches (Figure 4.3; White et al. 2005a; Amtmann 
et al. 2006; Hammond and White 2008a). Many of the responses of plants to P 
starvation appear to be initiated, or modulated, by a decrease in the delivery of Pi 
to the shoot (Figure 4.3[1]; Jeschke et al. 1997; Mimura 1999) and the consequent 
reduction in the Pi available for shoot metabolism. This often results in an immedi-
ate reduction in shoot growth rate before root growth is affected (Clarkson and 
Scattergood 1982; Cogliatti and Clarkson 1983). A reduction in [Pi]

cyt
 impacts 

directly on photosynthesis, glycolysis and respiration (Plaxton and Carswell 1999; 
Hammond et al. 2004; Hammond and White 2008a), and changes in carbohydrate 
metabolism are reinforced by transcriptional reprogramming (Hammond et al. 2003, 
2005; Wu et al. 2003; Misson et al. 2005; Hermans et al. 2006; Wasaki et al. 2006; 
Morcuende et al. 2007; Müller et al. 2007). This results in organic acids, starch and 
sucrose accumulating in leaves of P starved plants (Figure 4.3[2]; Rao 
et al. 1990; Cakmak et al. 1994; Ciereszko and Barbachowska 2000; Müller et al. 2004, 
2005, 2007; Wissuwa et al. 2005; Hermans et al. 2006; Morcuende et al. 2007). 
Metabolism is rerouted by employing reactions that do not require Pi or adenylates 

Fig. 4.3 Hypothetical signaling cascades initiating acclimatory responses to P starvation. (Based 
on reviews by White et al. 2005a; Amtmann et al. 2006; and Hammond and White 2008a.)
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(Plaxton and Carswell 1999; Vance et al. 2003; Hammond et al. 2004; Hammond 
and White 2008a) and, under severe P-deficiency, intracellular phosphatases and 
nucleases are induced that remobilize P from cellular metabolites and nucleic acids 
(Bariola et al. 1994; Berger et al. 1995; Bosse and Köck 1998; Brinch-Pedersen et 
al. 2002; Petters et al. 2002; Hammond et al. 2003; Wasaki et al. 2006; Morcuende 
et al. 2007; Müller et al. 2005, 2007). A general decrease in tissue RNA concentra-
tion is also observed (Hewitt et al. 2005). Increased leaf sucrose concentrations 
lead indirectly to (i) a reduction of photosynthesis through the downregulation of 
many photosystem subunits and small subunits of RuBisCo (Paul and Pellny 2003; 
Lloyd and Zakhleniuk 2004; Amtmann et al. 2006; Hermans et al. 2006; Rook et 
al. 2006), (ii) an increase in leaf sulfolipid and galactolipid concentrations through 
the upregulation of genes involved in their biosynthesis (Essigmann et al. 1998; 
Dörmann and Benning 2002; Yu et al. 2002; Andersson et al. 2003, 2005; 
Hammond et al. 2003; Frentzen 2004; Benning and Ohta 2005; Franco-Zorrilla et 
al. 2005; Misson et al. 2005; Cruz-Ramírez et al. 2006; Kobayashi et al. 2006; Li et 
al. 2006), and (iii) the production of anthocyanins through a transcriptional cascade 
involving the transcription factors TTG1-TT8/EGL3-PAP1/PAP2 (Figure 4.3[3]; 
Lloyd and Zakhleniuk 2004; Teng et al. 2005; Amtmann et al. 2006; Solfanelli et 
al. 2006). An increased leaf sucrose concentration also results in the upregulation 
of transporters delivering organic acids and sucrose to the phloem, which facilitates 
the movement of these compounds to the root (Figure 4.3[4]; Gaume et al. 2001; 
Hermans et al. 2006).

The preferential allocation of C to the root system, and the resulting increased 
root:shoot biomass ratio, appears to be a direct consequence of altered shoot 
metabolism and is mediated by increased translocation of sucrose to the root 
(Figure 4.3[5]; Hermans et al. 2006; Hammond and White 2008a). In addition, the 
sucrose delivered to the root acts as a systemic signal (indicating low shoot P status) 
that can initiate changes in gene expression to alter root biochemistry and remodel 
root morphology (Liu et al. 2005; Amtmann et al. 2006; Hermans et al. 2006; 
Hernández et al. 2007; Karthikeyan et al. 2007; Tesfaye et al. 2007; Hammond and 
White 2008a). Increased root sucrose concentrations appear to upregulate genes 
encoding riboregulators, Pi transporters, RNases, phosphatases and metabolic 
enzymes in combination with the PHR1 transcriptional cascade (Figure 4.3[6]), 
whilst its effects on lateral rooting occur through modulation of auxin transport 
(Figure 4.3[7]) and those on root hair development are contingent upon changes in 
auxin transport and the local production of ethylene (Figure 4.3[8]).

The PHR1 protein is a MYB transcription factor that binds to an imperfect-palindromic 
sequence (P1BS; GNATATNC) present in the promoter regions of many genes 
whose expression responds to P starvation (PSR genes). These include genes encoding 
transcription factors, protein kinases, Pi transporters, RNases, phosphatases, metabolic 
enzymes and enzymes involved in the synthesis of sulfolipids and galactolipids 
(Figure 4.3; Rubio et al. 2001; Hammond et al. 2004; Franco-Zorrilla et al. 2004; 
Schünmann et al. 2004; Misson et al. 2005; Jain et al. 2007b). The expression of 
PHR1 appears to be constitutive, but the PHR1 protein is targeted by a small ubiquitin-like 
modifier (SUMO) E3 ligase (SIZ1), whose expression is increased by P starvation 
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(Miura et al. 2005). Since the Arabidopsis siz1 mutant constitutively exhibits 
 phenotypic characteristics of P-deficient plants, it is hypothesized that SIZ1 acts as 
a repressor of plant responses to P starvation (Miura et al. 2005). One target of the 
PHR1 protein appears to be the microRNA family, miR399 (Bari et al. 2006; Chiou 
2007). The expression of miR399 is specifically and rapidly up-regulated by P star-
vation (Fujii et al. 2005; Bari et al. 2006; Chiou et al. 2006). The target gene for 
miR399 is an ubiquitin E2 conjugating enzyme, also identified as the gene responsi-
ble for the pho2 mutant phenotype (AtUBC24; At2g33770; Sunkar and Zhu 2004; 
Fujii et al. 2005; Aung et al. 2006; Bari et al. 2006; Chiou et al. 2006) and the 
expression of AtUBC24 is downregulated during P starvation (Fujii et al. 2005; Bari 
et al. 2006; Chiou et al. 2006). It is thought that AtUBC24 is a negative regulator of 
the expression of a subset of P starvation responsive genes, possibly through other 
intermediary transcription factors (Chiou 2007). Interestingly, there is some 
sequence similarity between miR399 and the TPSI1/Mt4/At4 family of non-coding 
transcripts, which allows them to bind to miR399 (Shin et al. 2006; Chiou 2007; 
Franco-Zorrilla et al. 2007). The expression of the TPSI1/Mt4/At4 family is induced 
rapidly and specifically in response to P starvation (Liu et al. 1997; Burleigh and 
Harrison 1999; Martín et al. 2000; Hou et al. 2005; Shin et al. 2006), and these non-
coding transcripts sequester miR399 and serve to attenuate the miR399- mediated 
transcriptional responses to P starvation (Franco-Zorrilla et al. 2007). The recent 
characterization of the At4 T-DNA knockout mutant suggests that it has a role in the 
internal redistribution of P from the shoots to the roots (Shin et al. 2006). It has a 
similar phenotype to the pho2 mutant, which accumulates more P in leaves than 
wildtype plants (Delhaize and Randall 1995).

Recently, it has become apparent that most alterations in root morphology in 
response to P starvation arise from the interplay of local and systemic signals. 
Changes in the concentration, transport and/or sensitivity to auxin, ethylene, cyto-
kinin and sucrose have all been implicated in the remodeling of root morphology 
in P-deficient plants (Martín et al. 2000; Forde and Lorenzo 2001; López-Bucio 
et al. 2002, 2003, 2005; Al-Ghazi et al. 2003; Casimiro et al. 2003; Casson and 
Lindsey 2003; Ma et al. 2003; Vance et al. 2003; Hammond et al. 2004; Ticconi 
and Abel 2004; Franco-Zorrilla et al. 2005; Malamy 2005; Nacry et al. 2005; White 
et al. 2005a; Amtmann et al. 2006; Jain et al. 2007a; Karthikeyan et al. 2007; 
Hammond and White 2008a), and the observed changes in concentrations of plant 
growth regulators are consistent with changes in the expression of genes known to 
be regulated by, or involved in the regulation of, auxin, ethylene, cytokinin and 
sucrose in roots of P-deficient plants (Al-Ghazi et al. 2003; Casson and Lindsey 
2003; Uhde-Stone et al. 2003; Wu et al. 2003; Misson et al. 2005; Hermans et al. 
2006; Hernández et al. 2007).

Contact of the root cap of P-starved plants with media lacking Pi appears to be 
necessary and sufficient to reduce meristematic activity in primary roots and slow 
their growth, in a response mediated by multicopper oxidases (Ticconi et al. 2004; 
López-Bucio et al. 2005; Sánchez-Calderón et al. 2005, 2006; Svistoonoff et al. 
2007; Jain et al. 2007a). The proliferation of lateral roots of P starved plants in 
regions of increased Pi availability is also contingent upon growth of the primary 
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root apex through these regions (Drew 1975; Robinson 1994; López-Bucio et al. 
2003) but appears to be initiated by changes in auxin transport (López-Bucio et al. 
2002, 2003, 2005; Al-Ghazi et al. 2003; Casimiro et al. 2003; Casson and Lindsey 
2003; Malamy 2005; Nacry et al. 2005; Jain et al. 2007a), with greater sucrose 
availability increasing the responsiveness to auxin (Nacry et al. 2005; Jain et al. 
2007a). It is also promoted by the reduction in cytokinin concentrations in roots of 
P-deficient plants (Martín et al. 2000; López-Bucio et al. 2002; Franco-Zorrilla 
et al. 2002), but the changes in cytokinin signaling during P starvation appear to 
be a secondary consequence of crosstalk between sugar and local P-signaling cas-
cades (Franco-Zorrilla et al. 2005). This phenomenon is comparable to the prolif-
eration of specialized cluster roots in regions of local Pi enrichment observed in 
diverse non-mycorrhizal plant species when they lack sufficient P (Dinkelaker 
et al. 1995; Shane et al. 2003; Shen et al. 2005; Lamont 2003; Lambers et al. 
2006). The  initiation and elongation of root hairs, once thought to be root cell 
autonomous, and regulated solely through local interactions between increasing 
auxin and ethylene concentrations (Bates and Lynch 1996; Jungk 2001; Casson 
and Lindsey 2003; Ma et al. 2003; Ticconi and Abel 2004; Zhang et al. 2003; He 
et al. 2005; Amtmann et al. 2006), now also appears to be modulated by plant P 
status through sucrose  supply to the roots, since the roots of P starved plants have 
more and longer root hairs when supplied with sucrose (Jain et al. 2007a). Finally, 
the topsoil-foraging phenotype of P-deficient plants appears to be modulated pri-
marily by the sensitivity of root gravitropism to ethylene, which increases with P 
starvation (Basu et al. 2007)

THE INFLUENCE OF P NUTRITION ON THE ECOLOGY 
OF TERRESTRIAL PLANTS

The most limiting, or most toxic, mineral element in an environment is likely to 
determine its ecology. In terrestrial ecosystems, recent anthropogenic inputs have 
raised N availability and most environments are now limited by the availability of 
P (Chapin et al. 1986; Güsewell 2004; Wassen et al. 2005). Thus, P availability will 
determine both primary production and species diversity of these ecosystems. In 
wild plants, as in agricultural plants, competitive advantage is gained by effective 
P acquisition and efficient utilization of P for growth and reproduction, and wild 
plants show the full range of responses to low P availability described in the previ-
ous sections. One proxy for the competitive ability of a species growing on P-limited 
soils is a high tissue N:P ratio, although slow growing species, perennials and 
legumes can provide exceptions (Güsewell 2004; Niklas 2008). The remobilization 
of P from senescing to developing leaves (Aerts 1996; Aerts and Chapin 2000; 
McGroddy et al. 2004; Güsewell 2005), and the storage of P between growth 
seasons (Güsewell et al. 2003; Güsewell 2004), are important factors for the P 
economy of wild plants, as is the ability to maintain the P-demands of symbiotic 
N-fixation in N-limited environments (Raven 2008). Supplying reproductive tissues 
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with P is essential. Seeds have higher N and P concentrations and lower N:P ratios 
than vegetative tissues, and wild plants typically allocate between 15% and 60% of 
their P to reproduction depending upon P availability in their environment (Fenner 
1986; Güsewell 2004). Tissue N:P ratio also determines the vulnerability of plants 
to herbivores, decomposers and pathogens.

In soils with extremely low P availability, such as those of Western Australia and 
South Africa, plants must be capable of acquiring P from less abundant and less 
readily-available P sources. This often requires special adaptations, and the flora of 
these regions is dominated by non-mycorrhizal plants that utilize tissue P efficiently 
and produce lateral or cluster roots that secrete citrate in local patches of P-rich soil 
(Dinkelaker et al. 1995; Lamont 2003; Lambers et al. 2006). Such plants include 
Lupinus and Kennedia (Fabales), Cyperaceae and Juncaceae (Poales), and 
Proteaceae (Proteales). Similarly, species that can solubilize P effectively in clayey, 
acid or alkaline soils often dominate the vegetation of these areas. Thus, it is note-
worthy that calcicole and calcifuge plants differ in their efflux of organic acids 
(Ström 1997; Jones 1998). The ability to form mycorrhizal associations does not 
appear to be a specific adaptation to low P availability, since it was an obligate 
requirement for plants to colonize the land and most plant species maintain these 
associations (Karandashov and Bucher 2005; Smith and Read 2007). However, the 
costs and benefits to plants of this symbiosis depend critically on P availability and 
plant P requirements, and it may be disadvantageous under some circumstances 
(Johnson et al. 1997; Graham 2000; Morgan et al. 2005). In less extreme environ-
ments, slower-growing stress-tolerant species with low tissue P requirements and 
high N:P ratios often dominate when P is limiting (Thompson et al. 1997; Grime 
et al. 1997; Aerts and Chapin 2000; Grime 2001; Güsewell 2004). Since grami-
noids generally have lower tissue P concentrations and higher tissue N:P ratios than 
forbs, mixed pastures on soils with a low P availability are generally dominated by 
grasses that can also acquire Pi effectively (Güsewell 2004). It is thought that the 
diversity of plant species is highest in P-limited soils since P is relatively immobile 
in the soil and different plants show contrasting foraging strategies and/or acquire 
P from different sources, thereby minimizing competition (Janssens et al. 1998; 
Güsewell 2004; McCrea et al. 2004; Güsewell et al. 2005). In fact, a recent survey 
of temperate Eurasia suggests that P-limitation favors the persistence of endangered 
plant species (Wassen et al. 2005). However, this is not always observed. For example, 
shifts in the dominance of clonal graminoids can reduce the diversity of plant species 
on soils with low P availability through exclusion (Güsewell 2004).

Species composition changes rapidly after mineral fertilization and the long-
term effects of a single fertilization event can persist for many decades, through its 
combined effects on plant and microbial community structures (Güsewell 2004). In 
the first year, the effects of fertilisation are often determined by the responses of 
species that dominated the original plant community that grow rapidly or are better 
able to exploit the timing or method of fertilisation. In subsequent years, subordi-
nate or new species with different nutrient requirements may increase in abundance 
and reach dominance. Intriguingly, a heterogeneous distribution of mineral availa-
bility can increase the total biomass of plant communities more than a homogeneous 
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supply (Hutchings and John 2004). It is expected that P-fertilisation will promote 
the growth of faster-growing plants with higher P requirements for growth and 
lower tissue N:P ratios (e.g. Bradshaw et al. 1960; Mamolos et al. 1995; Thompson 
et al. 1997; Elser et al. 2000b; Güsewell et al. 2003). These are primarily ruderal 
plant species, which are often annual species or short-lived perennials with high 
reproductive allocation and, consequently, greater P requirements, but also include 
competitive plant species (Thompson et al. 1997; Güsewell 2004; Han et al. 2005). 
An increase in the abundance of forbs and bryophytes, relative to grasses, is often 
observed following P fertilization (Güsewell 2004). In addition, since P-fertilisation 
promotes the growth of legumes and nitrogenase activity in their nodules (Smith 
1992; Stöcklin et al. 1998), P-fertilisation of a N-limited environment can alter 
plant communities dramatically by increasing N availability.

PHOSPHORUS MANAGEMENT FOR SUSTAINABLE 
AGRICULTURE

Given that P limits agricultural productivity, and that Pi fertilizers are a finite 
resource, agronomists and plant breeders must work together to reduce the Pi-fertilizer 
inputs to agriculture without compromising yield or quality. This might be effected 
by improved agronomic strategies, greater use of alternative P-fertilizers, such as 
manures, animal wastes and recovered phosphates (Raven 2008), and through the 
development of crop genotypes that are more efficient in acquiring P from the soil 
and/or in utilizing P more economically in their tissues (Gahoonia and Nielsen 
2004a; White et al. 2005a; Lambers et al. 2006).

In many developed countries, generous applications of P fertilizers in the past 
have led to an increase in soil P reserves, especially in arable areas, and many crops 
now show little response to P-fertilizer applications (Mengel and Kirkby 2001; 
Kirkby and Johnston 2008). In these circumstances, recommended fertilizer appli-
cations are often based on replacing P losses to the environment plus the P offtake 
by crops (e.g. Defra 2000). To reduce P fertilizer inputs to these crops, management 
practices should optimize the timing, placement and formulation of P-fertilizers to 
reduce P losses to the environment. This can be assisted by the use of decision sup-
port systems (Mengel 1997; Heathwaite et al. 2003; Fixen 2005; Zhang et al. 2007; 
Hammond and White 2008b), modern fertilizer placement techniques (Bryson 
2005; Gregory and George 2005; White et al. 2005b) and the use of slow release 
fertilizers (Perrott and Kear 2000). These techniques can be complemented by 
growing crops that acquire P effectively from agricultural soils. For example, since 
P becomes concentrated in the surface/ploughed layers of agricultural soils, crop 
genotypes with a topsoil foraging phenotype would maximize P acquisition, but 
could make them susceptible to other edaphic or climatic stresses, such as drought. 
To reduce the P off-take by crops, the plant P requirements for optimal yields must 
be minimized. In regions where low soil P availability compromises crop produc-
tion, which apparently exceed 5.7 billion hectares of potential agricultural land 
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worldwide, improved agronomic practice and plant breeding should aim to increase 
P availability and acquisition. Liming can improve P availability in Pi-fixing soils 
with low pH (Mengel and Kirkby 2001). In some situations, the incorporation of 
soil organic matter into soils will improve the use of soil and fertilizer P, since 
organic compounds compete with Pi for binding sites on clays (Mengel 1997; Horst 
et al. 2001). Crop traits that improve P availability and acquisition include the 
development of an extensive root system, the release of organic acids and enzymes 
into the rhizosphere and the cultivation of beneficial associations with soil micro-
organisms. Again, a reduced plant P requirement for optimal yields may be 
beneficial.

The P-use efficiency (PUE) of plants has been defined in many ways (Gourley 
et al. 1994; Baligar et al. 2001; Greenwood et al. 2005; Gregory and George 2005; 
White et al. 2005a). The following four definitions are used most often: (1) the 
increase in yield per unit P in the soil, which is often referred to as agronomic P 
efficiency (APE), (2) the amount of P in a plant divided by its root biomass, which 
is referred to as P acquisition efficiency (PAE), (3) the amount of P in a plant 
divided by the amount of P in the soil, which is referred to as P uptake efficiency 
(PUpE), and (4) crop yield divided by amount of P in the plant, which is referred 
to as tissue, or physiological, P utilization efficiency (PUtE). It will be apparent that 
APE is the product of PUpE and PUtE. For this reason, genetic strategies to 
increase the yield of crops on low P soils have focused on improving P acquisition 
by roots and tissue P utilization efficiency.

Earlier in this chapter, it was observed that greater root:shoot biomass ratios, 
root growth rates and root hair production, together with the proliferation of lateral 
roots in regions of local P availability and the exudation of organic acids and 
enzymes into the rhizosphere are the traits required for effective P mobilization and 
acquisition by plants. There is considerable genetic variation in all these traits in 
most crops, which might be selected through conventional breeding programs. In 
addition, it has been suggested that knowledge of the mechanisms whereby plants 
sense and respond to P availability in soils could facilitate selection, breeding and 
GM approaches to improve crop production on soils with low P availability (Vance 
et al. 2003; Hammond et al. 2004; White et al. 2005a; Jain et al. 2007b). The tran-
scriptional cascades controlling appropriate facets of root morphology and/or the 
release of organic acids and enzymes into the rhizosphere could be targeted. 
Transgenic plants secreting more and/or different organic acids and hydrolytic 
enzymes into the rhizosphere have been engineered (Koyama et al. 2000; López-
Bucio et al. 2000a,b; Richardson et al. 2001; Mudge et al. 2003; Zimmermann
et al. 2003; George et al. 2004, 2005a,b; Xiao et al. 2005, 2006; George and 
Richardson 2008). However, although these genetic manipulations have shown 
promising results, they have not always been successful in promoting plant growth 
in natural soils (Delhaize et al. 2001; George et al. 2004, 2005a,b; George and 
Richardson 2008).

There is considerable variation both between and within crop species in the critical 
tissue P concentration required for maximum growth (Fageria et al. 1988; Fageria 
and Baligar 1997, 1999; Baligar et al. 2001; Osborne and Rengel 2002; Bentsink 
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et al. 2003; Trehan and Sharma 2003; Zhu and Lynch 2004; Ozturk et al. 2005; 
White et al. 2005a,b). However, differences in the response of yield to P fertilisa-
tion do not appear to be correlated with PUtE (Greenwood et al. 1980; Alt 1987; 
Föhse et al. 1988; Fageria and Baligar 1999; Ozturk et al. 2005). Thus, selection 
for greater PUtE does not appear to be an effective strategy for developing crops 
that yield well on soils with low P availability. However, genotypes of crops that 
yield well and have lower tissue P concentrations can be used to reduce P-fertilizer 
inputs to soils on that require only maintenance P fertilisation.
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Chapter 5
ROOT STRATEGIES FOR PHOSPHORUS 
ACQUISITION

Jonathan P. Lynch and Kathleen M. Brown

LOW SOIL P AVAILABILITY IS A PRIMARY CONSTRAINT 
TO PLANT PRODUCTIVITY

Soil infertility is a primary constraint to plant productivity over the majority of 
the earth’s land surface. Nitrogen is often limiting in young soils of the temper-
ate zone, while phosphorus (P) is a primary limitation in most forests, weath-
ered soils and the humid tropics, which support the majority of terrestrial plant 
biomass (Walker 1965; Lynch and Deikman 1998; Figure 5.1). Low soil P avail-
ability is caused by several factors, including the reactivity of orthophosphate 
(Pi) with common soil constituents such as Fe and Al oxides, resulting in com-
pounds of limited bioavailability, especially as soil weathering progresses, and 
the open-ended P cycle that tends towards depletion. Human activity in many 
managed ecosystems has reduced P bioavailability further through topsoil ero-
sion, acidification, and nutrient mining, especially in developing countries 
(Hartemink 2003). Approximately 50% of the agricultural soils in the world 
have been degraded significantly by human activity, including 75% of the agri-
cultural soils of Africa (Oldeman et al. 1991; Wood et al. 2000). Replenishment 
of soil P reserves through fertilization is common in developed countries, but 
the economic sustainability of this practice is in question, as economically 
recoverable P reserves are estimated to be 50% depleted by the middle of this 
century (Steen 1998; Abelson 1999). In many developing countries, especially 
in Africa, fertilizer use is negligible (World Bank 2004), and the productivity 
of many of these agroecosystems is P-limited. The development of crops and 
cropping systems with greater productivity on soils of low P bioavailability 
would substantially improve global food security (Lynch 2007). The response 
of terrestrial ecosystems to global climate change will depend on interactions 
of climate change variables with edaphic limitations to plant productivity, 
including P (Lynch and St. Clair 2004). The adaptation of plants to low P avail-
ability is therefore of considerable interest in both basic and applied plant 
biology.
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PHOSPHORUS IS AN IMMOBILE SOIL NUTRIENT

The large majority of P taken up by plant roots is in the form of orthophosphate 
(Pi; Smith et al. 2003). Because of its reactivity with many chemical and bio-
logical components of the soil, only a small part of the total P content of the soil 
occurs as Pi (Comerford 1998), and movement of Pi in the soil solution is slow. 
Transport of Pi through mass flow of water to the root surface is negligible, and 
diffusion of Pi in soils is typically in the order of fractions of a millimeter per 
day (Barber 1962, 1995). Phosphorus uptake creates ‘depletion zones’ around 
the root with little bioavailable P, that will only slowly recharge through diffu-
sion and mineralization (Hinsinger et al. 2005). This makes P the most immo-
bile, and often the least bioavailable, of the macronutrients. The immobility of 
P in soil typically results in large spatial variation in P bioavailability. Mature 
soils display large vertical gradients in P content and bioavailability, caused by 
continual deposition of P on the soil surface in shoot residues, and greater 
organic matter content, biological activity, and P turnover in the topsoil (Lynch 
and Brown 2001). Spatial variation in P bioavailability may also be created by 
soil fauna, especially ants and termites. A fundamental challenge in plant acqui-
sition of P is the need to explore a heterogeneous substrate and the need to place 
roots or root symbionts within millimeters of fresh P sources that have not 
already been depleted.

Fig. 5.1 Map of soil phosphorus availability. (Jaramillo and Lynch, unpublished, 2008.)
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ROOT TRAITS ARE KEY ADAPTATIONS TO LOW P 
AVAILABILITY

We focus here on root strategies for P-acquisition. By ‘strategy’ we mean traits or 
sets of traits that have adaptive value in acquiring P. By ‘trait’ we mean a ‘phene’ 
as a distinct element of an organism’s phenotype. Just as a genotype is comprised 
of many distinct genes, a phenotype is comprised of many distinct phenes. Phenes 
are generally more abstract and indistinct than genes, and have received less 
research attention, but phenes rather than genes determine fitness. Phenes rather 
than genes are subject to selection in plant domestication, and even today, are the 
basis of the vast majority of crop breeding. As an example of a phene that is impor-
tant for P-acquisition, root hair length is a phene controlled by multiple genes. 
Intraspecific variation for root hair length is an important determinant of P-acquisi-
tion (see below). The adaptive value of phenes may be affected by interactions with 
other phenes. In the case of root hairs, root hair length has strong synergism with 
root hair density (i.e. number of root hairs per unit root epidermal surface area) for 
P acquisition (Ma et al. 2001b). This type of synergism is useful to consider in the 
context of an ‘integrated phenotype’, i.e. a set of phenes whose interactions deter-
mine fitness in a particular environment. We consider a phene or integrated pheno-
type that enhances P-acquisition a ‘strategy’. The identification of adaptive 
strategies, and an understanding of the physiological and ecological tradeoffs 
 associated with them, are essential in understanding plant adaptation to P-limited 
ecosystems. This is especially important for breeding more P-efficient crops, an 
enterprise of great importance for global food security (Lynch 2007).

Given the low bioavailability and mobility of P in most soils, the ability of root 
systems to explore effectively the soil and exploit the rhizosphere, at minimal meta-
bolic cost, is essential to plant fitness. Roots display a variety of adaptations to low 
P availability (Lynch and Brown 2006), including mycorrhizal symbioses (Smith 
and Read 1997), root hair elongation and proliferation (Bates and Lynch 1996; Ma 
et al. 2001a,b), rhizosphere modification through secretion of organic acids (Jones 
1998; Ryan et al. 2001), protons (Hinsinger 2001), and phosphatases (Hayes et al. 
1999), and modification of root architecture to maximize P acquisition efficiency 
(Figure 5.2; Lynch and Brown 2001; Lynch 2005; George and Richardson 2008; 
Kirkby and Johnston 2008; Vance 2008; White and Hammond 2008). Phosphorus-
deficient plants typically have higher root to shoot ratios than high-P plants, either 
because of allometric relationships (Niklas 1994) or because of increased biomass 
allocation to roots (Gutschick 1993; Nielsen et al. 2001). Increased root growth is 
obviously beneficial for P-acquisition, but can slow overall plant growth because of 
the increased respiratory burden of root tissue (Van der Werf et al. 1992; Hansen 
et al. 1998; Nielsen et al. 1998, 2001; Lynch and St. Clair 2004).

These topics encompass several active fields of research with large literatures that 
cannot be adequately reviewed here. Several recent reviews summarize plant 
responses to low P availability, emphasizing cellular and biochemical or molecular 
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processes (Abel et al. 2002; Vance et al. 2003; Ticconi and Abel 2004; Tesfaye et al. 
2007), and specific adaptations to low P availability, such as cluster roots (Diem 
et al. 2000; Lamont 2003; Neumann and Martinoia 2002; Shane and Lambers 2005; 
Lambers et al. 2006), mycorrhizas (Harrison 1999; Smith et al. 2003; Oldroyd et al. 
2005) and rhizosphere modification (Hinsinger et al. 2003; Kochian et al. 2005). Our 
focus here is on strategies of the roots themselves, at the scale of the organ and organ-
ism, with particular attention to the functional importance of phenes involved with 
root growth and architecture for P-acquisition. While this subject has received less 
research attention than mycorrhizas, rhizosphere modification, cluster roots, and 
genetic responses to P stress, root growth and architecture have overarching impor-
tance at the organismal scale by determining the extent and localization of soil explo-
ration, and by locating the expression of other root traits in specific soil domains.

BIOMASS ALLOCATION TO ROOTS

A common response of plants to P-deficiency is to increase their root to shoot dry-
weight (DW) ratio, resulting from a greater inhibition of shoot growth than root 
growth (Whiteaker et al. 1976; Lynch et al. 1991; Mollier and Pellerin 1999). 

Fig. 5.2 Changes in root architecture, morphology, and anatomy associated with adaptation to 
low phosphorus in common bean
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A portion of this apparent change in root to shoot DW ratio is allometric, i.e. root:
shoot ratios normally decline with growth, and since plants supplied with low P 
grow more slowly, their root to shoot ratios are higher at a given plant age. However, 
when this factor is eliminated by comparison of allometric coefficients among 
plants grown at different P levels, some genotypes show a greater allometric coeffi-
cient (larger increase in root DW relative to increases in shoot DW) with low P, 
while others do not. In the study of Nielsen et al. (2001), genotypes of common 
bean that were P-efficient (less yield depression under low P) maintained a higher 
root to shoot ratio (higher allometric coefficient) with continued growth, supporting 
the idea that root growth is valuable for P acquisition. Low P availability reduces 
leaf appearance, leaf expansion, and shoot branching (Radin and Eidenbock 1984; 
Lynch et al. 1991). Among annual plants, P-stress decreases shoot growth in dicots 
more than in monocots, possibly because of differences in leaf morphology 
(Halsted and Lynch 1996).

Root growth is a key trait for optimizing the efficiency of P acquisition and use 
in plants (Lynch 1995; Manske et al. 2000). Low P availability changes the distribu-
tion of growth among various root types. In common bean, growth of main root 
(primary and basal root) axes was maintained under low P, while initiation of lateral 
roots is reduced, so that lateral root density declines (Borch et al. 1999). Mean lat-
eral root length was unaffected. In experiments with maize subjected to P-starva-
tion, axile (seminal and nodal) root elongation and lateral root density were 
unaffected, but lateral root elongation was first promoted slightly, then severely 
retarded, as P-starvation proceeded (Mollier and Pellerin 1999). Initiation of new 
axile roots also ceased after six days of P-starvation. The maintenance of main root 
elongation in maize and bean could be interpreted as exploratory behavior, allowing 
these roots to grow maximally until they encounter localized patches of higher P 
availability. When the main root of a P-deficient plant encounters a patch of higher 
P availability, lateral roots may proliferate within the patch (see below; Robinson 
2005). In Arabidopsis seedlings deprived of added P, lateral root number was also 
reduced, but in this case the remaining lateral roots elongated at the expense of the 
primary root (Williamson et al. 2001; Lopez-Bucio et al. 2002; Al-Ghazi et al. 
2003). One reason for the discrepancy may be that Arabidopsis plants lack main 
roots other than the primary root (i.e. they have no root type analogous to the basal 
roots of legumes or the seminal roots of grasses), so that a subset of lateral roots 
must take over the functions of the other main roots in species with more complex 
root systems. We have observed genetic variation for the effect of buffered low P 
on lateral root length and number in maize, with some genotypes showing an 
increase and others showing a decrease in these variables (Zhu and Lynch 2004; 
Zhu et al. 2005a). Genotypes with increased or sustained lateral root development 
under P-deficiency had superior ability to acquire P and maintain growth.

In common bean, some genotypes preferentially increase growth of adventitious 
roots, which have the advantages of low construction cost and location in topsoil 
(see below; Miller et al. 2003; Ochoa et al. 2006). Adventitious rooting has long 
been associated with adaptation to waterlogging (Vartapetian and Jackson 1997) 
and has recently been associated with root rot resistance (Snapp et al. 2003; 
Roman-Aviles et al. 2004) and responses to root herbivory (Riedell and Reese 
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1999). In some crops, such as maize, a high proportion of the mature root system 
consists of adventitious roots, so prevention of adventitious rooting reduces water 
uptake even in well-watered plants (Jeschke et al. 1997). Under low P conditions, 
adventitious root development may be delayed or reduced, primarily as a result of 
overall growth inhibition (Pellerin et al. 2000; Miller et al. 2003; Ochoa et al. 
2006). In some genotypes of bean, the maintenance of adventitious root formation, 
when overall growth is inhibited by P-deficiency, results in an increased proportion 
of root length in the adventitious root system (Miller et al. 2003). This characteris-
tic was associated with plant P-efficiency traits in soils with poor P availability.

ROOT TRAITS AFFECTING SOIL EXPLORATION

Phosphorus distribution is highly heterogeneous in most soils, generally being great-
est in surface horizons and decreasing with depth (Chu and Chang 1966; Anderson 
1980; Pothuluri et al. 1986). The availability of soil P is also highly heterogeneous 
because of spatial heterogeneity of pH, eH, microbial activity, temperature, etc. 
(Barber 1995). Phosphorus mobilization and uptake by the root creates zones of P 
depletion that vary sharply on the scale of millimeters (Joner et al. 1995; Hinsinger 
et al. 2005). As a result of the development of P depletion zones around existing 
roots, P acquisition is highly dependent on continued root growth and exploration of 
new soil domains that have not yet been depleted of P (Barber 1995).

Topsoil exploration

Since the topsoil is generally the soil stratum with greatest P bioavailability, adapta-
tion to low soil P availability is associated with the extent of topsoil foraging among 
genotypes of maize and bean (Bonser et al. 1996; Ge et al. 2000; Liao et al. 2001; 
Ho et al. 2005; Zhu et al. 2005b). We recently reviewed the importance of topsoil 
exploration for plant P-efficiency traits (Lynch and Brown 2001).

Architectural traits associated with enhanced topsoil foraging in common bean 
include shallower growth of basal roots, enhanced adventitious rooting, and greater 
dispersion of lateral roots (Figure 5.2). There are several lines of evidence that shal-
lower basal root growth enhances topsoil foraging and thereby P acquisition 
efficiency. The geometric simulation model SimRoot was used to model the effect 
of changing basal root gravitropism on inter-root competition for P (Ge et al. 2000). 
This study showed that in soils with uniform P distribution, shallower root systems 
explored more soil per unit of root biomass than deeper systems, because shallower 
systems have more dispersed basal roots and therefore less inter-root competition, 
which occurs when neighboring roots have overlapping P depletion zones (Ge et al. 
2000). In stratified soils with more P in the topsoil, the simulations showed that 
shallower root systems acquired more P than deep ones, by concentrating root 
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foraging in the topsoil (Ge et al. 2000). These modeling results are supported by 
the significant correlation of basal root growth angle of young bean genotypes 
grown in growth pouches, with their yield in field trials in low P tropical soils 
(Bonser et al. 1996). In comparisons of individual plants grown in pots of soil, 
genotypes with shallower basal roots had greater Pi uptake than those with deeper 
root systems (Figure 5.3; Liao et al. 2001). Bean genotypes with shallower basal 
roots had  superior growth in a low P field trial in Honduras (Ho et al. 2005). 
Genetic analysis of bean lines segregating for basal root shallowness showed co-
segregation of QTL for root shallowness and Pi uptake in the field in Colombia 
(Liao et al. 2004). In maize, genotypes with shallower seminal roots (analogous to 
basal roots in dicots) had superior growth in low P soils in the field and glasshouse 
(Zhu et al. 2005b). Similar results have been observed with soybean (Zhao et al. 
2004). It therefore appears that basal root shallowness is an important trait for topsoil 
foraging and P acquisition efficiency in annual crops.

In crops such as bean, adventitious roots emerge from the subterranean portion 
of the hypocotyl and grow horizontally through the topsoil. Adventitious rooting is 
therefore an important element of topsoil exploration by the root system. Bean 
genotypes differ in their extent of adventitious rooting and in the regulation of this 
trait by P (Miller et al. 2003; Ochoa et al. 2006). As with basal root gravitropism, 
genotypic and P-induced adventitious rooting vary widely, from virtually no adven-
titious rooting in some conditions to dozens of adventitious roots in others (Miller 
et al. 2003; Ochoa et al. 2006). A field study in a tropical low P soil showed that 
bean genotypes with greater growth and Pi uptake had more adventitious rooting 
relative to basal root growth than did P-inefficient genotypes (Miller et al. 2003). 
Adventitious roots may have several benefits for topsoil exploration. Obviously, 
their horizontal growth concentrates their foraging activity in the topsoil. Other 
advantages may relate to the anatomical and morphological differences between 
adventitious roots and basal roots. In bean, adventitious roots have greater specific 

Fig. 5.3  Relationship 
between root shallowness 
and phosphorus uptake in 
recombinant inbred lines of 
common bean (Phaseolus 
vulgaris L.) growing in low-
P soil. (Data extracted from 
Liao et al. (2001). With 
 permission.)
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root length (root length per unit root mass) than other root types (Figure 5.4). This 
is advantageous for topsoil exploration because it enables the plant to explore a 
larger volume of soil per unit of metabolic investment in root tissue (Lynch and St. 
Clair 2004). Also, adventitious roots may have a greater abundance of aerenchyma 
than other root types (Vartapetian and Jackson 1997), which may be a mechanism 
of reducing the metabolic costs of soil exploration (see below). Finally, adventitious 
roots also have less lateral branching than basal roots, which would again serve to 
disperse root foraging over larger soil volumes for a given metabolic investment 
(Miller et al. 2003).

Reducing root metabolic costs of soil exploration

A number of studies have shown that the metabolic costs of soil exploration by 
root systems (which generally include mycorrhizal symbioses) are quite substan-
tial, and can exceed 50% of daily photosynthesis (Lambers et al. 2002). Following 
the economic paradigm of plant resource allocation (Bloom et al. 1985), we use 
the term “cost” to denote metabolic investment, including the production and 
maintenance of tissues, which is measurable in units of carbon (C is a convenient 
‘currency’ for our analysis- other ‘currencies’, including P itself, may also be use-
ful in some contexts; Koide and Elliott 1989; Snapp et al. 1995; Koide et al. 2000). 

Fig. 5.4 Specific root length and linear construction cost (in glucose equivalents per cm root 
length) of root classes of common bean (Phaseolus vulgaris L.). Each bar is the mean of four 
replicates, error bars = SEM. (From Lynch and Ho (2005). With permission.)
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Plant resource allocation to root growth typically increases under nutrient stress, 
and therefore the metabolic costs of root growth can be a significant component of 
plant fitness and adaptation under nutrient stress. All else being equal, a plant that 
is able to acquire a limiting soil resource at reduced metabolic cost will have supe-
rior fitness, because it will have more metabolic resources available for defense, 
growth, and reproduction.

The importance of root C costs in plant adaptation to low P is illustrated by our 
work with common bean. In bean, low P availability increases the fraction of daily 
photosynthate respired by roots by 75% in both P-efficient and P-inefficient geno-
types (Nielsen et al. 1998, 2001). However, P-efficient genotypes had greater root 
growth per unit root respiration than did P-inefficient genotypes (Figure 5.5; Nielsen 
et al. 2001), which enabled P-efficient genotypes to develop more than twice as much 
root biomass at low P than the P-inefficient genotypes. Phosphorus-stress slightly 
increased the specific respiration rate (i.e. respiration per unit biomass) of roots of the 
P-inefficient genotype, but halved the respiration rate of roots of the P-efficient geno-
type (Lynch and St. Clair 2004). Thus, adaptation to low P availability in this species 
is associated with the ability to explore the soil at minimal metabolic cost. We refer 
to the metabolic cost of P acquisition as ‘P acquisition efficiency’, or PAE.

Fig. 5.5 Relationship of root respiration and root relative growth rate in four genotypes of com-
mon bean (Phaseolus vulgaris L.). Open symbols represent genotypes that are P-inefficient (i.e. 
have poor growth in low-P media), closed symbols represent genotypes that are P-efficient. (From 
Nielsen et al. (2001). With permission)
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Several types of root traits could alter the relationship of root growth and root C 
cost. Geometric modeling suggests that root architecture can alter the C cost of soil 
exploration by regulating the extent of root competition within and among root 
systems (Ge et al. 2000; Rubio et al. 2001). The importance of root architecture for 
interplant competition for P was confirmed in field studies (Rubio et al. 2003). 
Morphological traits such as root hairs could enhance P acquisition at minimal root 
C cost (Bates and Lynch 2000a,b; Ma et al. 2001b). One mechanism of reducing 
root costs is to allocate more biomass to root classes that are less metabolically 
demanding per unit of P acquisition. We have shown that adventitious roots acquire 
P at less metabolic cost than basal and tap roots, and that P-stress increases relative 
biomass allocation to adventitious roots, especially in P-efficient genotypes (Miller 
et al. 2003).

Root respiration can be divided into three components: growth of new tissue, 
maintenance of existing tissue, and ion uptake and assimilation (Bouma et al. 1996; 
Amthor 2000; Lambers et al. 2002). As root systems mature and the proportion of 
non-growing tissue increases, maintenance respiration becomes an increasing frac-
tion of total respiration. Even in young bean plants, maintenance respiration com-
prises 90% of total root respiration (Table 5.1). In this context it is noteworthy that 
a under P-stress, a P-efficient bean genotype had 50% lower maintenance respira-
tion than a P-inefficient genotype (Ho et al. 2003; unpublished). Reduced mainte-
nance respiration of root tissue under P-stress is an important adaptation to low P 
availability, by making more fixed C available for continued root growth.

Aerenchyma reduces the metabolic costs of soil exploration

Aerenchyma is a series of air spaces formed in the root cortex, and the lysigenous 
type, found in crop plants such as maize, is formed by a regular pattern of collapsed 
cortical cells (Esau 1977; Jackson and Armstrong 1999). Root aerenchyma is an 
adaptation to hypoxia (reviewed in Jackson and Armstrong 1999). In C3 plants, 
aerenchyma may also provide a photosynthetic benefit by concentrating CO

2
 from 

root respiration and channeling it to leaf intercellular spaces (Constable and 
Longstreth 1994; Constable et al. 1992). Although the overwhelming majority of 
research on root aerenchyma has focused on its importance in hypoxia, root 

Table 5.1 Maintenance respiration dominates root respiration under low P in com-
mon bean. R

g
 = growth respiration, R

iu
 = ion uptake respiration, R

m
 = maintenance 

respiration. (Lynch and Ho 2005.)

  % of total root respiration

Days after planting Phosphorus level R
g
 R

iu
 R

m

14  High 29 14 57
  Low 19  9 72
28  High 25 11 64
  Low  6  4 89
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aerenchyma can also be induced by suboptimal nutrient availability. In aerated 
solution, aerenchyma was observed in maize roots when N, P or S were omitted 
from the medium (Konings and Verschuren 1980; Drew et al. 1989; Bouranis et al. 
2003; Fan et al. 2003). The response to low P was also observed in common bean 
(Eshel et al. 1995; Fan et al. 2003) and rice (Lu et al. 1999). In maize the induction 
of aerenchyma by low P may be related to increased ethylene sensitivity of 
P-stressed roots (He et al. 1992).

Aerenchyma could be an important trait for plants experiencing edaphic stress, 
since living cortical cells are lost. This reduces root C costs by dramatically reduc-
ing maintenance respiration (Lynch and Brown 1998; Fan et al. 2003). Besides 
reducing the ongoing C cost of root maintenance, lysis of cortical cells may con-
tribute prefixed C to root apices. An additional benefit from aerenchyma formation 
would be the reduced P requirement of root growth, which in conditions of P limita-
tion can be as significant as C costs for metabolic efficiency (Snapp et al. 1995; 
Koide et al. 2000). Phosphorus released from cortical tissue by aerenchyma forma-
tion would be useful in meeting the P demands of new root elongation. A similar 
concept has been proposed for cortical senescence in grasses (Gillespie and Deacon 
1988; although see Lascaris and Deacon 1991).

Results from our laboratory support the hypothesis that aerenchyma formation 
is a useful adaptation to low P. In bean and maize, we observed substantial geno-
typic variation in the induction of cortical aerenchyma by P-stress (Fan et al. 2003). 
Differences in aerenchyma formation induced by ethylene treatments and geno-
typic variation were correlated with proportionate reductions in root P concentra-
tion in low-P roots. Reduced P requirement for soil exploration would be 
advantageous in conditions of low P availability. Phosphorus liberated by senescing 
cortical cells could be used for continued apical growth. In low P conditions, most 
of the Pi taken up by roots is utilized to meet local tissue demand (Snapp and Lynch 
1996). Variation in aerenchyma formation was disproportionately correlated with 
root respiration (Figure 5.6; Fan et al. 2003). Root segments with 20% cross sec-
tional area as aerenchyma had half the respiration of roots without aerenchyma. 
The disproportionate effect of aerenchyma on respiration may reflect the fact that 
the cortical cells lost during the formation of aerenchyma are metabolically active, 
while inactive tissues such as sclerenchyma and xylem vessels do not contribute 
to maintenance respiration. Results with isolated root segments were confirmed in 
intact plants; whole root systems of a maize genotype with abundant aerenchyma 
has less root respiration per unit of root length than did a genotype with less aeren-
chyma (Fan et al. 2003). In glasshouse and field studies, the high-aerenchyma 
maize genotype Oh43 had greater root growth in low P soil than the low-aeren-
chyma genotype, W64a (Zhu et al. 2004; unpublished). In maize, root porosity was 
highly correlated with sustained root growth under low P (Figure 5.7).

Genetic variation for aerenchyma induction in response to waterlogging has 
been observed in many species, including banana (Aguilar et al. 1999), wheat 
(Huang et al. 1994), barley (Garthwaite et al. 2003) and maize (Lizaso et al. 2001; 
Mano et al. 2006). Related species may also vary in constitutive (non-stressed) 
aerenchyma formation (Ray et al. 1998; Visser et al. 2000; Mano et al. 2007). We 
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observed large genotypic variation (200–300%) in aerenchyma formation in 
response to P-stress in both maize and bean (Fan et al. 2003). Such variation raises 
interesting questions regarding the adaptive importance and functional tradeoffs for 
aerenchyma in diverse environments. Possible tradeoffs to aerenchyma formation 
include reduced physical resistance to crushing (Striker et al. 2006, 2007), reduced 
radial water transport (Fan et al. 2007), reduced mycorrhizal habitat, and increased 
axial spread of root pathogens. The large intraspecific variation in important crop 
species (Fan et al. 2003; Mano et al. 2006) also makes aerenchyma amenable to 
plant breeding, as is currently underway to enhance flooding tolerance in maize and 
other grains (Ray et al. 1999; Setter and Waters 2003).

Fig. 5.7 Maintenance of root 
growth in a low-P field as related to 
cortical aerenchyma formation in 
unrelated maize (Zea mays L.) geno-
types. Root weights are expressed as 
the proportion of corresponding 
high-P roots. Each point is the mean 
of four replicates. (Zhu, Kaeppler, 
and Lynch, unpublished, 2004.)

Fig. 5.6 Increasing abundance of aerenchyma is associated with reduced respiration in maize (Zea 
mays L.) roots. Each data point is the mean of 6 measurements of respiration and 10–12 measure-
ments of aerenchyma on comparable root segments. (From Fan et al. (2003). with permission.)
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Root etiolation

Shoots respond to low light intensity by etiolation, enhanced elongation at the 
expense of radial thickening and lateral shoot growth. This response is adaptive by 
increasing the likelihood of the shoot growing into better illumination and by 
increasing light capture in competitive situations. We hypothesize that an analogous 
process occurs in roots sensing low P availability.

There are many reports of increased fineness of roots under nutrient deficiency, 
usually described as increased specific root length (SRL, root length per unit 
weight). However, increased SRL could result from the increased proportion of 
secondary roots, since comparisons are not usually made within root classes 
(Eissenstat et al. 2000; Forde and Lorenzo 2001). Evidence for increased, reduced, 
or unchanged SRL can be found in the literature, but most reports do not consider 
variation in tissue density or variation in SRL within root classes, and are therefore 
not direct measurements of root diameter (Ryser and Lambers 1995; Gahoonia and 
Nielsen 2004). Careful studies of the effect of nutrient stress on root diameter 
within root classes and orders are needed to determine whether root etiolation could 
be an adaptive trait.

Under low P availability, root elongation is emphasized at the expense of lateral 
branching (Borch et al. 1999) and secondary growth (Eshel et al. 1995). There have 
been a few reports on increased diameter of specific root classes under high nutrient 
availability, including nitrate (Hackett 1972; Drew and Saker 1978; Ryser and 
Lambers 1995) and P (Xie and Yu 2003; Zhu and Lynch 2004). Bean basal roots 
show increased root diameter under high P, primarily in the older parts of the root 
(Figure 5.8). The larger diameter of the older parts of basal roots grown in high P 
was largely a result of a greater area of the stele, both in absolute area and relative 
to total root area (Fan et al. 2003). Similarly, barley roots grown with high nitrate 
showed an increase in stele diameter (Drew and Saker 1978), so this response is not 
restricted to dicots. In our study of maize genotypes with contrasting P efficiencies, 
we found that lateral root SRL and diameter varied among genotypes, and that 
smaller diameter and greater SRL of lateral roots was associated with faster lateral 
root growth, which in turn was associated with higher shoot growth and P efficiency 
(Zhu and Lynch 2004). Furthermore, there was genetic variation in plasticity of this 
trait, i.e. its response to P availability.

Particular root types may be more likely to alter their diameter in response to 
nutrient stress. In studies of barley, high nitrate increased the diameter of first and 
second order lateral roots, but not seminal roots (Drew and Saker 1978). In our 
study of primary root elongation in Arabidopsis, no difference in diameter could be 
discerned between high and low P treatments (Ma et al. 2003). Timing and extent 
of etiolation may vary with root class, order, and extent of the nutrient stress. ‘Root 
etiolation’ is presumably adaptive by reducing the metabolic costs of root extension 
into new soil domains that may have greater P availability. This phenomenon 
deserves further study.
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Like shoot etiolation, root etiolation increases exploration at the expense of 
mechanical strength. Finer roots may be able to penetrate smaller pores in soil, but 
have less ability to push soil particles aside, so roots grown in soils with high bulk 
density tend to have a larger diameter and reduced branching (Bennie 1991). In 
experiments on the effects of co-occurring soil compaction and P-deficiency, roots 
increased their diameter with increasing bulk density only when supplied with P 
(Hoffmann and Jungk 1995). Root etiolation may also have negative tradeoffs in 
terms of turnover rates, desiccation tolerance, susceptibility to herbivory and other 
characteristics (Eissenstat et al. 2000).

Root hairs

Root hairs are subcellular protrusions of root epidermal cells that are important for 
the acquisition of relatively immobile nutrients such as P (Clarkson 1985; Peterson 
and Farquhar 1996; Jungk 2001). Several lines of evidence indicate that root hairs 
contribute to Pi acquisition. First, mathematical modeling indicates that root hairs 
substantially increase Pi acquisition from the soil solution, by expanding the soil 
volume subject to Pi depletion through diffusion to the root surface (Bouldin 1961). 
Indirect evidence from autoradiography demonstrated that root hairs increase the 

Fig. 5.8 Cross-sectional area of common bean (Phaseolus vulgaris L.) basal roots grown for six 
weeks with high (1 mM, HP) or low (1 µM, LP) phosphorus. Total cross-sectional area was measured 
from segments of the most basal (2 cm from point of origin), central, and apical (2 cm from root tip) 
portions of one basal root from each of six plants per genotype and treatment. Values shown are 
means, error bars = __SEM. (Graph created from data in Fan et al. (2003). With permission.)
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size of Pi depletion zones around roots (Lewis and Quirk 1967; Bhat and Nye 
1974). The inclusion of root hairs improved estimates of crop Pi uptake in simula-
tion models (Itoh and Barber 1983a,b). More recently, direct evidence was provided 
for Pi uptake by root hairs (Gahoonia and Nielsen 1998).

Root hairs may also assist the dispersion of exudates such as organic acids 
throughout the rhizosphere, which improve P bioavailability in many soils 
(Hinsinger 2001; Ryan et al. 2001). Mutants of Arabidopsis and barley lacking root 
hairs have severely impaired Pi uptake (Bates and Lynch 2000a,b; Gahoonia and 
Nielsen 2003) and in the case of Arabidopsis, reduced competitiveness in low P soil 
(Bates and Lynch 2001). Both root hair length (Bates and Lynch 1996) and root hair 
density (Ma et al. 2001a) are highly regulated by P availability, which suggests that 
they have value to plants in low P soil. Geometric modeling indicated that responses 
of root hairs to P availability interact synergistically to improve P acquisition (Ma 
et al. 2001b). Variation among species in root hair length is correlated with P acqui-
sition (Itoh and Barber 1983b; Föhse et al. 1991; Gahoonia et al. 1999), as is 
intraspecific variation among genotypes of white clover (Caradus 1981), barley and 
wheat (Gahoonia et al. 1997, 2001; Gahoonia and Nielsen 1997), common bean 
(Miguel 2004; Yan et al. 2004), and turfgrass (Green et al. 1991).

Genotypic variation in root hair length and density in maize and common bean 
is controlled by several major Quantitative Trait Loci (QTL; Yan et al. 2004; Zhu 
et al. 2005c), suggesting that this trait could be selected in crop breeding programs 
through marker aided selection (MAS), as well as through direct phenotypic 
screening. Root hairs are particularly important for P acquisition in non-mycorrhizal 
plants, since mycorrhizal hyphae fulfill some of the same functions as root hairs. 
However, genotypic variation in root hair length and density is important for PAE 
regardless of the mycorrhizal status of the plant (Figure 5.9; Miguel 2004). Root 
hairs are attractive targets for crop breeding programs because there is large 
genotypic variation, substantial effect of this variation on PAE (regardless of myc-
orrhizal status), relatively simple genetic control, and opportunities for direct phe-
notypic selection (Gahoonia and Nielsen 2004; Lynch 2007).

Root turnover

Root senescence, or turnover, could have positive or negative effects on the effi-
ciency of Pi acquisition. Negative effects would result if roots were lost in fertile 
soil domains, resulting in loss of prior metabolic investment in those roots, as well 
as the opportunity costs of P that is unexploited, or worse, exploited by a competi-
tor. Positive effects could result from the pruning of roots in infertile soil domains, 
thereby avoiding ongoing maintenance costs of unproductive organs, which is 
important, since maintenance costs rapidly overtake construction cost in most roots 
(e.g. Table 5.1; Peng et al. 1993; Nielsen et al. 1998). It has also been proposed that 
greater root turnover or “root renewal” could enhance P acquisition by increasing 
soil exploration and by replacing older roots with younger ones more active in Pi 
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uptake (Steingrobe et al. 2001). Regulated senescence of roots would permit the 
remobilization of root resources, including carbohydrates and nutrients, to other 
plant activities, notably to reproductive growth in annual plants. In common bean, 
there is no evidence that roots in infertile soil domains are preferentially senesced 
(Snapp and Lynch 1996), or that programmed root senescence occurs during repro-
ductive development (Fisher et al. 2002). It appears that significant root turnover 
observed in the field is the result of biotic and abiotic stress rather than programmed 
plant responses (Eissenstat and Yanai 1997; Fisher et al. 2002). This is supported 
by the observation that P availability was positively associated with soil biological 
activity and fine root turnover in a Hawaiian montane forest (Ostertag 2001). A 
report of increased root turnover with lower P availability in barley late in the sea-
son (Steingrobe et al. 2001) may have been confounded by P effects on phenology 
(see below). Therefore, traits that affect root lifespan, such as defense chemistry or 
tissue composition, may have only indirect effects on low P adaptation.

TARGETING P MOBILIZATION IN THE RHIZOSPHERE

Several root traits contribute to Pi acquisition by increasing the bioavailability of P 
in the rhizosphere. Exudation of carboxylates, such as citrate and malate, is particu-
larly important for Pi acquisition from P-fixing soils. Deprotonated carboxylates 
chelate Al3+, Fe3+ and Ca2+, which results in mobilization of Pi from bound forms 
(Hinsinger 2001). This activity is complemented in neutral and alkaline soils by 

Fig. 5.9 Longer root hairs improve phosphorus acquisition in the presence and absence of mycor-
rhizal inoculation in common bean (Phaseolus vulgaris L.). Plants were grown for 28 days in 
low-P soil with (+VAM) or without (-VAM) mycorrhizal inoculum. Genotypes are recombinant 
inbred lines having long or short root hairs. Each bar is the mean of four replicates, error bars = 
SEM. (Miguel 2004.)
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rhizosphere acidification, which results in increased solubility of Ca-phosphates 
(Hinsinger 2001). Although carboxylate release from roots is accentuated under P-
deficiency conditions in many species, recent evidence showed that this activity is 
constitutive in three genotypes of chickpea (Wouterlood et al. 2004; Wouterlood 
et al. 2005). The subject of organic acid excretion and its importance for release of 
Pi from inorganic forms has been discussed extensively in several recent reviews 
(Hinsinger 2001; Kochian et al. 2004). Organic acid excretion is also important for 
aluminum tolerance, which is related to P efficiency traits, since excess aluminum 
availability coincides with P deficiency in many acid soils (Kochian et al. 2005). 
Overexpression of enzymes responsible for organic acid production in roots 
improves plant growth in soils with excess aluminum or low P availability (Koyama 
et al. 2000; Lopez-Bucio et al. 2000; Tesfaye et al. 2001).

Since a considerable proportion of P can occur in organic forms, plants can 
increase P availability in the rhizosphere by secreting phosphohydrolases to miner-
alize Pi from organic compounds (Marschner 1995; Abel et al. 2002; Vance et al. 
2003). Secreted acid phosphatases have been shown to be upregulated under P 
deficiency (Marschner 1995; Vance et al. 2003; Tomscha et al. 2004). Their signifi-
cance for P nutrition under P-limiting conditions has been demonstrated (Barrett-
Lennard et al. 1993; Li et al. 2003, 2004; Tomscha et al. 2004), although their 
importance seems to vary with species, cropping system, and forms of organic P in 
the soil (Yun and Kaeppler 2001; Li et al. 2003, 2004; George et al. 2005). Exudate 
metabolism and production by rhizosphere microflora introduce significant com-
plexity in the relationship between root release of exudates and the effectiveness of 
exudates in improving Pi acquisition by the root.

The strong interactions of root exudates with the chemical and biological char-
acteristics of the rhizosphere highlight the important role of root architecture in 
placing exudates in specific soil domains. Many well-developed soils such as 
Spodosols, Mollisols, Andisols, Ultisols, Alfisols, and Gelisols, together compris-
ing some 39% of the earth’s ice-free land surface, have highly differentiated hori-
zons that vary sharply in chemical, physical, and biological properties (Soil Survey 
Staff 1999). Phosphatases are useful for mobilization of organic phosphate esters, 
which are found in organic-matter rich surface horizons but, in most soils, are 
scarce in subsurface horizons several centimeters away. Carboxylates are especially 
useful in liberating Pi adsorbed to oxide surfaces, which are common in subsurface 
horizons but less so in the topsoil. Root architectures that deploy roots to surface or 
subsurface horizons should therefore have a significant impact on the functional 
importance of exudates for P acquisition. This largely unexplored topic is an exam-
ple of trait synergy (see below).

Cluster roots

Cluster roots are zones of tightly packed, short, hairy rootlets that occur widely in 
Proteaceae (where they are called proteoid roots) and in several other plant families 
(Barber 1995; Diem et al. 2000; Neumann and Martinoia 2002; Lamont 2003; 
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Shane and Lambers 2005; Lambers et al. 2006). Cluster roots provide a unique 
mechanism for acquiring P in extremely P-poor environments by concentrating the 
P-mobilizing mechanisms described above into a small volume of soil. Cluster root 
formation and attendant secretion of organic acids, H+ ions, and acid phosphatases 
are promoted by P-deficiency and in some species under other conditions such as 
Fe and N deficiency (Skene 2001; Neumann and Martinoia 2002; Lamont 2003; 
Vance et al. 2003).

Only a few crop species form cluster roots, notably white lupin and some 
Cucurbitaceae (Waters and Blevins 2000; Neumann and Martinoia 2002). While 
white lupin has been studied extensively, the impact of cluster roots on other crops 
has received little attention. One report on cucurbits implicates cluster root formation 
in Fe(III) reduction (Waters and Blevins 2000). We have failed to observe cluster root 
formation in P-stressed cucurbits (Postma and Lynch 2006; unpublished data). This 
adaptation may not be significant for Pi acquisition for crops other than white lupin.

The fact that so few species employ this strategy, and the Proteaceae are endemic 
to soils with extremely low P availability, indicates that there are significant trade-
offs to this strategy. One is that cluster roots have a high metabolic requirement. 
Lambers and colleagues estimate that over half of all photosynthetic carbohydrate 
production is required for the growth, respiration, and exudate production by clus-
ter roots of one species (Lambers et al. 2006). Another potential liability to local-
ized rhizosphere acidification is the release of toxic metals including aluminum or 
heavy metals. A comparison of cluster forming vs. non-cluster forming lupins 
showed that the cluster forming species took up more Cd, a toxic contaminant of P 
fertilizer sources (Brennan and Bolland 2003). The risk of metal toxicity may be 
one reason that cluster-rooted species are often found on sandy soils with low metal 
content. There may be additional tradeoffs associated with concentration of root 
foraging activity in limited domains, such as reduced acquisition of more mobile 
and dispersed nutrients, as well as water.

MYCORRHIZAL SYMBIOSES

The majority of higher plant species have mycorrhizal symbioses with fungi that 
assist nutrient acquisition (Smith and Read 1997). Ectomycorrhizas enhance P 
acquisition via mobilization of sparingly soluble P complexes, whereas both ecto-
mycorrhizas and the vesicular-arbuscular mycorrhizas common in many annuals 
and hardwood species enhance Pi acquisition because they increase the volume of 
soil explored beyond the depletion zone surrounding the root itself. In exchange for 
Pi supplied to the plant, the fungal symbiont obtains reduced carbon. Therefore, the 
carbon cost to the plant of mycorrhizal symbioses is one component of the cost of 
Pi acquisition in most species. In bean, mycorrhizal colonization increased root Pi 
acquisition, but the resulting increase in shoot photosynthesis did not result in 
increased plant growth because of greater root respiration (Nielsen et al. 1998). At 
high P supply, mycorrhizal colonization reduced the growth of citrus seedlings 
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because of greater root carbon cost (Peng et al. 1993). In general, the costs of the 
mycorrhizal symbiosis in various herbaceous and woody species ranges from 4% 
to 20% of daily net photosynthesis (Koch and Johnson 1984; Harris and Paul 1987; 
Douds et al. 1988; Jakobsen and Rosendahl 1990; Eissenstat et al. 1993; Nielsen 
et al. 1998). The greater metabolic burden of mycorrhizal roots may contribute to 
the non-beneficial or even parasitic role that mycorrhizal fungi play in agroecosystems 
(Ryan and Graham 2002).

Mycorrhizal symbioses have attracted a great deal of attention by researchers in 
the past 30 years. The importance of mycorrhizal symbioses for Pi acquisition has 
led some mycorrhizal researchers to the belief that root traits are secondary or triv-
ial in importance for Pi acquisition compared to fungal-assisted Pi acquisition 
(Smith et al. 2003). In this context it is useful to consider the strong correlations 
observed between Pi uptake and root traits such as root hair length (Figure 5.10; 
Miguel 2004; see also references cited above) and root shallowness (Lynch and 
Brown 2001) even in the presence of mycorrhizas. This could signify that mycor-
rhizal foraging is incomplete and can be supplemented by direct root foraging. 
Alternatively, extraradical hyphae could be restricted to the volume of soil near the 
root (Owusu-Bennoah et al. 2002), so that root architectural patterns have a strong 
influence on foraging patterns by the fungal symbiont. In our research with maize, 
soybean, and common bean, we have observed similar genotypic rankings for plant 
growth in low P soil in the field where mycorrhizas are formed and in controlled 
environments without mycorrhizas (Bonser et al. 1996; Miguel 2004; Ho et al. 
2005). This suggests that for these annual crops, mycorrhizal symbiosis changes 
the effective fertility status of the soil environment but does not represent a selec-
tion criterion (either through natural selection or in plant breeding) among geno-
types, possibly because it is ubiquitous.

Fig. 5.10 Effect of root hair length 
on phosphorus content of common 
bean (Phaseolus vulgaris L.) geno-
types. Plants were grown for 35 days 
in low-P soil in the field in Costa 
Rica. Each point is the mean of four 
replicates of one genotype; the set of 
genotypes are six recombinant 
inbred lines having long or short root 
hairs. (Miguel 2004)
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PHENOLOGY

Some annual plants respond to P stress by delayed maturation (Rossiter 1978; 
Chauhan et al. 1992; Ma et al. 2002). This could be adaptive for P acquisition by 
permitting continued root growth, and by extending the period of time in which 
existing roots acquire Pi. Time is particularly important for Pi acquisition, since Pi 
diffusion through soil is slow, as is recharge of P-depleted soil (Tinker and Nye 2000). 
We call this phenomenon ‘root foraging duration’ by analogy with leaf area duration. 
We have observed that root foraging duration (the integral of root length over time) 
is highly correlated with Pi acquisition in Arabidopsis genotypes of contrasting phe-
nology (Figure 5.11). In addition to possible benefits for Pi  acquisition, an extended 
growing season would also increase the metabolic utility of acquired P, for example 
by extending the time leaf P could be employed to generate photosynthates. In other 
words, the utility of P to the plant is dependent on the length of time the P is used by 
the plant, which in general would be greater with an extended growing season. 
Phenology is responsive to P availability in some plants and there is a range of maturi-
ties available within crop species. If it is demonstrated that delayed maturation is a 
positive adaptation to low P availability, genotypic variation for this trait may have 
value in crop breeding programs, especially in tropical agroecosystems where 
temperature and moisture availability do not limit the effective growing season.

TRAIT SYNERGY

Several root strategies for Pi acquisition may have functional interactions with each 
other or with other plant traits. These interactions could be positive or synergistic in 
improving P efficiency traits, or they may be antagonistic. An example of trait 

Fig. 5.11 Plant phosphorus content and root foraging duration for seven genotypes of Arabidopsis 
thaliana grown in soils with high and low phosphorus availability. Total phosphorus acquired is 
strongly correlated with root foraging duration, with plants grown in high phosphorus soil acquiring 
more phosphorus at a given level of root foraging duration. (Nord and Lynch, unpublished, 2007)
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synergy in Pi acquisition is the interaction of four distinct root hair traits; root hair 
length, root hair density, the distance from the root tip to the first appearance of root 
hairs, and the pattern of root hair bearing epidermal cells (trichoblasts) among non 
hair bearing cells (atrichoblasts). Low P availability causes coordinated increases in 
root hair length and density in many species (Brewster et al. 1976; Foehse and Jungk 
1983; Bates and Lynch 1996; Ma et al. 2001a). In Arabidopsis, low P availability also 
shortens the distance from the first root hair to the root tip, and changes the geometry 
of trichoblasts by increasing the number of trichoblast files, caused by cortical reor-
ganization (Ma et al. 2001a, 2003). Geometric modeling showed that the combined 
effect of these four traits on Pi acquisition was 371% greater than their additive 
effects, demonstrating substantial morphological synergy (Ma et al. 2001b). 
Synergism among root hair traits may account for their coordinated regulation.

Traits of individual root axes such as root hairs and root exudates may have syn-
ergism with root architectural traits, which locate root axes in soil domains with 
varying P availability. For example, longer root hairs would be expected to provide 
greater benefit to the plant if they were positioned in P-replete topsoil as opposed 
to P-deficient subsoil. Phosphatases that mobilize Pi from soil organic matter would 
be more useful if exuded by shallow roots than by deep roots, since in most soils 
organic matter decreases with depth. In contrast, organic acids that mobilize Pi 
from Fe and Al oxides may be more useful when released into deeper soil horizons 
where these forms of P predominate. Root architectural traits may themselves dis-
play interactions, by altering the extent of inter-root competition, which is an 
important component of overall root foraging efficiency (Ge et al. 2000; Rubio 
et al. 2001, 2003). For example, root systems combining deep rooting (through, for 
example, lateral branching from the deeper parts of the primary and basal roots) 
with shallow rooting (through adventitious roots or shallow basal roots) would be 
expected to be more complementary than root systems in which distinct root classes 
competed for the same soil niche (Walk et al. 2006). This is especially relevant in 
the context of drought, since in many environments water is a deep soil resource 
while P is a shallow resource (see discussion below). We know very little about the 
interaction of traits related to P acquisition, despite the importance of trait interac-
tions for whole plant performance. This is pertinent to plant breeding, since traits 
under distinct genetic control could be combined to maximize positive synergy.

TRADEOFFS

The utility of a trait for plants in low P environments must take into account poten-
tial tradeoffs of the trait for other plant processes. The most obvious tradeoff for 
many traits is simply the opportunity cost resulting from diversion of plant 
resources from other functions. For example, the production of adventitious roots 
reduces the development of basal roots, which in certain soils can be detrimental to 
overall plant P acquisition (Walk et al. 2006). Since soil resource distribution is 
heterogeneous, architectural tradeoffs can also occur when the exploitation of one 



104 J.P. Lynch, K.M. Brown

soil domain reduces exploitation of another soil domain with its attendant 
resources.

An important tradeoff or opportunity cost to topsoil foraging is increased sensitiv-
ity to drought stress, since water is a deep soil resource in many environments. A 
comparison of deep-rooted and shallow-rooted bean genotypes showed that while 
shallower genotypes had superior growth under P stress, deep-rooted genotypes had 
superior growth under water stress (Figure 5.12; Ho et al. 2005). These results are 
 consistent with economic optimization modeling of the relationship between root 
architecture and multiple resource acquisition, particularly water and P (Ho et al. 
2004). The general solution of the model states that a plant will locate its roots at a 
soil depth where the marginal benefit of water and P acquisition will exactly equal the 
marginal cost of inter-root competition (Ho et al. 2004). Indeed, bean genotypes that 
are best adapted to low P environments, where P is localized in the surface soil, tend 
to have a shallower basal root angle, whereas genotypes that are adapted to terminal 
drought environments have deeper root systems (Ho et al. 2005). This example illus-
trates the importance of considering tradeoffs in assessing the adaptive importance of 
specific root traits, especially in crop breeding for distinct environments.

The large genotypic variation for root traits that appear to be positive adaptations 
for nutrient acquisition may be caused or maintained by tradeoffs incurred by cer-
tain phenotypes. For example, long, dense root hairs improve Pi acquisition at mini-
mal metabolic cost (see references above), yet a large proportion of crop genotypes 
have few, sparse root hairs, and many genotypes display plasticity in root hair traits, 
so that under high fertility, root hairs are suppressed. This could suggest that there 
are potential costs to root hairs, such as increased susceptibility to root pathogens. 
Similarly, cortical aerenchyma appears to reduce the metabolic costs of soil explo-
ration (see references above), yet substantial intraspecific variation for constitutive 
aerenchyma formation exists, and aerenchyma formation is suppressed under high 
fertility. This suggests that there are potential costs to aerenchyma formation, such 
as reduced radial transport of water (Fan et al. 2007) and nutrients, or reduced 
mycorrhizal habitat. Such questions are largely unresolved.

Fig. 5.12 Shoot biomass at 44 days 
after planting for three shallow-
rooted and three deep-rooted com-
mon bean (Phaseolus vulgaris L.) 
genotypes in the field. HP = high 
phosphorus availability, LP = low 
phosphorus availability, IR = irri-
gated, NI = non-irrigated. Each bar 
is the mean of four replicates, error 
bars = SEM. (From Ho et al. (2005). 
With permission)
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RESPONSES TO HETEROGENEOUS P AVAILABILITY

In addition to the variability in P availability with soil depth (discussed above), P 
availability may be heterogeneous in space and time as a result of organic matter 
decomposition, variation in soil composition, competition with the same or other 
root systems, water availability, temperature, etc. (Jackson and Caldwell 1993). 
Many plants have the ability to respond to these patches of higher nutrient availabil-
ity in ways that are expected to increase their ability to compete for these nutrients. 
The responses of root systems to heterogeneous nutrient distribution have been 
reviewed recently (Hodge 2004), so this topic will be discussed here only in the 
context of agroecology.

When P-stressed plants encounter a patch of higher P availability, one advanta-
geous response is to proliferate roots to enhance Pi acquisition from the patch. Root 
proliferation has been observed in nutrient patches and includes increased number, 
length, and branching of lateral roots. The extent to which this occurs varies among 
species, some showing very dramatic effects (e.g. barley; Drew 1975), while others 
show little or no response (Campbell et al. 1991; Farley and Fitter 1999). To com-
plicate matters further, plants may alter root development in nutrient patches when 
roots of another plant (even of the same species) are competing within the patch 
(Robinson et al. 1999; Gersani et al. 2001; Maina et al. 2002). The available data 
justifies the conclusion that root proliferation in nutrient patches is likely to be use-
ful for plants grown in intercrop systems, as is the case for many crops grown in 
poor soils in the tropics and subtropics.

INTERPLANT COMPETITION

The utility of traits for P efficiency will be most evident in competitive environ-
ments, including those experienced by wild plants, crops in subsistence agroecosys-
tems, and in the high-density genetic monocultures typical of commercial 
agriculture. Traits influencing P efficiency will affect plant productivity, and 
thereby competitive performance, under P-stress. An example of this is the positive 
effect of root hairs on plant performance in mixed stands of Arabidopsis at low P 
but not at high P (Bates and Lynch 2001). Traits influencing Pi acquisition can 
directly affect interplant competition by removing soil P that could be accessed by 
competitors. For example, bean genotypes with shallow basal roots out-compete 
genotypes with deep basal roots in low P fields (Rubio et al. 2003), because of 
enhanced topsoil exploitation and reduced competition among roots of the same 
plant (Rubio et al. 2001).

At the population level, competition among root systems can be important in 
determining the utility of root traits for P efficiency. This appears to be the case 
for plasticity of basal root shallowness, for which genetic variation exists, i.e. 
some genotypes respond to P-stress by becoming more shallow, whereas others are 
unaffected or become deeper (Bonser et al. 1996; Ho et al. 2004, 2005). Plasticity 
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of root shallowness would generally be considered a useful trait, since plasticity 
would permit a plant to modify its root architecture to adapt to the prevailing 
edaphic stress. However, if all plants in a population were equally plastic, and 
therefore had the same root architecture, greater interplant competition would 
occur than if distinct root phenotypes existed in a population, thereby permitting 
complementary exploitation of distinct soil domains. Theoretical modeling 
showed that interplant competition could be important in determining an optimal 
balance of plastic and non-plastic root phenotypes under conditions of P-stress and 
combined P and water stress (Figure 5.13; Ho 2004). This suggests that genetic 
mixtures or multilines may have better performance in low P agroecosystems than 
genetic monocultures, especially in drought-prone environments.

ECOSYSTEM ISSUES

A better understanding of plant adaptations to P-stress is critically needed for two 
of the greatest challenges facing humanity in the 21st century: eliminating world 
hunger and understanding how natural and managed ecosystems will respond to 
global climate change.

The development of crops with superior growth in low P soil and with better 
responsiveness to applied P inputs would have tremendous value in many develop-
ing countries, where yields are limited by low soil fertility and fertilizer use is mini-
mal (World Bank 2004). Since genotypic variation for PAE is much larger than 
variation for P use efficiency in crop plants, development of P-efficient crops is 
likely to have a great impact on agricultural productivity in these agroecosystems 
(Lynch and Beebe 1995). Although such genotypes would extract more P from the 
soil than conventional genotypes, they may actually enhance soil fertility in the 

Fig. 5.13 The theoretical relation-
ship of the equilibrium steady-state 
fraction of plastic plants in a popula-
tion and drought frequency, where 
spatial competition is considered, 
under (a) low, (b) intermediate or (c) 
high drought intensity. Plastic plants 
in this model respond to low P avail-
ability by increasing topsoil forag-
ing, which incurs costs in conditions 
of terminal drought, and when 
neighboring individuals have the 
same phenotype. (Ho 2004)
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long term through beneficial effects on soil erosion and nutrient cycling, as well as 
benefits they accrue to farm income and thereby the use of fertility amendments 
(Lynch and Deikman 1998). For example, P runoff from common bean plots in a 
farmer’s unfertilized field varied substantially among genotypes (Figure 5.14; 
Henry and Lynch 2007; unpublished).

Several genetic traits have been identified with potential utility in breeding P 
efficient crops, as discussed above, including root exudates, root hair traits, cortical 
aerenchyma, topsoil foraging through basal or adventitious rooting, and the use of 
multiline mixtures of root phenotypes. Deployment of these traits through plant 
breeding programs is resulting in progress in several crops including common bean 
(CIAT 1999) and soybean (Yan 2005). The success of this effort would constitute a 
second ‘Green Revolution’, benefiting the resource-poor farmers who were largely 
left behind by the first Green Revolution, and who represent the single largest 
human labor occupation (Lynch and Deikman 1998). A better understanding of the 
biology of traits associated with P efficiency, especially how these traits combine 
and their tradeoffs in specific production environments, is needed to guide plant 
breeding efforts.

We will not be able to understand or manage ecosystem responses to global 
change unless we learn more about how global change variables such as CO

2
, tem-

perature, and ozone interact with the edaphic stresses prevalent in most terrestrial 
ecosystems (Lynch and St. Clair 2004). The vast majority of research on plant 
response to global change has focused on leaf responses and has not considered 
edaphic stresses other than water and possibly nitrogen with any rigor, despite the fact 
that plant responses to edaphic stresses are primary limitations to plant productivity in 

Fig. 5.14 Effect of genotype on phosphorus runoff from an unfertilized on-farm site in Costa 
Rica during one growing season. Beans were planted at densities typical of local practice. (Henry 
and Lynch, unpublished, 2007)
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most forests and managed systems. Plants limited by low soil P availability may 
respond to elevated CO

2
 by producing more exudates and by altered root growth 

and architecture, which may partially alleviate P stress, but interactions with other 
global change variables such as drought are likely to be detrimental, as discussed 
above. This topic merits research.

CONCLUSIONS

Low soil P availability is a primary constraint to plant growth on earth. Accordingly, 
plants express a wide array of root strategies that improve Pi acquisition, including 
increased biomass allocation to roots and to specific root classes within the root 
system, root architectural traits that enhance topsoil foraging, including basal root 
gravitropism, adventitious rooting, and lateral root branching, reduced metabolic 
costs of soil exploration, via formation of cortical aerenchyma, the formation of 
finer roots and possibly root etiolation, root hairs, P-solubilizing root exudates, 
mycorrhizal symbioses, phenological plasticity, and morphological plasticity. 
Ecological tradeoffs and interactions among these traits are poorly understood but 
are likely to be important in determining the functional utility of these traits, espe-
cially in competitive environments. A better understanding of these traits is needed 
to guide the development of more P efficient crops for developing nations, and to 
understand how ecosystems will respond to global climate change.
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Chapter 6
PLANTS WITHOUT ARBUSCULAR 
MYCORRHIZAE*

Carroll P. Vance

INTRODUCTION

Although mycorrhizal symbioses (described elsewhere in this volume) are the most 
important adaptation for angiosperms to acquire scarce phosphorus (P), many plant 
families contain species that either do not form or rarely form this pivotal associa-
tion (Skene 1998; Miller et al. 1999; Cripps and Eddington 2005; Miller 2005). 
This review will address adaptations and mechanisms for acquisition and use of 
scarce P in plants lacking effective mycorrhizal symbioses. The primary focus will 
be on root adaptations in species that develop specialized-complex roots (cluster 
and dauciform) in response to P deficiency. Although not producing cluster or dau-
ciform roots in response to P deficiency, Arabidopsis will also be considered 
because it does not form mycorrhizal symbiosis and is a model species for evaluat-
ing plant adaptation to P deficiency.

Plants have evolved two broad strategies for improved P acquisition and use in 
nutrient-limiting environments: (1) those aimed at conservation of use; and (2) 
those directed toward enhanced acquisition or uptake (Vance et al. 2003; Ticconi 
and Abel 2004; Misson et al. 2005; Morcuende et al. 2007). Processes that con-
serve the use of P involve decreased growth rate, increased growth per unit of P 
uptake, remobilization of internal P, modifications in carbon (C) metabolism that 
bypass P-requiring steps, alternative respiratory pathways, and alterations in mem-
brane biosynthesis requiring less P (Plaxton and Carswell 1999; Uhde-Stone et al. 
2003a,b; Wasaki et al. 2003; Misson et al. 2005; Lambers et al. 2006). In compari-
son, processes that lead to enhanced P uptake include modified root architecture 
and greater root growth, prolific development of root hairs leading to expanded root 
surface area, enhanced expression of Pi transporter genes, and increased production 
and exudation of phosphatases and organic acids (Marschner et al. 1986; López-
Bucio et al. 2002; Shane and Lambers 2005). These numerous adaptive responses 
to P-deficiency are not mutually exclusive and all may occur within a single 
species.
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ROOT ARCHITECTURE

Root architecture (Dinkelaker et al. 1995; Lynch and Brown 2001; Williamson 
et al. 2001; López-Bucio et al. 2003; Lambers et al. 2006) refers to the complexity 
of root system spatial configurations that arise in response to soil conditions. 
It includes root morphology, topology, and distribution patterns. Soil P limitation 
is a primary effector of root architecture (Dinkelaker et al. 1995; Borch et al. 1999; 
Williamson et al. 2001; López-Bucio et al. 2003; Lambers et al. 2006) and is 
known to impact all aspects of root growth and development. Phenotypic and 
genotypic adaptations to P deficiency involve changes in root architecture that 
facilitate acquisition of P from the topsoil (Lamont 1982; Lynch and Brown 2001; 
López-Bucio et al. 2003). Adaptations that enhance acquisition of P from topsoil 
are important because of the relative immobility of P in soil, with the highest con-
centrations usually found in the topsoil and little movement of P into the lower soil 
profiles. Lynch and Brown (2001) refer to P deficiency induced modification of 
root architecture as adaptations for topsoil foraging. Root characteristics associated 
with improved topsoil foraging for scarce P are a more horizontal basal-root growth 
angle resulting in more shallow roots, increased adventitious root formation, 
enhanced lateral root proliferation, and increased root hair density and length. Such 
modifications in root architecture in response to P deficiency are well documented 
in Arabidopsis and in those species forming either cluster or dauciform roots.

ROOT DEVELOPMENT AND FUNCTION 
ARE ALTERED BY P DEFICIENCY

Cluster root species

Distribution

While Arabidopsis is a compelling model species for the study of plant adaptation 
to P deficiency, a wide group of species respond to the scarcity of P with profound 
changes in root architecture resulting in cluster roots (Dinkelaker et al. 1995; Diem 
et al. 2000; Pate and Watt 2001; Neumann and Martinoia 2002; Lamont 2003; 
Vance et al. 2003; Shane and Lambers 2005; Lambers et al. 2006). Phosphorus-
deficiency induced cluster root formation involves the localized formation of massive 
numbers of determinate secondary/tertiary rootlets having prolific root hair forma-
tion (Figures 6.1, 6.2). In the literature they can be referred to as cluster, proteoid, 
bottlebrush, and/or dauciform roots (Lamont 2003; Vance et al. 2003; Lambers 
et al. 2006). Originally thought to be present in only native species of the Proteaceae 
in Australia and South Africa, cluster roots are now known to have widespread 
occurrence (Table 6.1) in members of the Betulaceae, Moraceae, Casuarinaceae, 
Myricaceae, Eleagnaceae, Cucurbitaceae, Cyperaceae, Restionaceae, and Fabaceae 
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(Lamont 1993, 2003; Skene 1998; Lambers et al. 2006). Many species in these 
families are particularly adapted to growth in nutrient-impoverished soils through 
the evolution of cluster roots for acquisition of scarce nutrients. Members of the 
Cyperaceae and Restionaceae are frequently primary colonizers of marshes and 
wetland. All cluster root species are well adapted to low P growth environments 
(Lamont 1993, 2003; Lambers et al. 2006). Beside mycorrhizal associations, clus-
ter roots are regarded as one of the major adaptations for P acquisition (Dinkelaker 
et al. 1995; Skene 1998; Diem et al. 2000; Adams and Pate 2002; Lamont 2003; 
Vance et al. 2003; Shane and Lambers 2005).

Fig. 6.1 Cluster roots of members of the family Protaceae (a, b, c) and dauciform roots of the 
Cyperaceae (d). a. Compound cluster root of Banksia cirsioides. This compound cluster root is 
6 cm in length (Permission and courtesy of Byron Lamont). b. Young cluster root of Leucodendron 
laureolum prior to root hair development on rootlets (Scanning electron microscopy. Permission 
and courtesy of Byron Lamont). c. Cluster root of L. laureolum emerging through epidermis 
(Scanning electron microscopy. Permission and courtesy of Byron Lamont). d. Dauciform roots 
of Caustis sp (Cyperaceae) with prolific root hair development. (Permission and courtesy of 
Michael Shane.)
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Development

Recent reviews (Lamont 2003; Shane and Lambers 2005; Lambers et al. 2006) have 
documented the striking diversity in cluster root morphology. Cluster roots form 
through synchronized development of densely packed determinate rootlets. They 
can comprise single clusters formed on parent axis, as found in members of the 
Proteaceae, such as Hakeae spp., Leucadendron spp., Grevillea robusta, and in the 
Fabaceae, such as white lupin (Lamont 1982, 2003; Skene et al. 1996; Lambers et 
al. 2006; Figure 6.1). However, some species from the Proteaceae, like Banksia 

Fig. 6.2 White lupin plant grown under P-deficient conditions 14 days after emergence. a. Note 
cluster root zones on first-order lateral roots. b. Cluster root zone boxed is enlarged to show 
developmental zones. Premature (c) and pre-emergent (d) zones are shown in boxes at higher 
magnification. (Prepared by Dr. B. Bucciarelli.)
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grandis, form more complex compound clusters that form embedded mats in the soil 
profile (Lamont 1993, 2003; Adams and Pate 2002; Shane and Lambers 2005). 
Several features of dicot cluster root development and morphology are distinguished 
from that of typical dicot lateral roots. First, lateral roots are initiated usually in an 
alternating pattern from the pericycle of primary roots near the zone of metaxylem 
differentiation (Celenza et al. 1995; Charlton 1996), while cluster rootlets are initi-
ated in waves along the axis of second and third order lateral roots (Skene and James 
2000; Pate and Watt 2001; Lamont 2003). Second, typical lateral roots are initiated 
singularly opposite a protoxylem point, unlike cluster roots which are initiated in 
multiples opposite every protoxylem point within the wave of differentiation 
(Figures 6.1, 6.2). Third, cluster rootlets produce a superabundance of root hairs due 
to an apparent loss of regulation of trichoblast differentiation, while root hair devel-
opment in typical roots is highly regulated and occurs from a discrete number of 
trichoblasts (Dolan 2001; Müller and Schmidt 2004). The length of cluster root seg-
ments varies from a few millimeters to 2–4 cm. Under P-deficient conditions cluster 
roots can comprise more than 70% of the plant root mass (Lamont 1982, 2003; Pate 
and Watt 2001; Lambers et al. 2006). The frequency of cluster roots in P-deficient 
soil and the accompanying increase in root hair density results in an increase in root 
surface area of greater than 100-fold (Lamont 2003; Vance et al. 2003; Shane and 
Lambers 2005). Another notable feature of cluster rootlets is that their growth is 
determinate, ceasing shortly after emergence, as contrasted to the indeterminate 
growth of lateral roots (Neumann and Martinoia 2002). This highly synchronous 
developmental pattern reflects that cluster root formation is an elegant, finely tuned 
process. Moreover, because root pericycle cells are arrested in the G2 phase of the cell 
cycle (Skene 1998; Skene and James 2000), cluster root initiation likely involves a hor-
mone mediated concerted release of multiple pericycle cells from the G2 phase in a 
wave-like pattern along second-order lateral roots.

Table 6.1 Plant families having specialized compound (cluster or dauciform) root development 
and the prevalence of either nitrogen (N

2
) fixing or mycorrhizal symbioses. (Adapted from: 

Dinkelaker et al. 1995; Skene 1998; Waters and Blevins 2000; Lamont 2003; Shane and Lambers 
2005; Lambers et al. 2006.)

  Symbiosis

Family Root Mycorrhizal N
2
 fixation

   Rhizobial Actinorrhizal
Fabaceaea Cluster −/+ + −
Moraceae Cluster − − −
Betulaceaea Cluster −/+ − +
Casuarinaceaea Cluster −/+ − +
Eleagnaceae Cluster + − +
Myricaceaea Cluster −/+ − +
Proteaceae Cluster − − −
Cucurbitaceaea Cluster + − −
Cyperaceaea Dauciform −/+ − −
a Families noted as −/+ may be mycorrhizal but those species forming cluster roots are either non-
mycorrhizal– or weakly mycorrhizal (+ = mycorrhizal/−/+ = weakly mycorrhizal).



122 C.P. Vance

Root architectural changes, classified as cluster root types, also occur in the 
sedges (Cyperaceae) and the rushes (Restionaceae). Lamont (1974) characterized 
the cluster root morphology found in the Cyperaceae as dauciform due to the car-
rot-like developmental pattern along the root axis. As dauciform roots mature they 
develop large numbers of long (3–5 mm) root hairs (Figure 6.1; Shane and Lambers 
2005; Shane et al. 2005). The development of dauciform roots in Schoenus unispic-
ulatus was directly related to P availability, with their formation being suppressed 
as P availability increased (Shane et al. 2005). Recently Shane et al. (2006) have 
shown that dauciform roots of S. unispiculatus are structurally distinct from typical 
cluster roots, but functionally analogous to them. In the Restionaceae, the cluster 
root morphology has been characterized as capillaroid (Lamont 1982) due to the 
sponge-like, water-holding capacity of the root-soil aggregate. Capillaroid species 
have root clumps with exceptionally long root hairs (see Figure 6.3; Lambers 
et al. 2006).

Cluster root function

Similar to mycorrhizal association, cluster roots increase the root surface area and 
soil volume exploited for mining nutrients. In contrast to mycorrhizae, which grow 
over much of the entire root surface, the hairy and densely packed lateral rootlets in 
cluster root zones bind tightly to trapped soil particles and organic matter in local-
ized soil volumes. Cluster root aggregates are most prominent in the upper layers of 
the soil profile where P is most abundant (Lamont 2003; Shane and Lambers 2005; 

Fig. 6.3 Cluster root segment of P-deficient white lupin. Rootlet development proceeds from left 
to right. Pre-emergent zone contains rootlet confined to the root cortex and not yet emerged. 
Juvenile, premature, and mature zones contain emerged rootlets as described by Neumann and 
Martinoia (2002). Mature cluster roots have ceased elongating and have determinate development. 
Inset shows root hairs in pre-emergent zone. (Prepared by Dr. B. Bucciarelli.)
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Lambers et al. 2006). The dense aggregation of cluster roots and soil facilitates the 
acquisition and uptake of nutrients, particularly P (Lamont 2003; Vance et al. 2003; 
Shane and Lambers 2005; Lambers et al. 2006). Enhanced capacity for nutrient 
acquisition and uptake by cluster roots occurs by effectively concentrating root exu-
dates and plant nutrient uptake systems in localized patches of soil (Grierson and 
Attiwill 1989). Cluster roots exude organic acids (Gardner et al. 1983; Dinkelaker et 
al. 1995; Johnson et al. 1996a,b; Shane et al. 2006), protons (H+; Dinkelaker et al. 
1995; Neumann and Martinoia 2002; Yan et al. 2002; Shane et al. 2006), phenolics 
(Neumann et al. 1999; Weisskopf et al. 2006a,b), acid phosphatases (Dinkelaker et 
al. 1995; Gilbert et al. 1999; Miller et al. 2001), and iron chelate reductase 
(Dinkelaker et al. 1995; Neumann and Martinoia 2002). Cluster roots have enhanced 
expression of phosphate (Pi) transporters (Liu et al. 2001) and increased Pi uptake 
(Keerthisinghe et al. 1998; Neumann et al. 2000; Sousa et al. 2007). Exudation of 
carboxylates, H+, phenolics, and acid phosphatases releases P bound to inorganic 
and organic particles making it available for rapid uptake by Pi transporters. Cluster 
root development accompanied by corresponding changes in cluster root metabo-
lism and membrane uptake systems reflect an elegant, highly coordinated molecular 
response to P deficiency.

Although the development of cluster roots in Proteaceae and Cyperaceae has 
received growing attention, white lupin has served as the model for analysis of bio-
chemical and molecular adaptations contributing to enhanced P acquisition and use 
by cluster roots (Dinkelaker et al. 1995; Watt and Evans 1999; Neumann and 
Martinoia 2002; Uhde-Stone et al. 2003a,b; Liu et al. 2005). As P deficiency occurs 
in white lupin, a cascade of changes in gene expression occurs resulting in synchro-
nous development of: cluster roots having prolific root hair density; exudation 
of carboxylates, H+, and enzymes; enhanced expression of membrane transporters; 
and apparent heightened sensitivity in roots to hormonal signals. Neumann et al. 
(2000) have staged cluster root development into four phases distinguished by 
rootlet emergence and biochemical response (Figure 6.3). In the juvenile and pre-
mature stages, cluster rootlets have emerged from the cortex and are actively elon-
gating. At these stages rootlets are exuding malate and citrate in fairly equal 
amounts (300–700 nmol h−1 g−1 fw) accompanied by uniform rhizosphere pH (5–6) 
and little extrusion of protons. As the mature stage is attained, rootlet elongation 
stops, citrate exudation exceeds malate by four- to five-fold, copious amounts of 
acid phosphatase and phenolics are exuded accompanied by H+ extrusion and a 
reduction in rhizosphere pH (Neumann and Martinoia 2002). Mature cluster root 
zones have increased transcript abundance for P transporters (Liu et al. 2001), acid 
phosphatase (Miller et al. 2001), sugar metabolism genes (Uhde-Stone et al. 
2003a), and MATE-transporters (Uhde-Stone et al. 2005). It is noteworthy that total 
RNA concentration decreases as cluster root zones progress through development 
into the later phase of maturity, suggesting an increased turnover of nucleic acids 
to provide P for remobilization (Johnson et al. 1996a,b). The burst of exudation 
occurring in mature cluster root zones occurs over a three to four day period fol-
lowed by the senescent stages of differentiation in which cluster roots turn brown 
and physically deteriorate (Watt and Evans 1999). Recent studies with cluster roots 
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of Hakea, Proteaceae (Shane et al. 2004; Shane and Lambers 2005) and with dau-
ciform roots of Schoenus, Cyperaceae (Shane et al. 2006) show developmental 
stages and biochemical modifications analogous to those that occur in white lupin.

Phosphate acquisition

Phosphate acquisition from soil is enhanced in cluster root species (Gardner et al. 
1982; Lamont 1982; Grierson 1992; Dinkelaker et al. 1995; Neumann et al. 2000; 
Keerthisinghe et al. 1998; Sousa et al. 2007). Enhanced acquisition of soil P occurs 
not only because of the biochemical and architectural changes that occur in cluster 
roots, which facilitate increased surface area for explorations and release of 
exudates to solubilize P, but also because Pi uptake is enhanced in cluster roots. 
Increased Pi uptake has been noted in cluster root zones of both white lupin 
(Keerthisinghe et al. 1998; Neumann et al. 2000) and Hakea (Sousa et al. 2007). 
The Pi concentration at which Pi uptake is half-maximal (Km) in cluster root 
species ranges from 1.0 µM for the high affinity uptake in low P soils to 40 µM 
under high P conditions. Sousa et al. (2007) showed a biphasic Pi uptake for Hakea 
serica indicating a high and low affinity system. Interestingly, Liu et al. (2001) iso-
lated and characterized two Pi-transporter genes from white lupin cluster roots. The 
white lupin phosphate transporter 1 (LaPT1) was specifically expressed in cluster 
roots under P-deficiency and probably corresponds to a high affinity transporter. In 
contrast, LaPT2 is expressed in all tissues in fairly high abundance and likely rep-
resents a low affinity transporter. We have noted the expression abundance of 
numerous transporter genes in P deficiency induced cluster roots of white lupin 
(Uhde-Stone et al. 2003b) ranging from Pi transporters to sulfate transporters, 
amino acid, and sugar transporters. The abundance of these transporters in white 
lupin cluster roots suggests the cluster root system is geared up for effective trans-
port of many nutrients.

Modified carbon metabolism and partitioning is required 
for adaptation to P deficiency

Under normal growth and developmental conditions, plant roots exude a wide variety 
of organic compounds including: simple sugars, organic acids, amino acids, pheno-
lics, quinones, (iso)-flavonoids, growth hormones, proteins, and polysaccharides 
(Marschner et al. 1986; Kochian et al. 2004). Exudation of organic compounds 
from roots can alter rhizosphere chemistry, soil microbial populations, competition, 
and plant growth. Exuded compounds are functionally diverse and can be involved 
in a wide array of processes ranging from signaling in plant-microbe interactions, 
to allelopathy and nutrient acquisition (Marschner et al. 1986; Hinsinger 2001; 
Ryan et al. 2001; Kochian et al. 2004). During P deficiency, roots show enhanced 
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accumulation of sugars, increased synthesis and exudation of carboxylates, and a 
dependence upon sugars or current phloem transport for P-stress induced gene 
expression in roots (Johnson et al. 1996a; Keerthisinghe et al. 1998; Watt and 
Evans 1999; Neumann and Martinoia 2002; Shane et al. 2004; Liu et al. 2005).

Convincing evidence exists for exudation of malate and citrate as a principal 
mechanism for relieving the edaphic stress of P deficiency. The release of carboxylates 
allows for the chelation of Al3+, Fe3+, and Ca2+ and the subsequent displacement of 
Pi from bound or precipitated forms (Gardner et al. 1982; Dinkelaker et al. 1995; 
Ryan et al. 2001; Vance et al. 2003; Shane and Lambers 2005) and may also make 
organic P more susceptible to acid phosphatase activity. Tricarboxylates, such as 
citrate, are more effective than dicarboxylates, such as malate, at displacing bound 
P due to their greater affinity for Fe3+, Al3+, and Ca2+ (Hinsinger 2001; Ryan et al. 
2001; Kochian et al. 2004). While many plant species exude carboxylates under 
P-deficient conditions (Marschner et al. 1986; Ryan et al. 2001; Lambers et al. 
2006), this trait achieves maximum effectiveness in cluster root species (Johnson 
et al. 1996b; Keerthisinghe et al. 1998; Neumann and Martinoia 2002; Kihara et al. 
2003; Shane et al. 2004, 2006). When grown under P-deficient conditions, cluster 
roots exude 20- to 40-fold more citrate and malate than P-sufficient roots. Shane 
et al. (2004) reported that a significant accumulation of carboxylates (75 µmol g−1 
fw) in Hakea cluster roots was coincident with the maximum rate of organic acid 
exudation. Likewise, Watt and Evans (1999) showed that organic acid exudation 
from mature lupin cluster roots peaked at 34 nmol min−1 g−1 fw, compared to near 
non-detectable levels in the early stages of their development.

Malate is frequently detected as the primary component of exudates in juvenile 
and premature cluster roots, while citrate predominates at peak exudation in mature 
cluster roots (Johnson et al. 1994, 1996b; Watt and Evans 1999; Neumann et al. 
2000; Shane et al. 2004, 2006). Peak exudation has been referred to as the exuda-
tive burst. The amount of carbon exuded in citrate and malate can constitute from 
10% to greater than 25% of the apparent current photosynthate of the plant 
(Johnson et al. 1994, 1996a; Neumann et al. 2000). Cluster roots and P-stressed 
roots in general are strong sinks for photosynthate (Johnson et al. 1996a; Watt and 
Evans 1999; Neumann et al. 2000; Shane et al. 2004; Hernández et al. 2007; 
Morcuende et al. 2007).

The striking change that occurs in the organic acid exudation of P-deficient 
cluster roots is invariably reflected in concurrent changes in RNA expression and 
activity of enzymes involved in C metabolism (Johnson et al. 1994; Neumann et al. 
2000; Massonneau et al. 2001; Uhde-Stone et al. 2003a; Shane et al. 2004). 
Measurements of shoot and root CO

2
 fixation with 14CO

2
, accompanied by 

measurements of C partitioning and exudation, show that organic acids exuded 
from lupin cluster roots are derived from both photosynthetic CO

2
 fixation and root 

dark (anapleurotic) CO
2
 fixation (Johnson et al. 1994, 1996a,b). Some 60–65% of 

C exuded from roots is shoot derived while 35–40% is root derived. Exudation of 
carboxylates from roots is accompanied by an increase in the activities of sucrose 
synthase (SS), enzymes of glycolysis, and organic acids, particularly phosphoe-
nolpyruvate carboxylase (PEPC) and malate dehydrogenase (MDH; Johnson et al. 
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1994; Massonneau et al. 2001; Uhde-Stone et al. 2003a; Peñaloza et al. 2005; 
Figure 6.4). Similar changes in C metabolism have been noted for P-deficient roots 
of bean (Ciereszko et al. 1998; Hernández et al. 2007) and Arabidopsis (Morcuende 
et al. 2007).

Fig. 6.4 Schematic representation of sucrose (carbon) metabolism through glycolysis with the 
formation of malate for exudation. ESTs with induced expression in P-deficient proteoid roots, 
compared to P-sufficient normal roots are represented in grey boxes. The average gene induction 
determined by two independent macroarrays is indicated at the corresponding arrows (e.g. 2x). 
Enzymes of the glycolytic pathway that were not found in the collection of 1,250 ESTs are 
shown in white boxes and are represented by dotted arrows. The majority of ESTs with possible 
function in the glycolytic pathway displayed increased expression in P-deficient proteoid roots, 
compared to P-sufficient normal roots. (From Uhde-Stone et al. 2003a.)
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Interestingly, even though cluster roots are strong sinks for C there is not a strik-
ing increase in respiration. Cluster root C metabolism and respiration appear to be 
relatively efficient due to adaptive changes that occur in response to low P. For 
example, P deficiency can limit the activity of pyruvate kinase (PK), an enzyme 
requiring Pi and ADP. The PEPC, MDH, NAD-malic enzyme pathway can bypass 
the PK entryway into the TCA cycle, thereby maintaining the flow of C while 
avoiding the use of ADP and generating Pi (Plaxton and Carswell 1999; Morcuende 
et al. 2007). Likewise, the reduction in cellular ADP and Pi in P deficient plants can 
result in reduced efficiency of respiration by inhibiting the cytochrome pathway of 
electron transport. Non-phosphorylating pathways that bypass energy-requiring 
steps, like the alternative oxidase (AOX) system, can maintain cellular metabolic 
integrity (Theodorou and Plaxton 1993; Day and Wiskich 1995; Vance et al. 2003). 
Recent studies show that AOX is enhanced in Hakea cluster roots (Shane et al. 
2004), Arabidopsis (Morcuende et al. 2007), and bean (Hernández et al. 2007).

A series of elegant studies have now conclusively demonstrated a tight link 
between sugars and plant adaptation to P deficiency (Liu et al. 2005; Hernández 
et al. 2007; Karthikeyan et al. 2007; Morcuende et al. 2007; Müller et al. 2007). 
Sugars are required for the expression of many P deficiency induced genes in both 
roots and shoots. Liu et al. (2005) and Tesfaye et al. (2007) showed that the expres-
sion of a phosphate transporter (Pt), an acid phosphatase (APase), a multidrug toxin 
(MATE) protein, sucrose synthase (SS), hexokinase (HXK), and fructokinase (FK), 
in P deficiency induced cluster roots required sugar or phloem transport (Figure 6.5). 
Dark adaptation or blocking phloem transport reduced the expression of these 
genes to non-detectable levels in 24 hours, but re-exposure to light activated their 
transcription within a few hours. The interplay of sugars and P deficiency induced 
gene expression observed in white lupin has also been validated with Arabidopsis. 
Karthikeyan et al. (2007) and Müller et al. (2007) have shown that P deficiency 
induced gene expression and modified root architecture in Arabidopsis is tightly 
linked to sugar signaling, probably through HXK.

Hormonal regulation of cluster root development

Since cluster root development involves the synchronized initiation and growth of 
a large number of tertiary lateral roots in distinct wavelike patterns originating from 
primary and secondary lateral roots, it would not be surprising that the balance of 
hormones plays a role in this adaptive response to low P availability (Gilbert et al. 
2000; Skene and James 2000). Many hormonally controlled developmental 
responses occurring in P-deficient Arabidopsis plants, which give rise to modified 
root architecture, appear also to be involved in modifying cluster root architecture. 
We have detected a number of plant hormone related ESTs during sequencing from 
cDNA libraries made to P-deficiency induced cluster roots (Table 6.2). As described 
later for Arabidopsis lateral roots, substantial support for the role of auxin in cluster 
root formation comes from observations showing: exogenous application of auxin 
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stimulates cluster root formation in P-sufficient white lupin and Protea species 
(Gilbert et al. 2000; Skene and James 2000); auxin transport inhibitors block cluster 
root formation in P-deficient plants; and many genes involved in auxin synthesis 
and signaling are abundantly expressed in developing cluster roots of white lupin 
(Vance et al. 2003; Vance CP, Uhde-Stone C, Yamagishi M 2007; unpublished). 
These data clearly show a significant component of P-deficiency induced cluster 
root formation is due to auxin synthesis and transport. Currently, experiments are 
underway to assess auxin signaling in cluster roots through the transformation of 
cluster roots with the auxin reporter construct DR5-GUS (Ulmasov et al. 1997).

Fig. 6.5 RNA blot of lupin P-stressed induced genes that are co-regulated by products of photo-
synthesis. a. Total RNA from P-deficient proteoid roots and leaves were separated on agarose gels. 
Polyubiquitin probe (UB) was used as a control for loading and RNA quality. Light/dark regime: 
L/D 16/8 hour photoperiod; D/D dark-adapted for 24 hours prior to harvest; D/L18 or D/L48 plant 
transferred to continuous light for 16 or 48 hours after dark adaptation. Dark adaptation of P-defi-
cient plants results in loss of RNAs encoding root expressed (a, b, c) LaSAP (lupin secreted acid 
phosphatase), LaMATE (lupin multidrug-toxin-efflux protein), and LaPT1 (lupin phosphate trans-
porter). Dark adaptation of P-deficient plants results in loss of RNAs encoding leaf expressed (d) 
LaPT1. Upon returning plants to light mRNA abundance of P-deficient induced genes recovers 
(from Liu et al. 2005). b. Phosphorus deficiency and light affect expression of sugar-related genes 
in proteoid roots of white lupin. Total RNA isolated from proteoid roots of P-deficient white lupin 
plants at 14 days after emergence under different light regimes. Treatments: D/D2, P-deficient 
plants shaded in continuous dark for 48 hours; D/L48, dark-treated P-deficient plants re-exposed 
to continuous light for 48 hours; D/L48ss, one-half of the shoot of dark-grown plants re-exposed 
to light and the other one-half remaining in the dark. SucSyn, Suc synthase; HXK1, hexokinase; 
FK, fructokinase; PPi-PFK, PPi-dependent phosphofructokinase-1; TPS, trehalose-6-P synthase; 
Ub, polyubiquitin. Dark adaptation of P-deficient plants results in the loss of RNAs encoding 
genes of sugar metabolism. Upon returning P-deficient plants to light, P deficiency induced gene 
expression recovers. (From Tesfaye et al. 2007.)
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Although the role of ethylene in P-deficiency induced cluster root architecture is 
not clear, the fact that ethylene plays a role in root hair length, density, and develop-
ment, as well as a role in lateral root emergence in P-deficient Arabidopsis (Ticconi 
and Abel 2004), suggests a similar role in cluster roots. As noted previously, cluster 
roots and dauciform roots have densely packed, unusually long root hairs. Studies 
with P deficiency-induced cluster roots of white lupin (Gilbert et al. 2000), 
Casurina (Zaid et al. 2003), and squash (Waters and Blevins 2000) have correlated 
ethylene production with cluster root formation. Gilbert et al. (2000) demonstrated 
a two- to three-fold increase in ethylene as cluster roots develop in P-deficient 
white lupin. Zaid et al. (2003) showed that Fe-deficiency stimulated cluster roots in 
Casurina and inhibition of ethylene synthesis reduced cluster root formation. 
Waters and Blevins (2000) noted a correlation between ethylene production, root 
iron reduction, and the formation of cluster roots in squash. We have found a 
number of genes involved in ethylene biosynthesis to be over-represented (Table 6.2) 
in our sequencing of ESTs derived from P-deficiency induced cluster root cDNA 
libraries, further suggesting a role for ethylene in cluster root architecture.

In their classical study of the physiology of cluster roots, Neumann et al. (2000) 
found that addition of cytokinins to lupin significantly reduced cluster root forma-
tion and cluster rootlet elongation. They also found elevated levels of cytokinin in 
four-week-old P-deficient white lupin roots, compared to P-sufficient roots. They 
postulated that auxin stimulates emergence of cluster rootlets in P-deficient plants, 
which results in increased production of cytokinin due to the numerous emerged 
root tips. In mature segments of P deficiency induced cluster roots we have found 
numerous ESTs with strong homology to cytokinin oxidase (Table 6.2), suggesting 
that cytokinins may be subject to degradation as cluster rootlets mature. Cytokinin 
oxidase is the key enzyme implicated in cytokinin degradation (Morris et al. 1999). 
Enhanced degradation of cytokinins in cluster root formation and/or development 
might be expected because low cytokinin levels favor root growth, and P deficiency 
reportedly results in reduced xylem sap cytokinin levels (Salama and Wareing 
1979; Martín et al. 2000; Emery and Atkins 2002). Alternatively, in planta regula-
tion of potentially large quantities of cytokinins, which could be released by the 
mass induction of cluster root meristems, may require cytokinin oxidase. As 
described later, cytokinins reduce lateral root initiation in Arabidopsis.

Table 6.2 Expressed sequence tags (ESTs) related to plant hormone balance 
isolated from phosphorus deficient white lupin cluster roots

EST Annotation Number of ESTsa

Auxin influx/efflux 2
Auxin binding 3
Auxin response/repressed 10
IAA hydrolyase 3
Cytokinin oxidase 6
Methionine synthase 8
Aminocyclopropane carboxylic acid oxidase (ACC) 5
Giberrillin induced 14
aNumber of ESTs detected in each category out of a total of 3,000 sequenced.
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While strong correlative physiological and gene expression data suggest a critical 
role for auxins, cytokinins, and ethylene in P deficiency induced cluster root devel-
opment, definitive genetic and biochemical experiments have yet to be performed. 
Salient questions to be addressed include: What is/are the internal signal(s) that 
initiate(s) the cascade of developmental biochemical and genetic changes resulting 
in cluster roots? How is determinacy in cluster roots regulated? Are reactive oxygen 
and programmed cell death part of the cluster root developmental phenomenon? 
Can gene knock-down and overexpression studies be harnessed to definitively 
answer questions regarding the role of growth hormones in cluster root develop-
ment and function? Can the genetic control mechanism(s) for cluster root formation 
be identified and used to enhance P-uptake and use efficiency in other plant species? 
Recent advances in genetic transformation of root tissue via Agrobacterium 
rhizogenes (Boisson-Dernier et al. 2001; Limpens et al. 2004) facilitate high 
throughput experiments to evaluate gene function with either knock-down or over-
expression approaches. Coupled with metabolomics and proteomics, new insights 
will be gained into the role of P deficiency in the development of complex root 
architecture.

ARABIDOPSIS

P deficiency mediates determinate growth of the primary root

Phosphorus availability has a marked effect on the root system architecture of 
Arabidopsis (Narang et al. 2000; Williamson et al. 2001; López-Bucio et al. 2002; 
Al-Ghazi et al. 2003; Chevalier et al. 2003; Müller and Schmidt 2004; Nacry et al. 
2005). Growth under P-limiting conditions results in determinate growth of the pri-
mary root and redistribution of root growth from the primary root to lateral roots 
(Ticconi and Abel 2004). Reduced primary root growth under low P is accompa-
nied by increased lateral root density, along with increased root hair length and 
number. Arabidopsis root biomass is concentrated near the soil surface, suggesting 
topsoil foraging by roots. Moreover, accessions with enhanced P acquisition also 
appear to have strengthened root penetration capacity (Narang et al. 2000).

Decreased primary root elongation during P deficiency is thought to involve 
localized sensing of P in the rhizosphere by root meristem and cap cells, which 
results in cessation of cell division in the primary root meristem (Sánchez-Calderón 
et al. 2005; Svistoonoff et al. 2007). Ticconi et al. (2004) identified an Arabidopsis 
mutant pdr2 (Pi deficiency response) that has a disruption in P-sensing. This mutant 
shows a short-root phenotype that is specific for P deficiency. The short-root phe-
notype of pdr2 is the result of inhibition of primary root cell division at P concen-
trations below 0.1 mM external P. Ticconi et al. (2004) proposed that pdr2 monitors 
external environmental P and regulates primary root meristem activity to adjust root 
system architecture to maximize P acquisition. More recently, Svistoonoff et al. 
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(2007) identified an Arabidopsis gene that mediates the signaling between the root 
tip and contact with low P. The gene conditions reprogramming of plant root archi-
tecture. Previous studies by this group identified an Arabidopsis QTL designated 
low phosphate root (LPR) associated with arrest in primary root growth under low 
P (Reymond et al. 2006). Svistoonoff et al. (2007) then employed map-based 
cloning to identify the gene associated with the LPR QTL. They found that LPR 
encoded a multicopper oxidase (MCO) protein. Transcripts of the LPR MCO were 
most abundant in the root meristem and cap. LPR mutants lost the determinate 
primary root arrest phenotype under low P. They proposed that as the primary root 
tip came in contact with a low P area, MCO activity modifies either the amount or 
distribution of hormone-like compounds that signal determinacy in primary root 
growth and stimulates lateral root development.

Root hairs

The abundant development of lateral roots following cessation of primary root 
growth in low P environments is almost invariably accompanied by increased root 
hair density and length. Root-hairs are tubular-shaped cells specialized for nutrient 
uptake (Peterson and Farquhar 1996; Gahoonia and Nielsen 1998; Gilroy and Jones 
2000). They arise from root epidermal cells known as trichoblasts and undergo tip 
growth, thereby extending the root surface area in contact with the soil matrix 
(Ridge 1995; Dolan 2001). Root hairs can form as much as 77% of the root surface 
area of field crops (Peterson and Farquhar 1996). For plants lacking mycorrhizal 
associations, they are the primary site of nutrient uptake (Gahoonia and Nielsen 
1998; Gilroy and Jones 2000; Jungk 2001). Root hair formation and growth is regu-
lated largely by the supply of mineral nutrients, particularly P and NO

3
− (Bates and 

Lynch 1996, 2000; Gilroy and Jones 2000; Ma et al. 2001).
In Arabidopsis, trichoblasts are located over the junction of two underlying cor-

tical cells. Trichoblasts can be distinguished by the late stages of embryogenesis. In 
recent years, root hair formation in Arabidopsis has become a model system for 
evaluating cell fate and hormonal interactions. Grierson et al. (2001) report that at 
least 40 genes in Arabidopsis affect root hair initiation and development. Five loci 
involved in root hair formation encode transparent testa glabra (TIG), glabra2 
(GL2), constitutive triple response1 (CTR1), root hair defective6 (RHD6), and 
auxin resistant2 (AXR2; Masucci and Schiefelbein 1996). Analysis of these genes 
in Arabidopsis mutants demonstrated that a network of hormone interactions 
involving auxin and ethylene regulate root epidermal cell fate and root hair initia-
tion (Tanimoto et al. 1995). Likewise, Parker et al. (2000) found eight genes whose 
loss-of-function mutants showed root hair defects. Although the function of these 
genes was not established, they were mapped to Arabidopsis chromosomes. 
More recently, Jones et al. (2006) showed that in addition to previously reported 
genes, some 606 novel genes had enhanced expression in Arabidopsis root hairs. 
They identified several gene families that appeared to be important in root hair 
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morphogenesis including cell wall synthesis enzymes, glycosylphosphatidylinositol 
(GPI) anchored proteins associated with lipid rafts, armadillo-repeat proteins, and 
leucine-rich receptor kinases. Importantly, a basic helix-loop-helix transcription 
factor has been shown to be the ancestral regulator of root hair development in 
Arabidopsis (Menand et al. 2007).

Phosphate availability regulates root hair elongation (Bates and Lynch 1996) and 
root hair density (Ma et al. 2001). The average length of root hairs on P-deficient 
plants was three-fold greater and root hair density was five-fold greater than in 
P-sufficient plants. Trichoblast files increased from 8 to 12 on P-deficient plants. 
Analysis of P acquisition in Arabidopsis wild type and root hair mutants, rhd6 and 
rhd2, showed that wild type plants were more efficient than root hair mutants in 
obtaining P when plants were grown under low P conditions. However, there was 
no difference in growth when grown under high P conditions (Bates and Lynch 
2000). Phosphorus deficiency altered radical cell pattern formation in roots by 
increasing cortical number and reduced epidermal cell elongation resulting in 
increased trichoblasts (Ma et al. 2001, 2003; Müller and Schmidt 2004). Modified 
root hair patterning was most evident in mutant genotypes having defects in first 
stage of epidermal cell differentiation, suggesting P deficiency signals are per-
ceived very early in epidermal cell development. Modified root cell patterning in 
P-deficient plants is regulated by auxin-ethylene interactions (Dolan 2001; 
Stepanova et al. 2007).

Lateral roots

The prototype root architecture modification to occur in Arabidopsis in response to 
P deficiency is the promotion of lateral root development at the expense of primary 
root growth (Williamson et al. 2001; López-Bucio et al. 2002). Phosphorus defi-
ciency appears to impair cell division in the primary root meristem, but stimulate 
elongation of initiated lateral root primordia and newly emerged lateral roots (Al-
Ghazi et al. 2003; Malamy 2005; Nacry et al. 2005; Sánchez-Calderón et al. 2005). 
The root architecture changes induced by P deficiency are strikingly similar to 
those induced by either auxin addition or overproduction (Al-Ghazi et al. 2003; 
Malamy 2005; Nacry et al. 2005). Utilizing Arabidopsis mutants with lesions in 
auxin and ethylene signaling, a growing body of evidence indicates that P deficiency 
induced root architectural changes result from modifications in auxin and ethylene 
synthesis and/or signaling. The current working hypothesis is that P deficiency 
induces an increase in auxin synthesis and sensitivity in the primary root meristem, 
resulting in a modification or cessation of cell division. The modification in auxin 
signaling may result from P deficiency induced ethylene effects on auxin distribu-
tion (López-Bucio et al. 2002; Ma et al. 2003; Ortega-Martínez et al. 2007; Ruzicka 
et al. 2007; Swarup et al. 2007). Transcript profiling (Himanen et al. 2004; 
Laskowski et al. 2006) shows that more than 900 genes are differentially regulated 
in early lateral root initiation. Numerous genes related to auxin and ethylene signaling, 
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cell wall modification, and the cell cycle are rapidly induced as lateral root primor-
dia are formed.

The plant hormone auxin (primarily indole-3-acetic acid [IAA]) has long been 
known to stimulate lateral root formation (Boerjan et al. 1995; Reed et al. 1998; 
Casimiro et al. 2001; Marchant et al. 2002). Nacry et al. (2005) showed that during 
P deficiency, IAA increases in the whole primary root and young lateral roots of 
Arabidopsis. Without IAA, only primary root growth was observed in Arabidopsis 
(Karthikeyan et al. 2007). Regardless of root P status, exogenous auxin application 
enhanced lateral root formation while suppressing primary root elongation in 
Arabidopsis (Al-Ghazi et al. 2003; Nacry et al. 2005; De Smet et al. 2007; 
Stepanova et al. 2007). Auxin transport inhibitors suppress lateral root formation in 
many species including Arabidopsis. As noted earlier, auxin has a striking effect on 
cluster root formation in white lupin and other cluster root species (Gilbert et al. 
2000; Skene and James 2000).

Root architectural changes in response to P deficiency have been shown to be 
related to ethylene in Arabidopsis (López-Bucio et al. 2002; Ma et al. 2003). Low 
P conditions appear to enhance the roots’ sensitivity to ethylene. Ethylene is 
known to be an effector of primary and lateral root cell elongation. Several recent 
reports document the interrelationship between auxin and ethylene in regulating 
root growth and development (Ruzicka et al. 2007; Stepanova et al. 2007; Swarup 
et al. 2007). Ethylene appears to stimulate auxin biosynthesis and increase auxin 
transport. Moreover, auxin must be present for ethylene inhibition of cell expan-
sion. Ethylene may also interact with auxin to release lateral root meristems for 
growth. Thus, low P availability may alter root architecture by stimulating multi-
copper oxidase activity (Svistoonoff et al. 2007), which modulates the auxin-
ethylene balance, resulting in determinate root growth and enhanced lateral root 
initiation.

Traditionally, cytokinins are thought to be negative regulators of root growth 
while having positive effects on shoot growth (Christianson and Warnick 1985; 
Werner et al. 2001, 2003; Aloni et al. 2006). Both N and P deficiency result in 
decreased cytokinin content (López-Bucio et al. 2003) accompanied by increased 
lateral root formation. Application of cytokinin inhibits root development and abol-
ishes the auxin effect of increased lateral root formation. Cytokinin inhibition of 
primary root growth appears to occur through its effect on regulating root meristem 
size (Dello Ioio et al. 2007). Arabidopsis plants that overexpress cytokinin oxidase 
(CKX), the key enzyme regulating cytokinin degradation, have reduced cytokinin 
concentrations accompanied by increased lateral and adventitious root formation 
(Werner et al. 2003; Lohar et al. 2004). Li et al. (2006) have recently shown that 
cytokinins inhibit lateral root formation by blocking the pericycle founder cells 
transition at the G

2
 phase. It is quite apparent that the modification of root architec-

ture in P-deficient Arabidopsis is regulated by the subtle interaction of auxin, 
ethylene, and cytokinin. Localized changes in hormone transport, synthesis and 
cellular concentration shut down primary root growth, activate lateral root develop-
ment, and increase trichoblast frequency giving rise to the root architecture favorable 
for topsoil foraging for P.
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Phosphorus deficiency induced gene expression

Several studies of Arabidopsis (Hammond et al. 2003, 2004; Wu et al. 2003; Misson 
et al. 2005; Morcuende et al. 2007) and other species (Wang et al. 2001; Wasaki et al. 
2003; Graham et al. 2006; Hernández et al. 2007) have now addressed whole genome 
changes in gene expression in response to P deficiency. Each study has noted that scores 
of genes respond with a two-fold change in expression. Hammond et al. (2004) noted 
that these changes can be classified as either early genes, which respond rapidly and 
frequently non-specifically to P deficiency or late genes, which lead to modifications in 
root architecture and metabolism. Invariably these studies have shown that early 
response genes include transporters particularly Pi transporters. However numerous 
other transporters also respond rapidly to P deficiency including aquaporins, sulfate 
transporters, sugar transporters, and amino acid transporters (Wang et al. 2001; Misson 
et al. 2005; Morcuende et al. 2007). Transcription factor genes also respond quickly to 
P deficiency, along with cell wall synthesis genes, PR genes, and acid phosphatases 
(Franco-Zorrilla et al. 2004). Genes induced in late responses include those encoding 
enzymes of glycolysis and the carboxylate cycle. Internal remobilization of P was 
affected by late response genes including: glucose-6P/Pi translocator, nucleotide pyro-
phosphatases, and glycerol-P-permeases (Misson et al. 2005). A large number of genes 
involved in phospholipid degradation and galacto- and sulfolipid synthesis also have 
enhanced expression after prolonged P deficiency.

Activation of these lipid-related genes probably reflects a shift in membrane bio-
genesis from incorporation of phospholipids to the use of galacto- and sulfo-lipids as 
membrane components (Essigmann et al. 1998; Misson et al. 2005). Morcuende 
et al. (2007) have completed an elegant study of Arabidopsis in which they followed 
the recovery of plants from P-stress over a 24-hour period. Plants subjected to P defi-
ciency were supplemented with sufficient P to induce the recovery of genes sup-
pressed under low P. They also evaluated metabolites and enzyme activities of several 
proteins. This analysis allowed for the identification of genes, proteins, and metabo-
lites specifically involved in recovery from P deficiency. In addition to genes and 
pathways noted above, they found that phosphoenolpyruvate carboxylase (PEPC) and 
PEPC kinase were integrally involved in the shift in C metabolism that occurs during 
P deficiency. They also showed that C metabolism shifted toward starch synthesis 
under low P conditions and towards starch catabolism under high P conditions. 
Interestingly, Morcuende et al. (2007) found a striking increase in glycerophosphodi-
esterases (GPDEs) gene expression. GPDE genes have been recently shown to be 
important in root hair development (Jones et al. 2006) and the phenomenon of 
increased root hair length and density is a common response to P deficiency.

Whole genome studies have also led to the discovery of many transcription 
factors that appear to be important in response to P deficiency. Current evidence 
suggests that control of signaling P deficiency is complex, involving both positive 
and negative regulation of gene expression. Some of the transcription factors 
proven to be involved in P deficiency signal transduction include: MYBs, WRKYs, 
bHLH, Zn-finger proteins, and HD-Zip factors (Rubio et al. 2001; Hammond et al. 
2004; Yi et al. 2005; Devaiah et al. 2007; Tesfaye et al. 2007).
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SYNOPSIS

Phosphorus is second to N as the most limiting element for plant growth. Plants have 
evolved a number of effective strategies to acquire P and grow in P limited environ-
ments. Physiological, biochemical, and molecular studies of plant adaptations to P 
deficiency, which occur in non-mycorrhizal species, have provided striking new 
insights into how plants respond to P deficiency and which traits appear important in 
acquiring P. Because inexpensive P fertilizer is a limited resource and because many 
farmers of the world cannot afford P fertilizer (Steen 1997), it is imperative that plant 
biologists discover strategies and approaches that will enhance efficiency of P acqui-
sition and use. The fact that we know modified root architecture, increased root hairs, 
and exuded carboxylates are key components in P acquisition offers targets to 
improve or modify in efforts toward increasing efficiency of P acquisition and use. 
A targeted approach is borne out by the recent identification of an Arabidopsis QTL 
gene affecting primary root extension and low P signal recognition as a multicopper 
oxidase (Svistoonoff et al. 2007). Utilizing a QTL approach for improving P acquisi-
tion in bean (Beebe et al. 2006) has resulted in beans with enhanced top-soil foraging, 
but the gene controlling this trait has not been cloned. With the wide array of genomic 
and bioinformatics research platforms now available, coupled to QTL and whole 
genome analysis, research into plant responses to P deficiency is moving toward an 
exciting phase, centered around signal transduction and regulation of root develop-
mental plasticity and gene function, aimed at increasing efficiency of use. Sustainable 
cropping systems in the developed world and the need for efficient P acquisition in 
low P conditions of the developing world, require that plant research identify and 
exploit mechanisms to improve P use efficiency. Efforts that improve soil P availabil-
ity to plants are urgently needed to maintain and increase economically and environ-
mentally sustainable crop agriculture.
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Chapter 7
MYCORRHIZAL SYMBIOSES

José-Miguel Barea, Nuria Ferrol, Concepción Azcón-Aguilar, 
and Rosario Azcón

INTRODUCTION

Phosphorus (P) is essential for plants, and its availability is one of the most influential 
factors limiting their growth and development in both natural and agricultural sys-
tems. Even though the total concentration of P in soil is high, the concentration of 
inorganic phosphate (Pi) in the soil solution, the primary source of P taken up by 
plants, is usually very low, ranging from 1 to 10 µM (Bieleski 1973). This restricts 
the diffusion of Pi to plant roots. The low solubility of Pi minerals, Pi adsorption to 
soil particles and formation of organic P complexes are the primary reasons for the 
low concentrations of Pi in the soil solution (Marschner 1995). In addition, the rate 
of Pi uptake by plant roots often exceeds its rate of diffusion in the soil solution, 
which results in the generation of a Pi-depletion zone surrounding the root system 
(Smith 2002). Consequently, to cope with P limitations plants have evolved strate-
gies to increase Pi uptake and/or improve the efficiency of tissue P utilization. The 
establishment of mycorrhizal (fungus-root) symbioses is considered to be one of 
the most successful and widespread strategies to maximize the access of plant roots 
to available Pi. Through mycorrhizal associations, the extraradical fungal mycelia 
function as an additional absorptive surface area for the plant, which increases its 
capacity to forage for nutrients beyond the Pi depletion zone surrounding the roots. 
Thus, mycorrhizas enable plants to cope with low Pi availability in natural ecosys-
tems and benefit crop P nutrition in agriculture.

The aim of this Chapter is to review and integrate current knowledge of the 
impact of mycorrhizal symbioses on plant functioning and adaptation with specific 
emphasis on P acquisition at various levels of cellular organization, from the 
molecular, biochemical and physiological to the whole plant. Accordingly, the 
available information will be structured as follows: (i) mycorrhizas as a plant strategy 
for P acquisition; (ii) fungal-plant integration to establish functional arbuscular 
mycorrhizal (AM) symbiosis; (iii) functional biology of Pi uptake by AM plants; 
(iv) ecological impact of AM symbiosis on plant community structure and produc-
tivity; and (v) mycorrhizosphere interactions and ecosystem P cycling.

P.J. White, J.P. Hammond (eds.) The Ecophysiology of Plant-Phosphorus Interactions, 143
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MYCORRHIZA AS A PLANT STRATEGY 
FOR PHOSPHORUS ACQUISITION

Mycorrhizas are symbiotic, generally mutualistic and balanced, associations estab-
lished between soil fungi and most vascular plants where both partners exchange 
nutrients and energy (Brundrett 2002). Basically, the host plant receives mineral 
nutrients via the fungal mycelium (mycotrophism), while the heterotrophic fungus 
obtains carbon compounds from the host’s photosynthesis (Harley and Smith 
1983). It is universally accepted that mycorrhizal symbioses, which can be found 
in almost all ecosystems worldwide, are fundamental to improve plant fitness 
and soil quality (Smith and Read 1997).

The mycorrhizal fungi colonize the root cortex of most plant species and, once 
biotrophically established into the root tissues, develop an extraradical mycelium 
which overgrows the soil surrounding plant roots. This hyphal net is a structure 
specialized for the acquisition of mineral nutrients from the soil, particularly those 
whose ionic forms have poor mobility or are present in low concentration in the soil 
solution, as it is the case with P (Barea 1991). It provides the plant with an adaptive 
strategy for P acquisition in soils with low P availability.

There are two main types of mycorrhiza, ecto- and endomycorrhiza, which have 
considerable differences in their structure and physiological relationships between 
symbionts. Since the structural and functional features of the different mycorrhizal 
types have been reviewed in detail elsewhere (Smith and Read 1997), only a brief 
overview will be given here. In ectomycorrhizas, the fungus develops a sheath or man-
tle around the feeder roots. The mycelium penetrates the root and develops between 
the cortical cells forming the so-called ‘Hartig net’ that constitutes the site of nutrient 
exchange between partners. About 3% of higher plants, mainly forest trees in the 
Fagaceae, Betulaceae, Pinaceae, Eucalyptus, and some woody legumes, form ectomy-
corrhiza. The fungi involved are mostly Basidiomycetes and Ascomycetes. In 
endomycorrhizas, the fungi colonize the root cortex both intercellularly and intracel-
lularly. Some endomycorrhizal types are restricted to species in the Ericaceae (“eri-
coid” mycorrhiza) or Orchidaceae (“orchid” mycorrhiza), whilst the common 
arbuscular mycorrhizal (AM) type is widely distributed throughout the plant kingdom. 
An intermediate mycorrhizal type, the ectendomycorrhiza, is formed by plants in fami-
lies other than the Ericaceae, but in the Ericales, and in the Monotropaceae. In these 
mycorrhizal associations the fungi form both a sheath and intracellular penetrations.

Species from most of the major plant families form AM symbioses. This widespread 
and ubiquitous mycorrhizal type is characterized by the tree-like symbiotic structures, 
termed “arbuscules”, that the fungus develops within the root cortical cells, and where 
most of the nutrient exchange between the fungus and the plant is thought to occur 
(Smith and Read 1997). These AM associations are especially important for P acquisition 
by plants growing in both agricultural and natural systems (Barea 1991).

The discovery of well-preserved fossil plants in the Early Devonian Rhynie 
Chert, which was critical for our knowledge of the origin and early evolution of 
land plants (Kenrick and Crane 1997), also served to reveal the existence of fossil 
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mycorrhizal associations (Stubblefield et al. 1987; Remy et al. 1994; Kenrick and 
Crane 1997). Fungal structures, such as hyphae and spores, resembling those of 
extant AM fungi, were found colonizing the thallus and rhizomes in fossil records 
of minute 400-million-year-old plants (Kenrick 2003). Later on, certain “arbuscular” 
structures, very similar to those present in AM symbiosis of the present day, were 
clearly observed in the root cortical cells of Triassic plants (Phipps and Taylor 
1996). Fossilized spores from the Ordovician (about 460 million years old), similar 
to those of modern AM fungi (Schüβler et al. 2001a,b), indicate that these micro-
organisms were present at very early stages of plant evolution and probably even 
predated land plants (Redecker et al. 2000a). These paleobotanical observations 
were subsequently validated by phylogenetic studies based on DNA sequence data 
from living taxa (Simon et al. 1993; Redecker et al. 2000b). Since algae and cyano-
bacteria able to fix atmospheric carbon (C) and nitrogen (N) were present in the 
primitive soil before colonization of the land by plants (Barghoorn 1974; Kar and 
Saxena 1976; Awramik 1981; Schopf 1983; Gehrig et al. 1996; Evans and Johansen 
1999), a biological system capable of facilitating P acquisition for plant nutrition 
appears to have been critical to the early evolution of land plants. It is clear that this 
role was played by AM fungi from the very beginning of land colonization by 
plants (Pirozynski and Malloch 1975). Therefore, primitive roots developed in 
association with AM fungi and co-evolved with them to build the mycorrhizal root 
systems of extant vascular plants (Brundrett 2002). Thus, the establishment of AM 
symbioses represents an important innovation of plant adaptation, and can be envis-
aged as the first mechanism plants evolved to cope with low P availability in natural 
ecosystems. Accordingly, AM fungi have been suggested to have played a key role 
in the colonization of the land by plants and, subsequently, on the evolution of land 
plants (Pirozynski and Malloch 1975; Simon et al. 1993). Later on, during the 
Cretaceous, when the angiosperm radiation took place, other types of mycorrhiza 
evolved independently from AM symbiosis through parallel evolution (Brundrett 
2002; Wang and Qiu 2006). The long co-evolution of plants and AM fungi origi-
nated diverse inter-dependencies between the symbionts, one of which is the 
obligate biotrophic character of AM fungi, which renders them unable to complete 
their life cycle in the absence of an appropriate host plant.

Since the AM association is the most widespread mycorrhizal symbiosis and influ-
ences the P nutrition of land plants considerably, this Chapter will focus only on AM 
symbiosis. The next section will describe how the fungus and plant establish symbiotic 
interfaces that allow the exchange of P and C in a functional AM symbiosis.

FUNGAL-PLANT INTEGRATION TO ESTABLISH 
FUNCTIONAL AM SYMBIOSIS

Development of the AM symbiosis starts when fungal hyphae arising from resting 
spores or from previously colonized roots recognize plant signals derived from an 
appropriate host plant. These signaling processes have been reviewed recently by 
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Bécard et al. (2004), Lambais (2006) and Paszkowski (2006). The first plant signals 
involved in AM establishment appear to be strigolactones (Akiyama et al. 2005). 
These compounds induce metabolic activity and hyphal branching of AM fungi 
and, consequently, increase the chances of the fungus encountering the plant root 
(Akiyama et al. 2005; Besserer et al. 2006; Reinhardt 2007). After the contact of a 
hypha with the root surface, the fungus differentiates to form an appressorium, from 
which a penetration hypha develops into the root. During appresorium formation the 
underlying epidermal cell reacts to the presence of the fungus with a reorganization 
program to accommodate the cell to the penetration hypha, which indicates an 
active contribution of the plant to root colonization by the AM fungus (Genre et al. 
2005). Once inside the root, the fungus may form intracellular coils in the sub-
epidermal cell layers, followed by intense proliferation of the mycelium by 
intercellular and/or intracellular growth into the cortex. In the inner cortical layers, 
hyphal branches penetrate the cortical cell walls and differentiate within the cells 
to form arbuscules (Smith and Read 1997). Arbuscules constitute highly special-
ized intracellular structures, extremely branched and with very fine hyphal tips, 
well suited to the exchange of nutrients and signals between symbionts. Although 
the fungal hypha penetrates the cell wall to form the arbuscule, all fungal branches 
remain surrounded by a new plant membrane, the periarbuscular membrane, which 
is continuous with the plasma membrane of the host cell (Smith and Gianinazzi-
Pearson 1988). The morphological changes that occur in both plant and fungus 
result in a large surface area of contact between the symbionts. The space between 
the periarbuscular membrane and the fungal plasma membrane, which includes 
both apoplastic material of the plant and a minimal fungal cell wall, constitutes one 
of the most important interfaces in the symbiosis, as most of the nutrient exchange 
between symbionts occurs there (Smith and Gianinazzi-Pearson 1988).

Arbuscules are, in general, short-lived structures, with a turnover rate of about 
one to two weeks (Alexander et al. 1988). At the end of their lifespan, arbuscules 
senesce and collapse, and are completely degraded by the plant cell, which continues 
to live and can be colonized by other hyphae and form new arbuscules. Colonization 
by the fungus is a progressive process in which arbuscules are continuously being 
formed and degraded in different parts of the root system. As colonization 
progresses, most AM fungi form vesicles, which are intra or intercellular lipid-
filled storage organs (Smith and Read 1997).

Once the fungus has entered the root cortex and arbuscules have been formed, an 
external mycelium develops in the soil, which constitutes a bridge connecting the root 
with its surrounding soil microhabitats. The AM fungal mycelium can spread through 
the soil over considerably longer distances (usually several centimeters) than root 
hairs (Jakobsen et al. 1992a,b). The extraradical mycelium is profusely branched and 
provides a very efficient nutrient-absorbing system beyond the Pi-depletion zone sur-
rounding the plant roots, thereby reducing the distance that Pi must diffuse through 
the soil prior to its interception. As will be explained later, the ability of the AM 
hyphae to grow beyond the root Pi-depletion zone and deliver the intercepted Pi to 
the plant is thought to be the reason why AM mycorrhizae increase Pi accumulation 
and plant growth in soils with low P availability (Smith and Read 1997).
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The AM fungi contribute to P acquisition and supply to plants by linking the 
geo-chemical and biotic portions of the soil ecosystem, thereby affecting rates and 
patterns of P cycling in both agricultural and natural ecosystems (Jeffries and Barea 
2001). However, the AM symbiosis not only influences nutrient cycling in soil-plant 
systems but also improves plant health through increased protection against environ-
mental stresses, whether they be biotic (e.g. pathogen attack) or abiotic (e.g. drought, 
salinity, heavy metals, organic pollutants), and enhancing soil structure through the 
formation of the aggregates necessary for good soil tilth (Kapulnik and Douds 2000; 
Gianinazzi et al. 2002; van der Heijden and Sanders 2002; Jeffries et al. 2003; Smith 
et al. 2003; Barea et al. 2005; Rillig and Mummey 2006; Turnau et al. 2006).

In this Chapter, the analysis of AM effects on plant biology and ecology will 
focus on the impact of AM symbiosis on P acquisition. In this context, as many 
studies have shown, a general and universally accepted conclusion is that mycor-
rhizal plants acquire P more effectively than non-mycorrhizal ones. Indirect 
evidence of this comes from the fact that mycorrhizal plants are frequently not only 
larger but also contain more P than non-mycorrhizal plants of the same species 
growing in the same environment. Greater P acquisition by AM plants is attributed 
to a combination of factors. The impact of these factors for AM functioning and, in 
particular, the mechanisms whereby the extraradical mycelium explores the soil 
and acquires P for AM-plants are described in the next section.

FUNCTIONAL BIOLOGY OF PHOSPHATE UPTAKE 
BY AM-PLANTS

Phosphorus sources for AM plants

It is generally assumed that AM fungi, like plant roots, take up P as Pi from the soil 
solution, but that the AM mycelium acquires Pi more efficiently than plant roots 
(Smith and Read 1997). However, some studies have shown that AM fungi have the 
ability to use P sources that are not directly available to a plant (Powell and Daniel 
1978; Bolan et al. 1984). For example, Tawaraya et al. (2006) found that AM 
hyphal exudates were able to solubilize Pi more effectively than root exudates, 
suggesting that fungal exudates could contribute to increased P accumulation by 
AM-plants by solubilizing Pi. Hence, although the contribution of AM fungi to Pi 
solubilization is thought to be low, a limited contribution cannot be excluded. This 
has been proposed to occur through different mechanisms, either direct, as H+ 
excretion or production of hydroxyacids with chelating activity (Bago and Azcón-
Aguilar 1997; Smith and Read 1997), or indirect, through qualitative or quantitative 
changes in the microbial populations of the soil surrounding the hyphae (hyphos-
phere) or mycorrhiza (mycorrhizosphere) as reviewed by Barea et al. (2005). These 
microbial interactions are particularly relevant when Pi-solubilizing microorganisms 
are involved, as it will be described later in this Chapter. Additionally, it has been 
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shown that the extraradical mycelium of AM fungi can excrete enzymes, such as 
phosphatases, that release Pi from some organic sources (Joner and Johansen 2000; 
Joner et al. 2000; Koide and Kabir 2000). However, the importance of these fungal 
enzymes for P nutrition of AM plants appears to be limited to soils where organic 
P compounds constitute a large fraction of the total soil P. The presence of AM 
fungal structures in decomposing leaves was reported by Aristizabal et al. (2004), 
who suggested that there was no saprophytic AM development but a mechanical 
entry through vascular tissues. These authors suggested that AM fungi were well 
positioned to obtain and recycle P, and other nutrients, released by decomposer 
microorganisms, thereby avoiding losses by leaching or immobilization by soil 
components.

Soil exploration by AM plants

One of the favored explanations for increased P acquisition by mycorrhizal plants 
is the extension of the extraradical mycelium into soil to take up and translocate P 
from soil solution to the plant over distances up to several cm from the root 
(Jakobsen et al. 1992a). In addition, since the density of mycorrhizal hyphae in 
soils is very high, the area for P uptake is much greater in mycorrhizal plants. 
Despite the difficulties in measuring AM hyphal length in the soil, several estimates 
are available using different methodological approaches and host plants. An aver-
age value of 1 m of AM hyphae per centimeter of colonized root has been found 
(Smith and Read 1997), which represents a large surface area for Pi uptake. 
Additionally, due to the smaller size of hyphae (<20 µm) than roots, hyphae can 
explore soil pores inaccessible to roots. Thus, the higher Pi uptake by mycorrhizal 
plants can be explained in term of increased hyphal exploitation of the soil and the 
competitive ability of the hyphae to absorb localized and dilute sources of Pi. In this 
context, several studies have shown positive correlations between AM fungal vari-
ables, such as hyphal length or hyphal density, with growth response variables of 
the colonized plants, such as shoot biomass, Pi uptake and P content (Jakobsen et al. 
2001; Avio et al. 2006). However, this cannot be taken as a general conclusion since 
advanced hyphal development does not always correlate with a plant growth 
response (Smith et al. 2004).

In addition to the physical extension to the root system in AM plants, the 
possibility that AM fungi might absorb Pi from the soil solution at lower con-
centrations than non-mycorrhizal roots has also been proposed as a mechanism 
for the increased efficiency of Pi acquisition by AM plants. The affinity of 
mycorrhizal plants for Pi uptake has been determined from kinetic studies. 
These suggest that Pi transporters in mycorrhizal plants have lower K

m
 values 

or, in other terms, higher affinity for Pi uptake, than non-mycorrhizal plants 
(Cress et al. 1979; Cardoso et al. 2006). As will be described below, high 
affinity Pi transporters have been characterized in the extraradical hyphae of 
certain AM fungi.
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Mycorrhizal plants have two pathways for Pi uptake: the “direct” pathway at the 
plant-soil interface, through the root epidermal and hair cells, and the “mycor-
rhizal” pathway via the fungal mycelium (Smith et al. 2003). The mycorrhizal 
pathway involves Pi uptake from the soil solution by the extraradical AM fungal 
hyphae, translocation through the AM fungal structures from the external to the 
internal mycelium and transfer to the plant across the symbiotic interfaces. For 
some plant species/AM fungi combinations, it has been found that AM colonization 
results in complete inactivation of the direct Pi uptake pathway and 100% of the P 
in plant tissues is provided by the AM fungus (Smith et al. 2004).

Molecular mechanisms of plant adaptation for improved 
P acquisition

Phosphate is taken up by root cells against a steep concentration gradient resulting 
from micromolar external concentrations and about 2,000-fold higher concentra-
tions inside the cell (Schachtman et al. 1998). This uptake process is energy 
dependent and is mediated by the concerted activities of specialized membrane 
proteins (H+-ATPases and H+/Pi-cotransporters). The following paragraphs will 
present the known molecular components of the complex mycorrhizal Pi uptake 
pathway and present an overview of the mechanism of plant Pi acquisition and its 
regulation in a mycorrhizal root.

Transport proteins putatively involved in Pi uptake by AM fungi have been iden-
tified. In particular, genes encoding high-affinity Pi transporters that are preferentially 
expressed in the extraradical mycelium and that are, therefore, likely to be involved 
in Pi acquisition from the soil solution have been identified in Glomus versiforme 
(GvPT; Harrison and Vanbuuren 1995), Glomus intraradices (GiPT; Maldonado-
Mendoza et al. 2001) and Glomus mosseae (GmosPT; Benedetto et al. 2005). 
Functional expression of GvPT in yeast showed that its gene product is a high-affinity 
Pi transporter that operates by proton-coupled symport (Harrison and Vanbuuren 
1995). The H+-ATPases responsible for the generation of the proton-motive force 
driving the uptake of Pi across the plasma membrane of the extraradical hyphae 
have been identified in G. mosseae (Ferrol et al. 2000a,b; Requena et al. 2003). 
Detailed expression analyses of GiPT and GmosPT have revealed that both genes 
are regulated in a manner typical of genes encoding high-affinity Pi transporters, 
with maximal expression at the micromolar Pi concentrations usually found in the 
soil solution, and that expression of GiPT is modulated by the overall Pi status of 
the mycorrhiza. Interestingly, a relatively high expression level of GmosPT was 
also observed in the intraradical fungal structures, suggesting that the fungus may 
exert control over the amount of Pi that is delivered to the plant (Maldonado-
Mendoza et al. 2001; Benedetto et al. 2005).

Phosphate taken up by the fungus is first incorporated into the cytosolic Pi pool, 
which maintains a constant Pi concentration to sustain various fungal functions, 
such as energy generation and biosynthesis of phospholipids, nucleic acids and 
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precursors of carbohydrate polymers. Excess cytosolic Pi is transported into the 
fungal vacuoles and condensed into polyphosphates, linear polymers of three to 
thousands of Pi residues connected by high-energy bonds, which are believed to 
play a central role in Pi supply to the plant (Ezawa et al. 2002). The mechanism of 
polyphosphate translocation from the extraradical to the intraradical hyphae has not 
been yet elucidated, but it may be driven by cytoplasmic streaming and/or a motile 
tubular vacuole system (Cooper and Tinker 1981; Olsson et al. 2002; Uetake et al. 
2002). The observation that the length of polyphosphate polymers is shorter in 
mycorrhizal roots than in extraradical hyphae supports the hypothesis that 
polyphosphate is hydrolyzed in the intraradical fungal structures before Pi is 
supplied to the host plant (Ohtomo and Saito 2005). The detection of strong alka-
line phosphatase activity in the intraradical fungal structures raised the idea that 
these enzymes are involved in Pi efflux from arbuscules (Tisserant et al. 1993; 
Ezawa et al. 1995, 1999; Kojima and Saito 2004). Expression analyses of the genes 
putatively encoding alkaline phosphatases in the AM fungi G. intraradices 
(GintALP) and Gigaspora margarita (GmALP) revealed that these enzymes were 
expressed more highly in intraradical than in extraradical hyphae (Aono et al. 
2004). However, transcription of these genes was not regulated by Pi availability in 
the environment. Although the involvement of alkaline phosphatase in Pi efflux 
from arbuscules has been questioned (Ezawa et al. 1999), the enzyme was shown 
to be involved in Pi efflux from isolated intraradical hyphae of AM fungi (Kojima 
and Saito 2004). It is clear that further studies, such as determining the substrate 
specificity of the ALP gene products, are needed to uncover the mechanisms of 
polyphosphate break-down in the intraradical hyphae.

The mechanisms involved in the release of Pi from the fungus in colonized cells 
are currently unknown. Because Pi efflux across the fungal plasma membrane 
probably follows a concentration gradient, it could be facilitated by anion channels, 
carriers or pumps. As mentioned before, the expression of GmosPT in the intraradi-
cal fungal structures suggests that Pi efflux at the arbuscular interface occurs in 
competition with Pi uptake, and that the fungus may exert control over the amount 
of Pi that is delivered to the plant (Benedetto et al. 2005). The Pi released from the 
fungus is subsequently taken up by root cortical cells through high-affinity Pi trans-
porters. Gene expression analyses of plant Pi transporters and H+-ATPases in 
mycorrhizal roots of various plant species have provided evidence that the develop-
ment of the symbiosis is accompanied by large rearrangements in plant Pi transport 
pathways and a coincident change in the expression of Pi transporters and H+-
ATPases within plant roots. An extensive review of mycorrhizal-regulated Pi 
transporters is provided by Javot et al. (2007). Phosphate transporters and H+-
ATPases operating at the root-soil interfaces are often down-regulated in mycorrhizal 
roots (Chiou et al. 2001; Ferrol et al. 2002). However, mycorrhiza-specific Pi trans-
porters, which are expressed exclusively in mycorrhizal roots, and mycorrhiza 
up-regulated Pi transporters, which are strongly induced by the development of the 
symbiosis but have a basal expression in non-mycorrhizal roots, have been identi-
fied in several plant species. In situ hybridization and in vivo promoter analyses of 
genes encoding several mycorrhiza-induced Pi transporters have demonstrated their 
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predominant, or exclusive, expression in cortical cells colonized by arbuscules, 
which suggests that the encoded Pi transporters are probably involved in taking up 
the Pi that is transferred by the fungus to the apoplast of the arbuscular interface 
(Rausch et al. 2001; Nagy et al. 2005). In particular, immunolocalization of the 
Medicago truncatula Pi transporter MtPT4 revealed its specific location in the plant 
periarbuscular membrane surrounding fine branches of developing and mature 
arbuscules (Harrison et al. 2002). This expression pattern correlates with previous 
studies showing the accumulation of plasma membrane H+-ATPases around fine 
arbuscular branches (Gianinazzi-Pearson et al. 2000). Together, these expression 
patterns indicate that activation of the mycorrhizal uptake pathway is characterized 
by the induction of mycorrhiza-specific Pi transporters and partial down-regulation 
of the Pi transporters of the direct uptake pathway. These data also reflect the fine 
balance between fungal and root Pi uptake pathways. Since the down-regulated 
plant Pi transporters are also generally responsive to plant Pi status, it is not 
clear whether their down-regulation is a result of a direct regulation of their expres-
sion triggered in response to the symbiosis or an indirect regulation of their expression 
through the fungal-induced improvement of the plant Pi status.

Despite the large number of mycorrhiza-inducible phosphate transporters identi-
fied to date, the functional genomics of Pi transport at the arbuscular interface is not 
well understood. Functional analysis in planta of the mycorrhiza-specific phos-
phate transporter LePT4 from tomato using a LePT4 knock-out mutant revealed 
considerable redundancy between Pi transporters at the arbuscular interface in this 
solanaceous species (Nagy et al. 2005). The LePT4 knock-out mutant displayed no 
detectable phenotype. There was no alteration of fungal Pi transport, and the 
expression of other known Pi transporters, including the mycorrhiza-inducible 
(LePT3) and mycorrhiza-specific (LePT5) transporters, remained unchanged. The 
authors suggested that redundancy within mycorrhiza-inducible Pi transport path-
ways might ensure that symbiotic Pi transfer will be evolutionary robust and 
relatively insensitive to mutation.

Recently, experimental evidence was provided for the mycorrhizal Pi transport 
function of the mycorrhiza-specific Pi transporters LjPT3 from L. japonicus and 
MtPT4 from M. truncatula. Reducing expression of the LjPT3 gene using RNAi 
technology resulted in reduced growth of transgenic plants when colonized by a 
mycorrhizal fungus, reduced allocation of radiotracer Pi to the shoot and reduced 
AM fungal colonization (Maeda et al. 2006). Mutants of M. truncatula, in which 
either the gene encoding the mycorrhiza-specific Pi transporter MtPT4 was down-
regulated using RNAi technology or harboring a loss-of-function MTP4 allele 
identified by target-induced local lesions in genomes (TILLING), have demon-
strated that MtPT4 is not only essential for symbiotic Pi transport but is also 
required for the development of the symbiosis (Javot et al. 2007). Loss of MtPT4 
function resulted in a block in symbiotic Pi transfer from the arbuscule to the cortical 
cell, premature death of the arbuscules, inability of the fungus to proliferate within 
the root and no further development of the symbiosis. Based on these data, the 
authors proposed that Pi uptake through MtPT4 serves, either directly or indirectly, 
as a signal to the plant cell of the presence of a beneficial fungal symbiont. This 
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hypothesis would explain why symbiosis does not develop under extremely low Pi 
conditions and why colonization is dramatically stimulated by the application of 
small amounts of Pi.

ECOLOGICAL IMPACT OF AM SYMBIOSES ON PLANT 
COMMUNITY STRUCTURE AND PRODUCTIVITY

The impact of AM fungi on plant community composition and functioning has been 
the subject of many studies over the last decades and this research has led to the 
conclusion that the activity of AM fungi is a key mechanism for linking biodiversity 
and ecosystem functioning (Read 1998). Reciprocally, disturbance of natural eco-
systems affects the diversity of AM fungal populations (Lovera and Cuenca 2007).

A pioneering experiment on the impact of AM fungal diversity on plant com-
munity diversity by Grime et al. (1987) showed that the presence of undefined 
mixtures of AM fungi increased the floristic diversity in a microcosm trial. The first 
demonstration that the diversity and identity of AM fungi, and not merely their 
presence, was a determinant of plant diversity and/or ecosystem productivity came 
from the field plots and mesocosms studies of van der Heijden et al. (1998b). This 
influential publication prompted a number studies aimed at ascertaining whether 
AM fungal diversity could determine the species composition and functioning of 
plant communities. Elucidating the mechanisms and ecological factors involved in 
the diversity/functioning interactions between plant and AM fungal populations 
have recently been the objectives of several research groups. Their studies will be 
discussed in the following paragraphs with a special emphasis on the role of P cap-
ture by the AM fungi and P supply to the plant in such ecological interactions.

Several mechanisms/factors have been proposed to be responsible for the 
ecological interactions between plant and fungal communities. Among these are (1) 
the functional specificity of the different plant-fungus combinations, particularly 
concerning P nutrition (van der Heijden et al. 1998a,b, 2006; Klironomos 2002), 
(2) the mycorrhizal dependency/responsiveness of the plant species involved, (3) 
the dominant vs. subordinate character of these species in the community (O’Connor 
et al. 2002; van der Heijden 2002; van der Heijden et al. 2006), (4) the “niche 
differentiation in P use” (Reynolds et al. 2006; Vogelsang et al. 2006) and (5) the 
so-called “sampling effect” (Vogelsang et al. 2006).

Despite the fact that specificity sensu strictum does not exist in AM associations, 
in which almost all plants in the community can be colonized simultaneously by 
several species of AM fungi, it is accepted that different AM fungal taxa induce 
more positive responses in some plant species than in others (Sanders 2002). It is 
also noteworthy that not all plants form AM associations, and that not all plants that 
form AM associations obtain nutritional benefits from AM fungi under all growth 
conditions (O’Connor et al. 2002). The differential effects on plant growth and 
development of specific plant-fungus associations, known as their “functional 
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compatibility/specificity” (Gianinazzi-Pearson and Gianinazzi 1988), has a critical 
significance in AM ecology/functioning.

The results of van der Heijden et al. (1998b) were re-analyzed by Read (1998) and 
Hart and Klironomos (2002) in discussing the specificity relationships in the AM sym-
biosis. These review articles highlight the role of AM fungi in increasing productivity 
and/or diversity of plant communities and support the hypothesis that the differential 
effects of specific plant-fungus combinations (functional compatibility) explain the 
observations of van der Heijden et al. (1998b). In particular, the ability of specific fungi 
to supply plants with P was found to be the basis of the differential effects of func-
tional compatibility (van der Heijden et al. 1998b). Hart and Klironomos (2002) also 
pointed out that the diverse AM fungal communities produced an intermingling, exten-
sive extra-radical mycelium that allowed a more efficient exploitation of soil nutrients, 
which could account for the increase in plant tissue P concentrations and decrease in 
soil P observed by van der Heijden et al. (1998b). The establishment of such an external 
hyphal network gives way to a mycelial web around the roots, constituting a diverse 
inoculum source for the different plant species that benefit from the nutrient (P) flow 
through the soil-fungus-plant system (Read 1998; Jakobsen 2004).

However, more recent work investigating the influence of AM fungi on the 
diversity and/or productivity of plant communities has presented some conflicting 
results. Van der Heijden (2002) re-analyzed publications on this topic and con-
cluded that the main factors influencing the ecological interactions between plants 
and AM-fungi were the degree of mycorrhizal dependency (MD) or mycorrhizal 
responsiveness (MR) of the plant species involved and their dominant or subordi-
nate character in the plant community. The terms MD and MR are often used 
synonymously in an ecological context. However, Janos (2007) distinguishes 
between these two terms. According to this author, MR is represented by the differ-
ence in growth between plants with and without AM colonization, at any level of P 
availability, being also a measure of AM fungus effectiveness, and MD is defined 
by the lowest level of P availability at which plants can grow without AM coloniza-
tion. All in all, MD is a measure of the extent to which a plant benefits from asso-
ciation with AM fungi, which is in turn is related to the ability of AM fungi to 
supply P to the plant (van der Heijden et al. 1998b). In this context, van der Heijden 
(2002) concluded that the differential responses of a plant species to different AM 
fungal species are higher when the target plant species has a higher MD. The 
presence of AM fungi promotes plant diversity when most of the subordinate plant 
species in the community have a high MD so that their growth is stimulated specifi-
cally (Grime et al. 1987; van der Heijden et al. 1998b). Conversely, AM fungi 
reduce the diversity of plant communities when most of the plant species have a 
negative or low MD (Hartnett and Wilson 1999). Moreover, when dominant plant 
species in the community have a high degree of mycorrhizal responsiveness, and 
thereby derive greater benefit from AM fungi, plant diversity is not promoted, irre-
spective of the level of MD of the subordinate species (O’Connor et al. 2002). By 
labeling the dominant but low mycorrhiza-dependent plant species with 14C, Grime 
et al. (1987) also found a belowground transport of C via the AM mycelium to the 
subordinate highly mycorrhiza-dependent species. This C and P redistribution 
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facilitates the establishment and growth of subordinate species to increase plant 
diversity in the community.

With regard to the impact of AM fungal diversity on community productivity, van 
der Heijden (2002) concluded that AM fungi enhance community productivity 
when the communities are dominated by mycorrhizal-dependent plant species, able 
to reap the benefit from P supply from AM fungi. When the community is domi-
nated by plant species with a low MD, van der Heijden (2002) concluded that there 
was no increase in productivity, because P supply by AM fungi is a less influential 
process. A recent publication shows that mixtures of mycorrhiza-dependent and 
non-dependent plant species do not result in an increase in the productivity of a 
grassland community as a whole (van der Heijden et al. 2006).

In the context of the mechanisms underlying the relationship between AM fun-
gal diversity and plant community diversity and/or productivity it is important to 
consider whether the benefits generated by individual fungal isolates are greater 
than those produced by mixed inoculum treatment (“sampling effect”) or con-
versely, the benefits generated by a mixed inoculum, i.e. the diversity per se, are 
greater than those from any single inoculum. In studying this, Vogelsang et al. 
(2006) found that AM fungal identity benefited plant diversity and productivity 
more than the diversity per se. These results conflict with those of van der Heijden 
et al. (1998b), who correlated AM fungal diversity per se with plant diversity and 
productivity. However, these conflicting reports might be explained by the 
confounding effects of plant species dominance or mycorrhizal-dependency (van 
der Heijden et al. 2006). Since different plant-AM fungus combinations access dif-
ferent P sources, Vogelsang et al. (2006) also investigated whether competition for 
limited P resources could favor AM fungus-mediated P-niche partitioning. These 
authors manipulated the P sources in mesocosm experiments and found little sup-
port for such AM fungal-facilitated complementarity in P use by the community.

MYCORRHIZOSPHERE INTERACTIONS 
AND ECOSYSTEM P CYCLING

The AM fungi, as components of soil microbiota, are immersed in a framework of 
interactions with other soil microorganisms that are fundamental to rhizosphere 
functioning. Some of these interactions have beneficial consequences for plant 
health and productivity (Barea et al. 2002a,b). Particularly relevant to P cycling in 
ecosystems are interactions between AM fungi and phosphate-solubilizing-
microorganisms (Barea et al. 2002c, 2007).

Some microorganisms are known to benefit mycorrhiza establishment (Gryndler 
2000; Barea et al. 2002a). In particular, the “mycorrhiza-helper-bacteria” (MHB), 
as identified by Garbaye (1994), are known to stimulate mycelial growth and/or 
improve mycorrhizal formation of mycorrhizal fungi and have been the subject of 
many studies (Barea et al. 2005). Likewise, the establishment of an AM fungus in 
the root cortex can affect rhizosphere microbial populations. This effect is in part 
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due to AM formation changing many key aspects of plant physiology, such as the 
mineral nutrient composition of plant tissues, hormonal balance, and the patterns of 
C allocation. As a consequence of these changes, the AM symbiotic status usually 
modifies root exudation and the chemical characteristics of root exudates (Tawaraya 
et al. 2006). In addition, the development of an external AM mycelium introduces 
physical modifications to the soil environment surrounding roots (Barea et al. 
2005). The microbial populations change both quantitatively and qualitatively in 
the rhizosphere of AM plants, the so-called mycorrhizosphere (sensu lato) resulting 
in features that differ from those of a non-mycorrhizal plant (Gryndler 2000; Barea 
et al. 2002a; Johansson et al. 2004). The use of molecular techniques has demon-
strated specificity in the bacterial populations associated with AM-roots (Offre 
et al. 2007), AM-mycelium (Toljander et al. 2005; Rillig and Mummey 2006; Rillig 
et al. 2006) and AM-spores (Roesti et al. 2005). In addition to their effects on natu-
ral bacterial populations, AM-associations also affect the establishment in the 
rhizosphere of bacterial inoculants based on Plant Growth Promoting Rhizobacteria 
(PGPR; Barea et al. 2005). It has been observed that AM inoculation improved the 
establishment of both inoculated and indigenous phosphate-solubilizing PGPR, 
which in turn benefited AM formation (Toro et al. 1997; Barea et al. 2002c).

There are many studies describing the interactions between AM fungi and spe-
cific bacterial groups that benefit plant growth and development. These have been 
reviewed recently and some of the underlying mechanisms discussed (Artursson et al. 
2005; Barea et al. 2005). As stated previously, the interactions between AM fungi 
and phosphate-solubilizing-microorganisms in the mycorrhizosphere are particularly 
relevant to P acquisition by plants and merit more detailed consideration here.

Among the microbiological processes involved in P cycling are those responsi-
ble for increasing Pi availability in soils (Kucey et al. 1989; Richardson 2001). Two 
general types of processes have been described in this context: those promoting the 
solubilization of recalcitrant P-sources in soils and those improving the uptake of 
solubilized Pi by plants. The solubilization/mineralization of unavailable P compounds 
is carried out by diverse saprophytic bacteria and fungi acting by several mecha-
nisms (Marschner 2008; George and Richardson 2008). As indicated before, the 
external mycelium of the AM fungi acts as a bridge between roots and the 
surrounding soil microhabitats, which give access to Pi from soil solution beyond 
the Pi-depletion zone surrounding the roots (Barea 1991).

Because of the importance of microbial solubilization processes in soil-plant 
systems, Pi-solubilizing bacteria (PSB) have been assayed as seed inoculants 
(Kucey et al. 1989). For bacterial Pi solubilization to be effective in soil, there are 
a number of ecological aspects to be considered. First of all, PSB inoculants must 
establish in root-associated soil habitats. For this reason, it has been recommended 
that PSB for inoculation are selected from the subset of PGPR populations since 
their ability to colonize the rhizosphere can be a pre-requisite for effectiveness 
(Glick et al. 1995). Unfortunately, because of the transient availability of the 
released compounds, and their possible re-fixation on their way to the root surface, 
solubilizing Pi using inoculated bacteria may have limited utility (Kucey et al. 
1989). The Pi made available by PSB acting on sparingly-soluble P sources may 



156 J.-M. Barea et al.

not reach the root surface due to limited diffusion. However, it has been proposed 
that if the solubilized Pi were taken up by an AM mycelium, this synergistic micro-
bial interaction could improve P supply to a plant. This has been investigated in a 
number of studies carried out in our laboratory (Barea et al. 2007), which involved 
the application of poorly reactive rock phosphate (RP) and the use of 32P-tracer 
methodologies (Toro et al. 1997). Upon adding a small amount of 32P to label the 
exchangeable soil P pool, the isotopic composition, or “specific activity” (SA = 
32P/31P quotient), was determined in plant tissues (Zapata and Axmann 1995). These 
studies found that dual inoculation reduced the SA of the host plant, indicating that 
these plants acquired P from sources, either endogenous or from added RP, which 
were not directly available to non-inoculated or singly-inoculated plants.

To validate these results, a series of experiments were carried out under control-
led conditions in the glasshouse and in the field (Barea et al. 2002c). These experi-
ments and their conclusions can be summarized as follows. The main aim of the 
experiments was to investigate the effects of PSB × AM interactions on P capture, 
cycling and supply under field conditions. A co-lateral objective was to investigate 
the agronomic effectiveness of RP as a source of P for crop production as affected 
by the target microbial interactions. The possibility of using the sparingly soluble 
RP as a P source for sustainable agriculture is a topic of current interest (Truong 
and Zapata 2002). A neutral to alkaline, but low-Ca, soil was used. The experiments 
involved a factorial combination of four microbial and two chemical treatments. 
The microbial treatments were: (1) AM inoculation; (2) PSB inoculation; (3) AM 
plus PSB dual inoculation; and (4) non-inoculated controls, exposed to the natu-
rally existing AM fungi and PSB. The two chemical treatments were: (1) non-
amended control without P application, and (2) RP application. For the greenhouse 
experiment, the exchangeable soil P pool was labelled with 32P. The 32P activity in 
the plant material was measured, and tissue SA was determined (Zapata and 
Axmann 1995). Both RP addition and microbial inoculation improved biomass 
production and P accumulation in the test plants, with dual microbial inoculation 
being the most effective treatment. Independently of RP addition, AM-inoculated 
plants showed a lower SA than the non-inoculated controls, particularly when they 
were co-inoculated with PSB. This confirmed that AM-inoculated plants could 
acquire soil P from sources unavailable to non-inoculated plants. Possibly, the PSB 
were effective in releasing 31P from sparingly soluble sources, either from the soil 
components or from the added RP. This release of Pi would constitute a part of the 
total 31P pool from which the AM mycelium acquired P and transferred it to the 
plants. Such microbial activities could result in the lower SA in dually-inoculated 
plants. Results from the field trial corroborated the hypothesis that interactions 
between AM fungi and PSB can have a cooperative fundamental role in P-cycling, 
which is of considerable importance for both ecosystems in general and for the 
agronomic efficiency of RP in particular.

Apart from co-inoculation of AM and PSB, other biological approaches to 
improve the use of RP in non-acidic soils have been considered (Vassilev et al. 
2002). These approaches are based on a fermentation process involving agrowastes 
(sugar beet), application of Aspergillus niger, a microorganism possessing a high 
acid-producing activity (citric acid), and RP. At the end of the solid state fermentation 
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process, the mineralization of the organic matter and solubilization of RP was dem-
onstrated. A series of microcosm experiments were then carried out aimed at evalu-
ating the effectiveness of the fermentation products in a neutral, non-calcareous, 
P-deficient soil. The host plant (Trifolium repens) was inoculated with an AM fungus. 
It was shown that the fermentation products improved plant growth and P content 
and that AM inoculation further improved the effectiveness of the fermentation 
 product. Thus, plants benefited from the P solubilized from RP by the microbial 
activities. This biotechnological approach has potential for sustainable agriculture. 
Recently, Vassilev et al. (2006) reported the effect of four agro-industrial wastes 
(sugar beet, olive cake, olive mill waster wasters and dry olive cake) as substrates 
for microbial solubilization of RP. Amendments resulting from all these fermented 
products improved plant growth and P acquisition, which were further enhanced by 
AM inoculation. In another experiment, the fermentation products from agro-wastes 
plus RP treated with Yarowia lipolityca, a dry-soil-adapted yeast with RP-
 solubilizing ability, were assayed (Vassilev et al. 2001). The products were applied 
to a degraded and P-limited soil for restoration purposes in combination with AM 
fungal inoculation (Medina et al. 2005). These biotechnological products improved 
plant growth, soil structure and soil biochemical characteristics.

CONCLUSIONS

The establishment of mycorrhizal symbiosis, one of the most ancient mutualisms 
on Earth, has been demonstrated to be a successful and widespread strategy to 
maximize the access of plant roots to Pi in the soil. The AM association is the most 
widespread mycorrhizal type, and influences the P nutrition of land plants consider-
ably. The morphological intra- and extra-radical integration of both symbionts in 
AM associations allows the development of the extraradical fungal mycelia, which 
function as an absorptive structure that forages effectively P sources in the soil, and 
allows Pi to be transferred from fungus to plant through the arbuscules. Several of 
the morphological, physiological, biochemical and molecular adaptations of plants 
and fungi required for AM functioning have been elucidated.

Phosphate uptake is energy dependent and mediated by the concerted activities 
of specialized membrane-spanning proteins (Pi transporters and H+-ATPases) in the 
plasma membranes of both plant and fungus. Proteins putatively involved in Pi 
uptake by plants and AM fungi have been identified. Plant genes encoding Pi trans-
porters are specifically expressed in arbuscules. Fungal genes encoding high-affinity 
Pi transporters that are preferentially expressed in the extraradical mycelium, likely 
involved in Pi acquisition from the soil solution, have also been identified. It 
appears that an alkaline phosphatase activity in the intraradical fungal structures is 
involved in Pi efflux from the fungus to the plant.

Because it was suggested that AM fungal diversity determines the species com-
position, functioning and productivity of plant communities, the impact of several 
processes on these ecological relationships have been analyzed. Some of these 
relate to the ability of AM fungi to supply plants with P. The conclusion is that the 
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most influential factors are (a) the functional specificity of the different plant-
 fungus combinations, (b) the degree of mycorrhizal dependency/responsiveness of 
the plant species in the community and (c) the dominant vs. subordinate character 
of the plant species responding to AM symbiosis. Diversity of AM fungi appears to 
promote plant diversity when most of the subordinate plant species in the commu-
nity have a high mycorrhizal dependency, so that their growth is specifically 
stimulated by P acquisition. The productivity of plant communities is enhanced 
when they are dominated by mycorrhizal-dependent plant species, capable of 
obtaining a great benefit from the P supplied by AM fungi. Mycorrhizosphere 
interactions involving Pi-solubilizing saprophytic bacteria and fungi improve plant 
P nutrition and favor P-cycling within ecosystems.
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Chapter 8
THE ROLE OF RHIZOSPHERE 
MICROORGANISMS IN RELATION 
TO P UPTAKE BY PLANTS

Petra Marschner

INTRODUCTION

The rhizosphere is defined as the soil around the roots that is influenced by the root 
(Hiltner 1904). Due to the release of easily decomposable compounds by the roots 
(root exudates), the rhizosphere is characterized by high microbial density. 
Rhizosphere microorganisms strongly influence nutrient uptake by plants by either 
enhancing or decreasing nutrient availability.

Rhizosphere microbial communities are a subset of the soil microbial commu-
nity, but are often quite distinct from those in the bulk soil (Foster 1986; Marilley 
and Aragno 1999; Gomes et al. 2001; Berg et al. 2002). Rhizosphere communities 
are influenced by soil and plant factors. Soils can have distinct microbial communi-
ties (Gelsomino et al. 1999; Carelli et al. 2000), as a result of the soil physical and 
chemical characteristics (e.g. soil texture, nutrient and organic matter content and 
pH) and environmental factors such as climate and vegetation. Plants contribute to 
these physical and chemical properties by depositing between 1% and 25% of their 
net photosynthetic production, which includes dead roots, sloughed-off cells and 
soluble compounds (Merbach et al. 1999). A large proportion of the root exudates 
such as sugars, organic acid anions or amino acids are easily degradable by micro-
organisms in the rhizosphere resulting in high microbial density and activity in the 
rhizosphere (Foster 1986; Kandeler et al. 2001).

The main driver of rhizosphere community composition is the plant species; 
different plant species growing in the same soil often have distinct rhizosphere 
communities (Ibekwe and Kennedy 1998; Marschner et al. 2001b); a given plant 
species may have a similar community structure when grown in different soils 
(Grayston et al. 1998; Miethling et al. 2000). The effects of plant species on rhizo-
sphere community composition often become more pronounced during plant 
development (Gomes et al. 2003; Marschner et al. 2001b). It is generally accepted 
that plant species-specific rhizosphere communities are the result of differential 
rhizodeposition and, in particular, root exudate amount and composition.

In agreement with the view that a large proportion of root exudates are easily 
degradable, microbial species with high growth rates and relatively high nutrient 
requirements, such as Pseudomonas spp., are often found to dominate in the 
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rhizosphere (De Leij et al. 1993; Marilley and Aragno 1999). Although the rhizo-
sphere is a habitat with large amounts of readily-available C sources, it is however, 
also the site of intense competition between microorganisms (Whipps and Lynch 
1983). Indeed, as an increasing number of rhizosphere microbial species are identi-
fied, it becomes clear that they have a wide range of growth strategies (Gomes 
et al. 2001; Smalla et al. 2001; Mansfeld-Giese et al. 2002).

Root exudation, and consequently microbial density and community structure, 
vary along the root axis. Root exudates are primarily released in the zone of elonga-
tion behind the root tip (Hoffland et al. 1989; Römheld 1991; Marschner et al. 
1997). In the older root parts, the main substrates for microbial growth are cellulose 
and other recalcitrant cell wall materials from sloughed-off root cortex tissues. The 
differences in the type and quantity of carbon available in different root zones influ-
ence microbial growth and result in distinct rhizosphere community structures 
(Yang and Crowley 2000; Marschner et al. 2001a). Certain components of root 
exudates have a selective influence on rhizosphere microorganisms by repelling 
some species and attracting others (Geurts and Franssen 1996). Examples for the 
latter are flavonoids released by legume roots that specifically attract Rhizobium. 
In contrast, microorganisms can influence the conditions in the rhizosphere by 
enhancing root exudation (Meharg and Killham 1995) or producing growth factors 
that influence root growth (Frankenberger and Poth 1987).

From this brief overview it is evident that microbial community composition and 
activity in the rhizosphere are temporarily and spatially highly variable and affected 
by plant species, soil and environmental factors. These not only make studying 
rhizosphere microorganisms challenging, but are also important considerations 
when the role of rhizosphere microorganisms in P uptake by plants is discussed.

Rhizosphere microorganisms may increase or decrease the availability of 
phosphate (Pi) to plants (Figure 8.1). Solubilization and mineralization of soil P 
or stimulation of root and root hair growth by rhizosphere microorganisms will 
lead to increased plant Pi uptake. Alternatively, plant Pi uptake may be decreased 
by competition for Pi or inhibition of root and root hair growth. The amount of P 
in the microbial biomass available for plant P uptake is variable and influenced 
by the carbon supply. Phosphorus uptake into the microbial biomass (net immo-
bilization) may reduce plant P availability, whereas turnover of the biomass may 
release P.

ROLE OF RHIZOSPHERE MICROORGANISMS 
IN INCREASING PLANT AVAILABLE P

As a result of the low P availability in most soils, the capacity to mobilize P is 
widespread among soil microorganisms. Mechanisms by which P availability can 
be increased include (i) solubilization of poorly soluble inorganic P forms by 
releasing organic acid anions or protons to modify soil pH (Illmer et al. 1995; Illmer 
and Schinner 1995) and (ii) mineralization of organic P by release of phosphatases. 
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The effectiveness of these mechanisms will depend on a number of factors, namely 
the pH buffering capacity of the soil, decomposition rate and/or sorption of organic 
acid anions and phosphatases to soil particles.

P solubilization

A large number of microorganisms have been isolated that show high P 
 solubilization in vitro (Table 8.1; Banik and Dey 1983; Whitelaw et al. 1999). 
However, these in vitro tests should be viewed with caution. On nutrient-rich 
media, a large number of soil microorganisms can solubilize poorly soluble Ca-
phosphates (Louw 1969), because high growth rates are often associated with pro-
ton release and hence dissolution of Ca-phosphates. Proton release is not effective 
in mobilizing P from Fe or Al phosphates or Pi adsorbed to Fe or Al oxides. For 
these forms of P, mobilization requires the release of organic acid anions, which 
release Pi via ligand exchange or chelation of Fe or Al. Hence, the capacity to 
mobilize Pi from Fe- or Al-phosphates is less common, and Pi mobilization rates 
are often lower than for Ca-phosphates (Barthakur 1978; Banik and Dey 1983).

Under nutrient-poor conditions, and hence lower microbial growth rates, P solu-
bilization is often strongly reduced. As mentioned above, the rhizosphere may not 
be as nutrient-rich as previously thought. Therefore isolates selected as strong P 
solubilizers in vitro may not be effective in the rhizosphere due to lack of carbon 

Fig. 8.1 Mechanisms by which rhizosphere microorganisms can increase or decrease plant P uptake
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and other nutrients. Additionally, P mobilization may be transient because of the 
re-formation of poorly soluble P forms (Delvasto et al. 2006) and the uptake of Pi 
by microorganisms (Hoberg et al. 2005).

Due to the ease of isolating microorganisms with apparently high P solubili-
zation capacity, many studies have been conducted to investigate the effect of 
inoculation with P solubilizers on plant growth and Pi uptake. In several pot and 
field experiments, inoculation with P-solubilizing microorganisms resulted in 
increased plant growth and Pi uptake (Gerretsen 1948; Kundu and Gaur 1980; 
Kumar and Narula 1999; see also Table 8.1). Compared to plants grown in sterile 
media, Pi uptake by oat plants inoculated with a soil microbial community 
increased by 120% and 320% when grown with Fe-phosphate and Ca-phosphate 
(rock-P), respectively (Gerretsen 1948). But there are also reports in which 
inoculation did not increase plant growth and Pi uptake (Azcon-Aguilar et al. 
1986; Badr el-Din et al. 1986). It is likely that there are a large number of similar 
‘disappointing’ results that have not been published. The poor effectiveness of 
inoculated strains to increase the plant available Pi, may be the result of poor 
growth and survival due to lack of nutrients and/or low competitiveness com-
pared to the indigenous microflora. Successful inoculants must be ‘rhizosphere-
competent.’ A number of traits have been shown to be important for rhizosphere 
competence, including motility, high growth rate, ability to synthesize amino 
acids and vitamin B1, ability to utilize organic acids, presence of certain cell 
surface proteins as well as rapid adjustment to changing conditions (Lugtenberg 
and Dekkers 1999).

Often, a combination of microorganisms with different characteristics, such as 
P solubilizers combined with N

2
 fixers or with AM fungi, is superior to inocula-

tion with the P solubilizers alone (Kundu and Gaur 1980; Toro et al. 1997; Sahin 
et al. 2004).

Table 8.1 Examples of microbial genera that have been shown to be P solubilizers or phytase 
producers

Genus Reference

P solubilizers
Aspergillus, Penicillium, Trichoderma Barthakur 1978
Bradyrhizobium, Rhizobium Antoun et al. 1998
Enterobacter Kim et al. 1997b
Gordonia Hoberg et al. 2005
Panthoea Deubel et al. 2000
Pseudomonas Deubel et al. 2000; Hoberg et al. 2005
Rahella Kim et al. 1997a
Phytase producers
Aspergillus, Emmericella, Penicillum Yadav and Tarafdar 2003
Peniophora George et al. 2007
Pseudomonas Richardson and Hadobas 1997
Telephora, Suillus (ectomycorrhizal fungi) Colpaert et al. 1997
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P mineralization

Up to 80% of soil P can be in organic form (Richardson 2001). Hence, the ability 
to access organic P can contribute substantially to increasing plant available Pi. 
Phosphatases hydrolyze organic P and release Pi. The activity of phosphatases 
decreases with increasing distance from the root surface (Tarafdar and Jungk 1987; 
Kandeler et al. 2001). Phosphomonoesterases and phosphodiesterases can be 
released by plant roots, rhizosphere microorganisms and also mycorrhizal fungi 
(Joner and Johansen 2000; Koide and Kabir 2000). Therefore, it is difficult to quan-
tify the contribution of rhizosphere microorganisms to phosphatase activity in the 
rhizosphere.

Phytate, which is considered to be the dominant form of organic P in soils 
(Turner et al. 2003), is a poor P source for plants grown under sterile conditions, 
because plant roots have low extracellular phytase activity (Hayes et al. 2000; 
Richardson et al. 2001). However, microorganisms can excrete phytase (Table 8.1; 
Richardson and Hadobas 1997; George et al. 2007). Indeed, compared with plants 
grown under sterile conditions, inoculation with a soil suspension strongly 
increased plant Pi uptake from phytate, suggesting that microorganisms play an 
important role in mobilizing P from phytate (Richardson et al. 2001). However, 
the effectiveness of phytase in the soil is unclear because (i) phytate is adsorbed to 
Fe or Al oxides, which strongly reduces its availability, and (ii) phytase is rapidly 
adsorbed to soil particles, leading to decreased activity (George et al. 2005, 2007). 
Moreover, phytate may not be the dominant form of organic P in soils (Smernik 
and Dougherty 2007). It appears that some of the compounds in NMR spectra may 
have been falsely identified as phytate. In a range of different Australian pasture 
soils, phytate comprised <5% of organic P and <3% of total P (Smernik and 
Dougherty 2007).

Indirect stimulation of plant P uptake

Rhizosphere microorganisms can also enhance plant Pi uptake indirectly by 
releasing plant growth regulators or stimulating mycorrhizal colonization. 
Release of plant growth regulators such as IAA by rhizosphere microorganisms 
can enhance root hair formation (Schmidt et al. 1988). Mycorrhiza helper bacte-
ria (MHB), which can be readily isolated from AM and ectomycorrhiza, have 
been shown to stimulate mycorrhizal colonization even in non-sterile soil and 
when present at low numbers (Garbaye 1994; Frey-Klett et al. 1997). In bulk soil 
it has been shown that organic acids produced during microbial decomposition of 
plant residues can increase P availability by competition for sorption sites and 
complexation of Al and Fe (Iyamuremye et al. 1996). Decomposition of root 
exudates or sloughed-off root cells could therefore also increase P availability in 
the rhizosphere.
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ROLE OF RHIZOSPHERE MICROORGANISMS 
IN DECREASING PLANT AVAILABLE P

Rhizosphere microorganisms can also reduce the availability of Pi to plants by tak-
ing up P into the microbial biomass, decomposing Pi-mobilizing root exudates or 
by inhibiting root growth.

P uptake into the microbial biomass (Immobilization)

In the rhizosphere, plant and microbial solubilization and mineralization processes 
occur simultaneously. For bulk soil it has been shown that mineralization/solubiliza-
tion dominate at low soil C/P ratios, whereas immobilization (uptake of P by the 
microbial biomass) exceeds mineralization/solubilization at high C/P ratios (He 
et al. 1997). Root exudates consist predominantly of sugars, hence are C-rich. 
Therefore, it can be assumed that microbial immobilization of P dominates in the 
rhizosphere. Thus, plants and microorganisms compete for P. McLaughlin et al. 
(1988) investigated the distribution of P in the plant-soil system after addition of 
isotopically labeled residues or inorganic P fertilizer. Of the fertilizer P, 18% was 
taken up by the plants and 29% by the soil microbial biomass. The distribution of 
residue P showed a similar bias to the microbial biomass, with 65% being taken up 
by the microbial biomass and 16% being taken up by plants. This indicates that the 
microbial biomass is more competitive at acquiring P than plants (McLaughlin and 
Alston 1986). However, as explained below, microbial P demand is a function of C 
availability. Thus, microbial competition for P is mediated by the concentration of 
easily available C compounds.

Decomposition of root exudates

Organic acid anions released by plant roots, which could potentially mobilize P, are 
rapidly decomposed in the soil (Van Hees et al. 2002). Together with organic acid 
anion sorption (Ström et al. 2001), this explains the discrepancy between the often 
high exudation rates of P deficient plants, such as white lupin in solution culture, 
and the relatively low organic acid anion concentrations measured in the rhizo-
sphere. Therefore, the importance of organic acid anions for Pi mobilization has 
been questioned by Jones (1998), who argued that the organic acid anion concentra-
tions measured in the rhizosphere of most plants would not be high enough to 
mobilize sufficient amounts of Pi. Hence, by decomposing organic acid anions, 
rhizosphere microorganisms can reduce the availability of Pi for uptake by plants. 
However, organic acid anion exudation may not be as ineffective as the above dis-
cussion suggests. The main sites of organic acid anion exudation are the root tips 
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and, in some plant species, specialized root structures such as cluster roots. 
Microbial density at the root tip is lower than in the older root zones. Additionally, 
the low pH and release of phenolic compounds in cluster roots may inhibit micro-
organisms. Hence, in certain root zones, decomposition of organic acid anions may 
be lower than in the root system in general.

Finally, rhizosphere microorganisms and, particularly deleterious or patho-
genic microorganisms, may reduce plant Pi uptake by inhibiting root growth or 
damaging roots. Similarly, inhibition of mycorrhizal colonization could reduce 
Pi uptake.

THE ROLE OF THE MICROBIAL BIOMASS 
IN P UPTAKE BY PLANTS

In the presence of a readily available carbon source, P is rapidly immobilized in the 
microbial biomass. However, upon C depletion microbial growth rates decrease and 
part of the microbial biomass may die off, releasing P. The rapid turnover of biomass 
P in response to addition of glucose to soil is shown in Figure 8.2. On day two, 
increasing the amount of glucose-C added to the soil resulted in increasing P in the 
microbial biomass and decreasing plant available P (resin P). Over time, microbial 
biomass P decreased due to depletion of C and, as a result of net P release from the 
microbial biomass, plant available P increased. This clearly shows (i) the importance 
of C supply for P immobilization in the microbial biomass, (ii) the rapid turnover of 
microbial biomass once C is depleted, and (iii) the direct and negative relationship 
between microbial P and plant available P. It should be noted that this study was car-
ried out in a soil with low P fixation capacity. The relationship between microbial 
P and plant available P may be less clear in soils with high P fixation capacity, when 
P released from the biomass is fixed rather than becoming available. Interestingly, P 
addition did not increase microbial biomass P in the presence of glucose in this study, 
indicating that the microbial biomass in this soil was C and not P limited.

Hence, an active microbial biomass with a high turnover rate can rapidly take up 
P, but may also represent a slow and constant source of available P through decom-
position of dead microbial cells (Seeling and Zasoski 1993; Oberson et al. 2001). 
Seeling and Zasoski (1993) suggested that P uptake by the microbial biomass could 
be beneficial for plants, because it would decrease P fixation by maintaining low 
inorganic P concentrations in the soil solution.

The importance of the microbial biomass for plant P uptake appears to vary 
among plant families. In an acidic soil with low P availability, microbial biomass P 
in the rhizosphere was positively correlated with P uptake of three Poaceae, but not 
with P uptake of three brassicas (Table 8.2; Marschner et al. 2007), although the 
concentration of microbial biomass P in the rhizosphere was similar in the two 
plant families. In the brassicas, plant P uptake was correlated with root length and 
P availability in the rhizosphere, suggesting that P uptake was mainly governed by 
plant-inherent properties.
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Fig. 8.2 Available P (resin P) and microbial P in soil after addition of C as glucose at 0, 0.5, 1 
and 2.5 g C kg−1 soil

Table 8.2 Correlation coefficients between shoot P uptake (grams per plant) and rhizosphere 
properties (resin P, microbial P and acid phosphatase activity) or root length in Poaceae and brassi-
cas at low and high P (across all growth stages) and at different growth stages (six-leaf, tillering/
flowering and maturity; across P levels). (Data for Poaceae and brassicas are taken from 
Marschner et al. 2006 and Marschner et al. 2007, respectively. With permission from Elsevier.)

Microbial P 
(mg kg−1)

Available P 
(mg kg−1)

Acid phosphatase 
activity (n Kat g−1)

Total root 
length (m)

Data set Plant family Correlation coefficient with plant P uptake

Low Pa Poaceae 0.34 – 0.53 0.50
brassicas – −0.57 0.53 0.77

High Pb Poaceae 0.68 – – 0.61
brassicas – −0.55 – 0.80

Six-leaf Poaceae 0.97 0.77 0.81 0.85
brassicas 0.45 0.88 0.46 0.79

Tillering/
flowering

Poaceae 0.78 0.96 0.73 0.67

brassicas – 0.75 0.48 0.47
Maturity Poaceae 0.85 0.70 – 0.96

brassicas – 0.89 – 0.48

Only values with P ≤ 0.05 are shown
a Low P: Poaceae 0; brassicas 25 mg P kg soil−1 added as FePO

4
b High P: Poaceae 120; brassicas 100 mg P kg soil−1 added as FePO

4
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It can not be excluded that rhizosphere microorganisms contributed to P mobili-
zation in the rhizosphere of the brassicas. However, differences in microbial com-
munity structure were not consistently related to differences in growth of Poaceae 
and brassicas (Marschner et al. 2006, 2007; Wang et al. 2007), indicating that presence 
or absence of certain microbial species or groups (e.g. P solubilizers) is not impor-
tant for growth and P uptake.

CONCLUSIONS

We can conclude that rhizosphere microorganisms play an important role in the 
availability of Pi for plants. However, this is variable and affected by plant geno-
type, soil and environmental conditions. Moreover, the ratio of P mobilization to P 
immobilization and hence plant Pi availability are likely to vary along the root axis. 
The high rate of root exudation close to the root tip will lead to high growth rates 
of rhizosphere microorganisms accompanied by strong P mobilization. The mobi-
lized P may be available to the plant, however exponentially growing microbial 
cells have a high P demand (low C/P ratio; Vrede et al. 2002). Thus, most of the 
mobilized P is likely to be taken up by the microorganisms. In the older root zones, 
the lower amount of carbon compounds results in lower microbial growth rates and 
hence P demand, as well as death of microorganisms (Vrede et al. 2002). Hence, 
microbial biomass P is likely to become available to the plant. Due to the wide-
spread capacity among microorganisms to solubilize and/or mineralize poorly 
available P, the composition of the rhizosphere microbial community is probably 
less important than its activity.

To further elucidate the role of rhizosphere microorganisms it will be important 
to (i) quantify microbial biomass P turnover and the contribution of microbial bio-
mass P to plant Pi uptake, e.g. by labeling the biomass with 32P; (ii) measure the 
expression of genes involved in phosphatase and organic acid anion release by plant 
roots and rhizosphere microorganisms; and (iii) differentiate between plant and 
microbial phosphatases in the rhizosphere, for example using the techniques of 
proteomics.
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Chapter 9
SOIL AND FERTILIZER PHOSPHORUS 
IN RELATION TO CROP NUTRITION

Ernest A. Kirkby and A. Edward (Johnny) Johnston

INTRODUCTION

Phosphorus (P) plays a pivotal role in the nutrition of all plants as an essential element 
participating in a wide array of physiological and biochemical processes occurring in 
all living organisms (Vance et al. 2003). Historically, of all the nutrients required by 
plants, P was frequently the one that most limited growth; until P deficiency was cor-
rected many crops did not respond to nitrogen (N), and this is still the case for many 
soils worldwide. Most crops grown for human food, animal feed, fiber and now for 
biofuels contain between 0.2% and 0.5% P in their dry matter when sufficient P is 
available in the soil (Sanchez 2007). In intensive agriculture much of this P can be 
applied in inorganic P fertilizers and organic manures. Inorganic P fertilizers were first 
available some 160 years ago after JB Lawes, of Rothamsted (UK), patented a com-
mercially successful method of producing superphosphate, containing water-soluble 
monocalcium phosphate, from phosphate rock (PR). From the mid 19th century, super-
phosphate quickly proved to be effective in providing plant-available P on almost all 
soil types in the UK (Johnston 1994) and has since been used worldwide for this pur-
pose. With the opportunity to use inorganic P fertilizers and organic manures to mini-
mize the risk of soil P deficiency limiting crop growth, there exists the possibility of 
increasing crop yields to improve food security for an increasing world population.

However, the global distribution of PR, the consumption of inorganic P fertilizers 
and the distribution of P-deficient soils are all poorly matched. Currently, over 70% 
of the PR reserves that are economically exploitable are located in three countries: 
the USA, Morocco and Western Sahara, and South Africa (Heffer et al. 2006). The 
production of PR reached 171 million tonnes (Mt) in 2005, the main producers 
being USA (24%), China (20%) and Morocco (19%). About 85% of this production 
was processed for use in agriculture (80% as fertilizer and 5% as animal feed 
supplement), whilst 15% was used for industrial products, such as detergents (12%; 
Heffer et al. 2006). In 2005/2006, the annual consumption of P fertilizer was esti-
mated to be 36.8 Mt P

2
O

5
 of which 74% was consumed in four regions: East Asia, 

South Asia, Latin America and North America. Almost 32% was consumed in 
China and Vietnam, which the International Fertilizer Industry Association’s 
regional classification includes in East Asia (Heffer et al. 2006).

P.J. White, J.P. Hammond (eds.) The Ecophysiology of Plant-Phosphorus Interactions, 177
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Phosphate fertilizers are essential for maintaining the production of staple foods. 
On a global scale, P is often regarded as the main mineral nutrient restricting plant 
growth in acid, neutral and calcareous soils. About 67% of the total farmland used 
worldwide contains too little readily plant-available P (Batjes 1997) and it is 
thought that some 30–40% of all soils growing arable crops are deficient in P 
(Runge-Metzger 1995; von Uexküll and Mutert 1995).

Phosphorus is a non-renewable resource and, although estimates of global 
reserves of PR and how they will be used vary, it is not disputed that P reserves are 
limited (Heffer et al. 2006). The US Geological Survey’s Commodity Summary 
Report estimated that the world reserve base of PR was 46,000 Mt in 2005 (Heffer 
et al. 2006). This reserve base is sufficient to supply more than 300 years’ con-
sumption at the current rate but the “reserves” (that part of the reserve base that can 
be economically exploited with current technology with the present relative costs 
of production and value of product) is sufficient for only 100 years (Heffer et al. 
2006). However, as yet unknown deposits may be discovered in the future, to bene-
fit the continued existence of mankind. Vance et al. (2003) have drawn attention to 
the four- to five-fold increase in the use of P fertilizer between 1960 and 2000 and 
a projected further annual increase of 20 Mt by 2030. This projected increase in the 
use of P fertilizer will be required to meet the food needs of an increasing world 
population. This will be mainly in the tropics and subtropics, where the majority of 
the population of the world live already and where farmers are resource poor and 
the infrastructure to purchase and distribute fertilizers is only weakly developed.

Vance et al. (2003) distinguish clearly between problems associated with the 
use of P fertilizers in intensive agriculture and the lack of P inputs in extensive 
agriculture. In both of these very different systems there is a need to manage P in 
crop nutrition better to achieve sustainable yields and food security. The latter goal 
requires the achievement of two objectives. The first is a better understanding of 
the behavior of P in soils. The second is developing “P-efficient” cultivars of crop 
plants that can use soil and fertilizer P more effectively. Success in both these 
objectives will benefit both the use of P on soils where P supply is limited and crop 
yields are small, and the recovery of soil P reserves, which have accumulated in 
soil over many years from past applications of fertilizers and manures. Plant roots 
take up P as inorganic phosphate (Pi) from the soil solution and factors that influ-
ence the concentration of Pi in the soil solution and its rate of replenishment will 
affect yield. Thus, when P is strongly bonded to soil constituents Pi concentration 
may be less than required for optimal yield. The concentration of Pi in the soil 
solution can be increased by the addition of P as a water-soluble P fertilizer, or as 
a water-insoluble P compound which in an acid environment of either the rhizo-
sphere or the bulk soil allows the release of Pi. The root system must be of an ade-
quate size and any factors, biological, chemical or physical, and interactions 
between them that adversely affect root growth, size and function will decrease 
above ground growth and final yield. It also has to be clearly recognized that any 
improvement in P uptake from the soils reserves that is not replaced depletes 
(“mines”) these reserves and cannot go on indefinitely without jeopardizing the 
ability of the soil to produce crops.

178 
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It is still widely believed that P fertilizers are used inefficiently in crop production. 
In part, this is because the recovery of P applied to a crop as 32P-labelled fertilizer, 
is usually only 10–15%, rarely 25%, of that applied (Syers et al. 2007). It has 
generally been assumed that one reason for this poor recovery is because the P has 
become “fixed” by soil components and is unavailable for crop use. However, 
current thinking is that P is used efficiently, with recoveries of between 50% and 
90%, if an appropriate time scale and method of estimation is used (Syers et al. 
2007). The belief that fertilizer P is used inefficiently has led to the frequently held 
view that the transfer of P from soil to surface water bodies, with the consequent 
adverse effect of eutrophication on the biological balance in the water body, is due 
to the excessive use of P fertilizers. This is not totally correct, as is discussed later 
in this chapter.

In intensive agriculture, large yields of modern cultivars of arable crops annually 
remove 20–35 kg P ha−1. For example, using the P content, kg P t−1 in fresh har-
vested material (MAFF 2000), the amount of P removed in 10 t ha−1 cereal grain is 
34 kg, in 4 t ha−1 oilseed rape seed it is 24 kg, in 70 t ha−1 potatoes it is 30 kg and in 
70 t ha−1 sugar beet roots it is 25 kg. In the past and often today, a varying, but 
frequently substantial amount of this P is completely lost from the soil when a crop 
is consumed directly or indirectly by humans because their excreta, containing 
most of the ingested P, is collected in a sewage treatment works. Traditionally, 
water-soluble phosphates have been discharged in the effluent to an adjacent river, 
where the bioavailable P is potentially able to cause environmental problems 
through eutrophication before being lost irreversibly to the sea (Neeteson et al. 
2006). This one-way movement of P means that to maintain crop production new 
P has to be introduced into the system by application of fertilizer P obtained from 
the finite reserve of PR. Recently introduced changes of sewage treatment should 
be beneficial in allowing P recycling in agriculture because larger sewage treatment 
works are now required to use a tertiary treatment to remove P from the effluent. To 
further close the cycle of P use will require smaller treatment works to recover P 
from the effluent water. The solid sewage sludge remaining after treatment has tra-
ditionally been returned to the land and although the organic P it contains mineralizes 
slowly it does eventually increase the readily plant-available P in the soil (Johnston 
1975). Fears about the return to soil of heavy metals in sewage sludge have largely 
been assuaged by the strict controls on their concentration in sludge.

This chapter is divided into seven sections. Following the Introduction we give 
an up-to-date account of the interactions between soil and fertilizer P in relation to 
the availability of P to plants. This summarizes the findings of part of a comprehen-
sive review on the efficiency of soil and fertilizer P use commissioned by FAO and 
four other institutions (Syers et al. 2007). The acquisition of P by the roots of crop 
plants is then considered in relation to its availability in soil. In the following two 
sections we discuss first crop nutrition and the efficient use of P where soil P is 
adequate, and then the acquisition of P by plants where P supply is limited and to 
the adaptive mechanisms induced in plants by P deficiency and their possible 
exploitation. In both these sections, which discuss crop production in very different 
agro-environments, we present some possible ways to increase the efficiency of use 
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of both soil and fertilizer P. In the final two sections we deal briefly with environ-
mental and ecological aspects related to the use of P in crop production.

INTERACTIONS BETWEEN SOIL AND FERTILIZER 
P AND THEIR CONSEQUENCES FOR P AVAILABILITY 
TO CROPS

No attempt is made here to present a comprehensive account of the chemistry of 
soil P, nor give in detail the changing concepts of the behavior of soil and fertilizer 
P, as these have been reviewed recently by Syers et al. (2007). Instead, we consider 
recent concepts about the behavior of soil and fertilizer P in relation to plant nutri-
tion and crop production.

Early views on the behavior of soil and fertilizer P

Until recently there was a long-held and persistent view that when a water-soluble P 
compound, like monocalcium phosphate, was added to soil any residue of the P 
remaining after P was taken up by the crop was to a large extent retained (“fixed”) in 
the soil in forms that were unavailable to subsequent crops. This view can be traced 
back to a paper by Way (1850) and since that time soil scientists have been intrigued 
by, experimented on, and discussed at great length, the fate of P added to soils. Way 
(1850) percolated solutions of water-soluble potassium (K) and ammonium (NH

4
) 

phosphates through columns of soil and found that the Pi was retained in the soil 
whereas other anions, often chloride or sulfate, appeared in the leachate. To explain 
the observed retention of Pi, Way (1850) proposed that the accompanying K and NH

4
 

cations had been retained by exchange with the divalent calcium (Ca) cation and that 
the Pi had combined with the free Ca cation to produce a water-insoluble phosphate 
of lime. He conjectured, that this calcium phosphate (not specified in his paper) 
would be soluble in the dilute carbonic acid solution, occurring in soil, so that Pi 
would be released into the soil solution for uptake by roots. The amount of Pi solubi-
lized by this process, however, is probably very small judged by the results from the 
early years of the Rothamsted experiments, which showed that adding superphos-
phate fertilizer gave large increases in crop yields (Johnston 1994).

Using data from P balance studies (P applied minus P removed in harvested 
crops) for two long-term experiments at Rothamsted, Dyer (1894, 1902) concluded 
that much of the positive P balance in these experiments was retained or “fixed” in 
the surface soil. Also at this time, field experiments assessing the value to crops of 
the P retained in soil showed that it had very little or no effect on subsequent crop 
yields. In other words, there was no residual effect of the applied P fertilizer. This 
was taken as further evidence that P residues were fixed in soil in forms that were 
not available for uptake by plant roots. Based perhaps in part on these observations, 
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Russell (1912) supported the view that the retention of P applied to soil as water-
soluble monocalcium phosphate was due to the precipitation of a water-insoluble 
calcium phosphate.

Beginning in the 1920s, there were many studies on the reactions and fate of 
fertilizer P added to soil that produced conflicting results and conclusions (see 
reviews by Pierre and Norman 1953; Larsen 1967; Khasawneh et al. 1980). From 
the 1950s, especially in the USA, many laboratory experiments and modeling exer-
cises were performed on the reactions that occur when water-soluble phosphates 
are added to soil. Laboratory experiments showed the formation of “discrete-
phase”, water-insoluble minerals like variscite (aluminium phosphate) and strengite 
(iron phosphate) under acid conditions and a range of calcium phosphates under 
near-neutral and alkaline conditions when monocalcium phosphate was added to 
soil. It was widely assumed that these water-insoluble minerals were formed when 
water-soluble, fertilizer P reacted with soil components, and this would explain 
why the plant availability of fertilizer P was so small in many soils (Kurtz 1953; 
Hemwall 1957; Jackson 1963; Huffman 1962, 1968; Larsen 1967; Sample et al. 
1980). In attempts to show that such compounds were produced, soil P was 
sequentially extracted with reagents thought to extract distinct phase, inorganic 
P compounds. The latter included iron, aluminium and calcium phosphates, the 
type and amounts formed depending on the acidity of the soil (Dean 1938; Chang 
and Jackson 1958). Barrow (1983a) suggested that the formation of these insoluble 
compounds was debatable because the conditions used in many of these laboratory 
experiments were far removed from the conditions in the heterogeneous environ-
ment of the soil.

In the late 1950s and 1960s, thermodynamic models, particularly solubility iso-
therms, were combined with laboratory data to produce elegant descriptions for the 
formation of pure crystalline compounds in equilibrium with Pi in solution (Lindsay 
and Moreno 1960; Larsen 1967; Lindsay 1979). However, these models often 
ignored the conditions that exist in soil and Barber (1995) suggested that P com-
pounds in soil are likely to be impure and of unknown solubility and, therefore, not 
likely to be the reaction products following addition of water-soluble P to soil.

Evidence for the need to review ideas about the behavior 
of P in soil

Two earlier papers that questioned the assumption of P fixation appear to have 
received little attention. Coleman (1942) noted that the failure of a crop to respond 
to fertilizer P was not necessarily due to the rapid fixation of P by soil. Rather, it 
could be because there was already sufficient plant-available P in the soil and that 
large amounts of soil P “formerly considered fixed” are available to plants. Kurtz 
(1953) also argued that the results of experiments that implied that P was held in 
soil by simple precipitation reactions sometimes led to rather questionable conclu-
sions. He noted that, “Contrary to the apparent belief of two decades ago, more 
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recent evidence indicates that the reactions of phosphorus with soils are not entirely 
irreversible and that for most soils the term “fixation” is an exaggeration”. Major 
changes in the concepts of the behavior of P in soil came in the late 1960s and 
1970s with the work of Posner and Barrow (1982) and Barrow (1983b) on the 
adsorption/absorption and desorption of Pi in soils. The slow reaction between Pi 
and soil was attributed to the diffusive penetration of adsorbed phosphate ions into 
soil components as shown by Evans and Syers (1971). This explained the decrease 
in extractability, isotopic exchangeability and plant availability of P added to soil 
over time (Barrow 1980).

In a comprehensive review of the literature, Sample et al. (1980) concluded that 
both sorption and precipitation reactions were likely to occur simultaneously fol-
lowing the addition of fertilizer P to soil. These authors also considered that initial 
P reaction products and the initially adsorbed Pi may be metastable with important 
changes over time such that there would be lower concentrations of Pi in the soil 
solution.

Barrow (1983b) used data from Leamer (1963) to support his suggestion that 
absorbed Pi could be released over time (i.e. that adsorption/absorption was largely 
reversible), but that this could be a slow process. Data from the Exhaustion Land 
experiment at Rothamsted, using “Olsen P” (P extracted from the soil with 0.5 M 
NaHCO

3
, pH 8.5) as an estimate of plant available P, provides evidence for the 

reversibility of adsorption/absorption of P in soil (Johnston and Poulton 1977). 
From 1856 to 1901, P was added first as fertilizer to wheat (1856–1875) and then 
as both fertilizer and farmyard manure (FYM) to potatoes (1876–1901). The P bal-
ance was positive with both P treatments, but only about 15% of this P was 
extracted by the Olsen method, the remainder being in forms that were no longer 
immediately plant available. After 1901 no more P was applied, and from 1901 to 
1958 the P balance was negative. However, only about 37% of this negative balance 
could be accounted for by a decline in Olsen P. This implies that some P that was 
not measured as plant available in 1901 had become available over time. Both sets 
of data indicate a degree of reversibility of sorbed P. Further evidence for reversible 
transfer of P between fractions of soil P is provided by experiments in North 
America (Barber 1979; Halvorson and Black 1985; McCollum 1991).

Additional evidence for the release of plant-available P that was not initially 
measured as Olsen P comes for an experiment on a sandy clay loam soil at 
Saxmundham in Suffolk, England. From 1965–1968, differential P fertilization 
established eight soils with Olsen P ranging from 3–67 mg kg−1. For the next 
16 years these soils were cropped with potatoes, sugar beet, spring barley, winter 
wheat and field beans grown in rotation and without addition of P but with adequate 
N and K. The cumulative P offtake in the crops was determined and, in alternate 
years, the top 23 cm soil was sampled to determine Olsen P. The decline in Olsen 
P ranged from 43% on the most P enriched soil to less than 10% on least P enriched 
soil. However, the decrease in Olsen P did not account for all the P removed in the 
harvested crops. Thus, P measured by the Olsen method was being replenished by P 
from P reserves not measured by the Olsen method in 1968. Of equal interest was 
the observation that the individual decay curves for Olsen P from each of the eight 
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soils (Figure 9.1a) could be brought into coincidence by horizontal shifts to produce 
a unified decay curve for a 50-year period (Figure 9.1b; Johnston and Poulton 
1992). This is critically important to the present discussion for it indicates that there 
are different pools of soil P in equilibrium with one another. As P in one pool is 
being depleted it is replenished (buffered) by P from other pools and the faster the 
replenishment the greater the buffer capacity of the soil. A unified decay curve from 
a large initial value of Olsen P supports the contention that there are no specific, 
well-defined and discrete fractions of soil P, as was previously widely believed. If 
there were discrete fractions of soil P it is probable that decay curves, such as those 
presented in Figure 9.1, would be a series of steps rather that a smooth curve.

Current concepts of the behavior of P in soil

The view that water-soluble P added to soil in fertilizers and not used by the crop 
to which it was applied became mostly fixed in soil in forms unavailable to future 
crops was largely supported by work prior to the 1950s. Subsequently, this view 
began to be challenged for a number of reasons. Field experiments showed that 
plant-available P residues could accumulate, at least in some soils, and that these 

Fig. 9.1 Decline in Olsen P during 16 years in eight soils having different Olsen P (a). Development 
of a coincident decline curve by making horizontal shifts (b). Data are from an experiment at 
Saxmundham, UK. (Adapted from Johnston and Syers 2006.)
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residues increased crop yields. It was also realized that the results from many of the 
laboratory experiments were unlikely to relate to what happened in field soils 
because the conditions used for the laboratory experiments were inappropriate. 
This suggested that new concepts about the behavior of P in soil needed to be 
formulated.

These new concepts, accepted at least among many involved in soil and fertilizer 
P research, relate to P equilibria in soils which explain reasonably well changes in 
the extractability of soil P, and the decrease in plant availability of added P with 
time. These equilibria primarily involve adsorption and absorption reactions that 
may be largely reversible with time. For P, which in the short- and long-term will 
be plant available, the current concept is that this P is held by soil components with 
a continuum of bonding energies. Building on this concept, pools of soil P related 
to the accessibility and extractability, and thus the plant-availability of the P, can be 
categorized and conceptualized and expressed diagrammatically (Figure 9.2). 
Phosphorus in the soil solution, the first pool, is immediately available for uptake 
by plant roots and is present in solution in ionic forms. The second pool represents 
Pi that is only weakly bonded to the surfaces of soil components. This Pi is readily 
available because it is in equilibrium with Pi in the soil solution and is readily 
transferred to the soil solution as plant roots take up Pi. Readily available Pi was 
often described as labile P in papers published in the 1950s. The P in the third pool 
is less readily available for plant uptake, but it can become available over time. This 
P is more strongly bonded to soil components, or is present within the matrices of 
soil components as absorbed P (i.e. P adsorbed on internal surfaces). The P in the 
fourth pool is only very slowly available, often over periods of many years. It has 
a low or very low extractability. It is P that is very strongly bonded to soil compo-
nents, or is P that has been precipitated as slightly-soluble P compounds, or it is part 
of the soil mineral complex, or it is unavailable due to its position within the soil 
matrix.

The most important feature of this conceptual model is the reversible transfer of 
P between the first three pools and it is this that clearly confronts the concept of 
irreversible fixation of P in soil. However, when a water-soluble P source is added 

Fig. 9.2 A simple schematic representation of phosphorus pools in the plant-soil system. Soil 
analysis to estimate P in the readily available pool includes that in the soil solution. (Adapted from 
Syers et al. 2007.)
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to soil only a small fraction remains in the soil solution, the remaining P becomes 
distributed between the readily- and less readily-available pools. For example in the 
long-term experiments at Rothamsted, Woburn and Saxmundham, where P has 
been applied as fertilizer or FYM for over 40 years, only about 13% of the increase 
in soil P is Olsen P (Johnston et al. 2001).

It is P in the soil solution and the readily available pool that is measured by rou-
tine soil analysis, and many different methods are used for this purpose. These 
include equilibration with resin and the methods of Olsen, Bray, Mehlich, Morgan 
and CAL (Kamprath and Watson 1980). Although these reagents all extract weakly 
bonded P, the amount of P extracted varies from reagent to reagent, which suggests 
that the readily available pool is not a finite quantity or a specific form of P. 
However, provided that the method characterizes the soil well, such that there is a 
strong relationship between the amount of P extracted and the response of a crop to 
an application of P fertilizer, then this fraction of P can be thought of as being well 
defined.

There is no routine method of soil analysis employed to estimate the amount of 
P in the less-readily available pool, and there is little information on the relation 
between the amounts of P in the readily- and less-readily-available pools of P. 
Recently sequential extraction of soil P has been used to follow the changes in dif-
ferent P fractions as the P balance has changed over time (Beck and Sanchez 1996; 
Blake et al. 2003). In these experiments, the quantity of P in all soil P fractions 
extracted increased as P accumulated in the soil and decreased as soil P reserves 
were depleted. However, no clear relationships have yet been shown between the 
amounts of P extracted by each reagent, or the rates of transfer of P between P 
pools. Both require further investigation, realizing that sequential extraction is time 
consuming and does not lend itself to routine soil analyses.

This concept of soil P existing in various pools related to the availability of Pi 
for plant uptake applies to all soils and may be considered in relation to crop pro-
duction in two greatly contrasting agro-environments. One is where intensive agri-
cultural systems operate, mainly in some developed countries. Here, large amounts 
of plant-available P have accumulated in soil from past additions of P in fertilizers 
and manures, and crop genotypes have been selected on the basis of a large yield 
potential. The requirement in this situation is to use soil and fertilizer P most 
efficiently. The other, contrasting, agro-environment is where the soil contains only 
very small amounts of plant-available P, which limits crop production, and where 
the availability of P fertilizer is often restricted by its cost or lack of infrastructure 
to transport it to where it is required. Estimates suggest that globally perhaps 67% 
of total farmland contains too little plant-available P (Batjes 1997) and much of this 
land is in less developed countries. Native plants that grow in many of these soils 
have adapted to the low P conditions in various ways. These adaptations and what 
can be learnt from them of benefit to the growth of crops is discussed later in this 
chapter, and in other chapters of this book (Lynch and Brown 2008; Raven 2008; 
White and Hammond 2008). For both these very different agro-environments it is 
possible to consider how soil and fertilizer P can best be made more accessible and 
available for plant uptake.
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P ACQUISITION BY ROOTS OF CROP PLANTS

Plants acquire P by the roots taking up orthophosphate anions (Pi), mainly H
2
PO

4
− 

and to a lesser extent HPO
4
2−, from the soil solution. The size and efficacy of the 

root system and the presence of these anions at the soil-root interface therefore 
control the ability of the plant to take up sufficient P to achieve its yield potential 
when all other factors affecting growth are optimum. Plant and soil factors that 
directly or indirectly affect to availability and uptake of P by crops are summarized 
in Table 9.1.

Transport of Pi from the bulk soil to the rhizosphere

The concentration of Pi in the soil solution is very small and even in the most fertile 
soils rarely exceeds 8 µM (Barber 1995). In soils that are highly weathered, sandy 
or alkaline, Pi concentrations are commonly less than 1 µM (Reisenauer 1966). 
Thus, the amount of P in the soil solution that is immediately available for crop 
uptake as Pi is very small and, without frequent replenishment, is inadequate to 
meet a crop’s large demand for P for optimal growth. This is illustrated by the data 
in Table 9.2. Based on the assumption that the concentration of Pi in the soil solution 
is 1 mg L−1 (approximately 3 µM), and that a crop producing a large yield requires a 

Table 9.1 Plant and soil properties that control the availability of 
P uptake by crops either directly or indirectly. (Adapted from 
Horst et al. 2001.)

Plant properties Soil properties

Root uptake efficiency Chemical
Uptake capacity pH
Uptake affinity Organic ligands
Minimal concentration for uptake Cation exchange capacity
Root morphology CO

2

Root length density Redox potential
Root fineness Buffer capacity
Root hairs Toxicity (e.g. Al)
Infection with mycorrhizal fungi Deficiency (e.g. K, Ca)
Rhizosphere modification Physical
H+/OH− balance Temperature
Excretion of organic acid anions Moisture
Increase in reduction capacity Bulk density
Phosphatase production Mechanical impedance
 Biological
 Microbial activity
 Soil fauna
 Pathogenic fungi
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total P uptake of about 30 kg P ha−1 over a growth period of about 100 days, even 
allowing for complete spatial accessibility of Pi to the roots, the Pi in soil solution 
must be replenished five times each day. However, because not more than 20% of 
the topsoil is explored by roots during a growing season, the Pi in the soil solution 
has to be replenished at least 25 times daily to meet plant demand (Marschner 
1995). A very similar conclusion is reached using another theoretical calculation. 
This calculation is based on the water use by a crop, the Pi concentration in the soil 
solution and the actual P concentration in the plant. The data clearly demonstrate 
that the amount of Pi transported by convective flow of water to plant roots (mass 
flow), is far too small to meet plant demand. Lambers et al. (1998) consider that 
mass flow accounts for less than 5% of the P demand of a plant and the amount of 
P intercepted by plant roots as they push their way through the soil is only half this 
amount.

The principle method by which Pi is replenished in the soil solution is by diffu-
sion (Jungk 1994). Uptake of Pi by plant roots from the surrounding solution, 
which is not usually a growth limiting step, is energy demanding and takes place 
very rapidly against a steep concentration gradient between the soil solution and the 
cytoplasm of the plant cell (Schachtman et al. 1998; Amtmann et al. 2006). In this 
process, two different but equally important effects are induced. The removal of Pi 
from the root surface creates a gradient in the concentration of Pi between the root 
surface and the bulk soil. This gradient is the driving force for the diffusion of Pi in 
the soil solution and results in the transport of Pi from the bulk soil to the root sur-
face. This, in turn, disturbs the equilibrium between the Pi concentration in the soil 
solution and that in the readily plant-available pool, resulting in the release of Pi 
from the latter to maintain the Pi concentration in the soil solution. If delivery of Pi 
to the root by this process of diffusion is too slow to meet plant demand for normal 
growth, zones of Pi depletion around roots are created, indicative of deprivation of 
Pi supply (Mengel and Kirkby 2001).

Table 9.2 Illustration, using two different approaches (A and B), of the inability of the P in the 
soil solution to supply the P requirement of a crop based on a total requirement of 30 kg P ha−1. 
(After Kirkby and Römheld 2006.)

A P requirement: 30 kg P ha−1 
 (10 t DM with 0.3% P; 100 day growth period) 300 g P ha−1 day−1

 P concentration in soil solution: 0.1 mg P L−1 (~3 µM) ↓ ↓ f = 5
 (soil - bulk density 1.3 g cm−3; depth 25 cm, water content 18%) ↓ ↓
 = 0.6 × 106 L → 0.1 mg × (0.6 × 106 L) ↓ 60 g P ha−1

 Spatial availability ↓ f = 25
 (only 20% of topsoil exploited by roots) 12 g P ha−1

B Water requirement: 500 L kg−1 shoot dry weight produced 
 (transpiration coefficient: 300–600) 
 P solubility: 0.1 mg P L−1 → 0.1 mg × 500 50 mg P kg−1 DM
  ↓ f = 60
 P requirement: 0.3% P in leaf DM 3 g P kg−1 DM
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Maintaining Pi concentrations in the soil solution

Maintaining the concentration of Pi in the soil solution is dependent on the Pi buffer 
capacity of the soil. This can vary greatly between soils depending to a large extent 
on the amount of P in the readily plant-available pool of soil P. The latter is likely 
to be larger in heavy textured, clayey soils than in light textured sandy soils. 
Schofield (1955) introduced the concept of an intensity factor, which represents the 
concentration of Pi in the soil solution, and a capacity factor, indicative of the 
amount of more strongly held P in the soil. The approach accords with current 
thinking of P being held by soil components with a continuum of bonding energies 
(Figure 9.2). Generally the main component of the capacity factor as envisaged by 
Schofield is the pool of low energy sorbed P together with the readily-mineralizable 
organic P. This organically bound P may be important in relation to the P nutrition 
of crops in some soils but it is not taken into account in most routine methods of 
soil analysis used to estimate P availability. In part this is because the mineraliza-
tion of organic P is highly dependent on ambient conditions in the field, such as soil 
temperature and moisture, which cannot be measured by extracting dry soils in the 
laboratory. In addition, the capacity factor is also dependent on the volume of soil 
occupied by roots. However, as discussed above, soil analysis using an appropriate 
method can provide an assessment in most agricultural soils of P that is potentially 
available to plants under conditions favorable for root growth and activity.

P acquisition over the growth period

Young plants have a very large demand for nutrients but only small root systems. 
Consequently, in the early stages of growth, the rate of nutrient uptake per unit length 
of root is extremely high. For example, the P uptake rate per unit length of root by 
20-day-old maize plants is about ten times that of 30-day-old plants (Mengel and 
Barber 1974). Further evidence for the importance of maintaining a sufficient level of 
readily plant-available P in the soil appropriate to the growth stage to optimize both 
yield and efficient use of P is illustrated by the data presented in Figure 9.3. This 
shows the daily rate of P uptake throughout the growth of spring barley crop grown 
on two soils, one with 100 mg kg−1 and the other with only 5 mg kg−1 Olsen P. The 
larger Olsen P value is more than sufficient for all arable crops, and the maximum 
daily P uptake rate was 0.6 kg ha−1 compared with only 0.2 kg ha−1 when the soil was 
deficient in available P. This difference was reflected in the grain yields at harvest 
which were 6.4 and 2.9 t ha−1, respectively (Leigh and Johnston 1986).

Modeling P acquisition by plants

Mechanistic mathematical models to estimate Pi transfer from the soil into the plant 
have been developed based on the assumption that Pi transport from the soil to the 
root is equal to Pi uptake by the plant (Claassen et al. 1986; Barber 1995). Transport 
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from soil to roots is assumed to proceed by mass flow and diffusion, and Pi uptake 
into the root follows Michaelis-Menten kinetics. The higher the rate of Pi uptake, 
the faster is the decrease in Pi concentration outside the root and this, in turn, results 
in a steeper Pi concentration gradient between the root surface and the bulk soil. 
Thus the diffusive flux of Pi from the soil towards the root increases. At the same 
time, as the Pi concentration at the root surface is depleted, Pi uptake into the root 
slows. The model also takes into account various root parameters because of the 
low mobility of Pi in soil and the need for roots to grow into regions where Pi is 
located to acquire Pi (see Jungk 1994).

The Barber-Claassen model has shown good agreement between actual and pre-
dicted P uptake by plants, particularly for cereals where soil Pi was adequate and 
the supply of Pi via diffusion was sufficient to meet the demands of the crop. 
However, where soil P was less than adequate, and the rate of Pi supply via diffu-
sion was likely to have been limiting, the crop acquired more P than was predicted 
by the model (Jungk and Claassen 1989). This discrepancy has been interpreted by 
those developing the model as an indication that under conditions of low Pi supply, 
roots develop properties that enhance Pi acquisition and these properties are not 
taken into consideration by the model that has a physico-chemical basis only. Such 
properties include the acquisition of relatively large amounts of P by VA mycor-
rhiza that effectively increase the surface area of roots (Jungk and Claassen 1989) 
and the possible release of organic anions from the roots into the rhizosphere, 
thereby increasing the availability of Pi in the rhizosphere (Ryan et al. 2001). Such 
processes will be discussed later in this chapter.

EFFICIENCY OF P USE WHERE SOIL P SUPPLY 
IS ADEQUATE

In developed countries, and in particular those with a long history of productive 
agriculture, plant nutrients, as organic manures or fertilizers, have been added to the 
soil over many years and, since the 1950s, their amounts have increased dramatically. 

Fig. 9.3 Daily phosphorus uptake rate of spring barley grown on a soil with adequate P reserves 
(°) and too little readily available soil P (®). (Adapted from Leigh and Johnston 1986.)
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In the case of P, the balance between that applied to the soil and that removed by 
the harvested crops became positive, with more being P applied than is removed. 
Consequently the level of plant-available P in soils has increased, so that the need 
to achieve economically optimum crop yields in environmentally benign ways 
needs to be reconsidered. In this section, the principles involved in achieving this 
are considered. Various measurements of P-use efficiency are discussed and, using 
data from long-term experiments with known P fertilizer inputs, evidence is pro-
vided of much greater efficiency of P fertilizer use than is commonly recognized. 
This is followed by a brief description of P modeling aimed at efficient P fertilizer 
programming. Finally, some of the more agronomic aspects which are or could be 
available to improve the efficient use of soil and fertilizer P are mentioned.

Critical levels of soil P for crop production

There is an important outcome to the conceptual model that soil P exists in a 
number of pools of different extractability and, therefore, of differing availability to 
plants (Figure 9.2). If the P in the readily extractable pool supplies the bulk of Pi 
for plant uptake then it is only necessary to accumulate a certain amount of P in this 
pool to achieve optimum crop yield. This is consistent with the concept of a critical 
P value for a particular crop in a given situation. This point is well illustrated by the 
asymptotic relationship between yield and Olsen P for sugar beet, barley and winter 
wheat crops grown at three sites in Southeast England (Figure 9.4; Johnston 2005). 
As Olsen P was increased from very low levels, yield increased rapidly at first and 
then more slowly to reach an asymptote. The Olsen P associated with yield reach-
ing the asymptote can be considered as the critical value. Below this value there is 
a loss of yield, representing a financial loss to the farmer. Above the critical value 
there is no increase in crop yield with further P additions. Adding more P is not 
only a financial loss and a squandering of a precious resource but may lead to the 
risk of adverse environmental effects (Johnston and Dawson 2005). Importantly, 
even though the yields of each of the three crops differed appreciably between years 
due to weather and N supply, the critical value for Olsen P was very similar for all 
years for each crop (Figure 9.4). Ideally, the critical value should be determined for 
each soil type, crop and farming system. In the UK, however, experience suggests 
that, in the absence of detailed information, a general value can be used as a first 
approximation. For soils growing arable crops, Olsen P values in the range of 
15–25 mg kg−1 are satisfactory (MAFF 2000). Other examples of critical values for 
farming systems and different crops taken from the international literature are given 
by Syers et al. (2007). Applying the concept of a critical P value for crops and 
farming systems leads to greater agronomic efficiency of P use. Maintenance of the 
critical level is dependent on replacing the amount of P removed from the field in 
the harvested crop. This amount can be calculated from the yield and the P content 
per unit of yield removed from the field. The P concentrations of specific crops and 
cultivars can vary considerably (Sanchez 2007), indicating that locally determined 
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values should be used if available. This approach of maintenance P applications is 
now becoming widely adopted. Consistency of soil sampling and analytical tech-
niques across years is essential, and soil sampling needs to be done on a frequent 
and regular basis to ensure that the soil is maintained at or about the critical level.

Measuring the efficient use of P fertilizer

The efficient use of fertilizers in crop production has always been important. In 
recent decades, however, it has become an issue of even greater importance espe-
cially for N and P fertilizers. This is because the presumption that they are not used 

Fig. 9.4 Response of sugar beet, barley and winter wheat to increasing Olsen P in several years 
on three sites in southeast England. (Data from Johnston 2005.)
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efficiently has been linked with the loss of N and P from the crop-soil system and 
the risk that such losses pose to the wider environment. The new concepts about the 
behavior of soil and fertilizer P have led to a reappraisal of measuring the efficiency 
with which P is used in agriculture.

Frequently a large percentage recovery of an added nutrient is taken to imply an 
efficient use of that nutrient by a crop (Cassman et al. 1998). Several methods have 
been used for calculating the recovery of applied nutrients, including direct meth-
ods that employ uncommon isotopes to label the added nutrient or indirect methods 
that calculate differences between nutrient inputs and their concentrations in crops 
and soils. Direct methods generally use a fertilizer containing a tracer element, such 
as 15N or 32P, to estimate the uptake of a nutrient originating from the fertilizer 
applied. Nowadays, this is rarely used for P because of its expense, and the rela-
tively short half-life of 32P means that reliable results can only be obtained for crops 
grown for short periods. The difference method allows an apparent recovery of a 
nutrient to be determined, but includes a contribution from nutrient already in the 
soil in addition to the fertilizer applied. The difference method is widely used in 
agronomic studies (see Crowther et al. 1951 for earlier reviews). It is calculated as 
the nutrient content of a crop given the nutrient minus the nutrient content of a crop 
not given the nutrient divided by the amount of nutrient applied, and expressed as 
a percentage. Calculated in this way, the percentage recovery of P and, by infer-
ence, the efficiency with which the P has been used by a crop can vary greatly 
between experiments. This variability can be due to a combination of many factors. 
These include: (a) the yields of the crops with the two treatments, since these can 
be affected differently by weather, availability of other nutrients and soil physical 
conditions; (b) the amount of readily plant-available P in the soil to which no P is 
applied, because this greatly influences P uptake by the crop grown on this soil; (c) 
the extent to which the freshly applied P is mixed with the volume of soil where 
roots are taking up nutrients.

The balance method proposed and used by Syers et al. (2007) is another and 
better method of estimating the efficiency with which P fertilizers are used. It 
has been appreciated since the beginning of the 20th century that most or all of 
the P residues from fertilizers and manures accumulated in the topsoil. Since 
then this observation has been confirmed for many soils with the exception of 
very sandy soils in high rainfall areas. The direct method (32P) for estimating 
percentage recovery gives values no larger than 20–25% and underestimates the 
P content of the crop. The remainder of the P in the crop comes from the reserve 
of plant-available P in the soil, mainly the topsoil. If soil fertility in terms of 
available P is not to be depleted then this P must be replaced. Hence added P that 
is taken up by the crop together with that which has gone to replace the P taken 
up from the soil reserves may be considered as part of the efficient use of added 
P fertilizer. The balance method simply calculates percentage P recovery of the 
added P. This method invariably gives higher percentage P recoveries and hence 
P use efficiencies than those calculated by the difference method. However, the 
actual value will still vary depending on the factors noted in the preceding 
paragraph.
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Some examples comparing the difference and balance methods are given in 
Tables 9.3 and 9.4. Table 9.3 uses data from the Broadbalk winter wheat experiment 
at Rothamsted, in which the amounts of P and N added each year have remained 
unchanged since 1852. The yield potential of the cultivars grown has increased 
appreciably and the data for three separate periods shows how yield affects the 
estimates of P recovery. There was little increase in yield without N and percentage 
P recovery changed little when estimated by either of the two methods. Where N 
was applied yield increased and so did P uptake and hence the estimate of percent 
P recovery, which was always greater by the balance method. The effect of the 
existing level of plant-available soil P on the estimate of percentage P recovery is 
shown in Table 9.4. In this experiment, a four-course rotation of sugar beet, barley, 
potatoes and barley was grown on two soils with 4 and 33 mg kg−1 Olsen P, respec-
tively. Three amounts of P, 27.5, 55.0 and 82.5 kg P ha−1 were tested on the sugar 
beet and potatoes. Thus in each four-year period the total P applied was 55, 110 and 
165 kg P ha−1. The rotations were phased, with one starting in 1969 and the other in 
1970. The data in Table 9.4 are the mean of both rotations. All the crops were 
analyzed to prepare a P balance. Percent recovery was calculated by both the 
difference and balance methods and, for appropriate comparisons was always 
larger by the balance method. For both methods the percentage recovery always 
declined with increasing P application. For the soil with 33 mg kg−1 Olsen P, per-
centage P recovery was small when calculated by the difference method and for the 
balance method one value exceeded 140%. Any value over 100% implies that the 
amount of P removed in the harvested crop was larger than the amount of P applied. 
If P removed exceeds P added over a number of years especially when the soils are 
at or about the critical value, then this will decrease the amount of plant-available 
P and jeopardize soil fertility.

Table 9.3 Comparison of the difference and balance methods for estimating recovery of added 
phosphorus illustrating the effect of nitrogen (by increasing yield) and growing cultivars with a 
larger yield potential. Data from the Broadbalk Experiment, Rothamsted. (Adapted from Johnston 
and Syers 2006.)

Annual treatmentb

Without N With N

Period & cultivar P in cropa & P recovery None PK None P PK

1852–1871 P in crop (kg ha−1) 4.9 6.6 6.5 9.2 11.3
Red Difference method (%) – 5 – 8 14
Rostock Balance method (%) – 20 – 28 34
1970–1975 P in crop (kg ha−1) 6.2 6.8 9.0 13.1 17.3
Capelle Difference method (%) – 2 – 12 24
Desprez Balance method (%) – 21 – 40 52
1985–2000 P in crop (kg ha−1) 3.7 4.7 5.7 12.7 17.4
Brimstone Difference method (%) – 3 – 20 33

Balance method (%) – 13 – 36 50
a Total P in grain plus straw
b Annual treatment (kg ha−1): N = 96, P = 33 (35 since 1974), K = 90
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Large P recoveries are found for a wide variety of crops grown on different soils 
(Syers et al. 2007). This is even the case for soils of high P adsorbing capacity that 
were initially acid and deficient in P as in the Cerrado (Savannah) semi-arid region of 
Brazil. Once soil acidity in the topsoil was corrected to 50% base saturation resulting 
in the absence of free Al ions in the soil solution, crops responded well to additions 
of water-soluble P fertilizers. In two experiments, the residual P from a single applica-
tion of P fertilizer increased yields for the next 13 and 17 years. Recovery of the 
added P, as measured by the balance method, over this time period ranged from 
35–62% with all-arable cropping and from 52–69% when a pasture grass was 
included in the rotation. Percent recovery was larger with the smaller amounts of P 
applied. Similarly Heinemann (1996, quoted by Singh and Lal 2005), reported that as 
much as 68% of a 150 kg P ha−1 application of diammonium phosphate was recovered 
by a maize-bean rotation over five years on an Oxisol in western Kenya.

It can be concluded that the long and widely held belief that P in fertilizers is 
irreversibly fixed in the soil is no longer tenable. Applied P is used most efficiently 
if the amount of P in the readily available pool is sufficient to ensure optimum 
yields. This critical value may vary for different crops and soil types, but it can be 
maintained by replacing the P removed in the harvested crop. Soil sampling and 
analysis should be carried out on a regular and frequent basis to ensure that suffi-
cient P is applied to maintain the critical value. Percent recovery or use of the added 
P in the year of application can then be calculated as the P removed in the harvested 
crop relative to the P applied – the balance method. Percent recovery calculated in 
this way frequently exceeds 50% indicating that P is used much more efficiently 
than previously thought.

Modeling P fertilization

The need for using P fertilizers efficiently has also driven the development of models 
that predict the effects of P fertilization on crop yield, crop P content and long-term 
changes of soil P, enabling the consequences of different P fertilization strategies to 

Table 9.4 Comparison of two methods of estimating phosphorus recovery when 
phosphorus was applied at three amounts to a sandy clay loam soil at two levels of 
Olsen P at Saxmundham, UK. Data are means of two four-year rotations (1969–
1972 and 1970–1973) of sugar beet, barley, potatoes and barley. (Data from 
Johnston and Syers 2006.)

 Soil Olsen P (mg kg−1)

 4 33 4 33 4 33
P applied  P uptake in four  Recovery (%) by  Recovery (%) by
(kg ha−1)a years (kg P ha−1) difference method balance method

0 23.3 75.2    
55 46.9 77.0 43 3 85 140

110 57.2 79.4 31 4 52 72
165 63.8 82.2 24 4 39 50
aP applied at 27.5, 55 and 82.5 kg P ha−1 to potatoes and sugar beet only
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be assessed in silico. Greenwood et al. (2001) have proposed a mechanistic model 
based on the maintenance of three active pools of soil P with an input for the net P 
addition, close in concept to that described earlier (Figure 9.2). The equations have 
been calibrated for some crops from the results of fertilizer experiments and under-
pin a dynamic version of the model that permits annual inputs and calculates the 
time course of the various P pools. The model includes equations for the depend-
ence of crop P uptake on the content of P already in the plant and of the effects of 
the distribution of P in soil and its diffusive transport to the roots. Inputs to the 
model are Olsen-P, a measure of soil P buffer capacity, initial soil water content and 
the water content at field capacity, the dates of planting and harvesting, and daily 
pan evaporation, temperature and rainfall. The model was calibrated using data 
from one set of field experiments and tested against the results of independent 
experiments. With the aid of the model PHOSMOD, which runs interactively at 
www.qpais.co.uk/phosmod/phos.htm, it is possible to simulate plant growth and 
phosphate uptake from day to day. Recently the model has been successfully 
assessed using data from a set of field fertilizer trials with spring barley (Hordeum 
vulgare L.) in Norway (Kristoffersen et al. 2006). Plant growth and P concentra-
tions were recorded at three stages of growth and the model was able to reproduce 
the observed beneficial responses to placed P and starter fertilizer P, and to predict 
difference in soil types in the response to applied fertilizers. The model has also 
been integrated with similar models predicting crop responses to N and K fertiliza-
tion, thereby enabling strategies for the synergistic application of P, N and K ferti-
lizers (Zhang et al. 2007). The model appears to be a promising tool for predicting 
effects of P fertilizer strategies and may well play a role in planning future fertiliza-
tion programs.

Agronomic strategies to improve the efficiency of soil 
and fertilizer P use

Using P inefficiently is to waste a valuable and dwindling resource and there are a 
number of options for improving P-use efficiency. For soils well supplied with P 
the question of when and how much P to add has already been discussed. Another 
question is whether agronomic practices can be altered or modified to improve the 
accessibility of soil and fertilizer P for root uptake. The methods to achieve this 
mentioned here and in the next section of this chapter are not exclusive but are dis-
cussed separately for convenience. Where appropriate they can be used for increas-
ing crop production on soils well supplied with P and those where yield is restricted 
by lack of P.

Maintaining a well structured soil with adequate soil moisture and aeration is of 
paramount importance for the efficient use of soil and added P. Many soils have 
approximately equal volumes of mineral matter and voids or pores. The latter con-
tain air and water and the relationship between these two is vitally important 
because roots need oxygen to respire and water for both growth and the transport 
of nutrients to the roots by diffusion.
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Some soil properties that affect the accessibility and availability of P to crops are 
to a significant extent inherent characteristics of the soil, related to its chemical and 
physical properties, such as the distribution of P between the various soil P pools 
and the retention of P in soil in forms that are not immediately available to plants. 
These could be difficult to change or modify. Many soil properties, however, can be 
modified comparatively easily to ensure that there is no restriction to root growth 
and/or the availability of P. Whether such modifications are adopted or not will be 
determined largely by costs and benefits.

Root growth is restricted in compacted surface soil and by the presence of dense 
subsurface layers, such as plough pans. Compacted soil tends to have few large 
pores, restricting water and air movement, and too many pores with diameters too 
small for root tips to enter. This restricts spatial access to Pi within the soil mass 
and also slows the rate of Pi diffusion to the roots. Such compaction can be avoided 
by timely soil cultivation, by minimum-tillage and by maintaining a permanent 
crop or crop-residue cover on the soil surface. Also, traffic over the soil surface and 
poaching by livestock when the soil is wet, as occurs on heavy-textured soils in 
humid temperate regions, should be avoided.

Minimum or zero tillage allows the maintenance of a vegetative cover on the soil 
and is also an approach to minimizing soil erosion. The impact of no-till systems on 
the availability of soil and fertilizer P has been studied extensively in the USA and 
the Canadian Prairies. Initial fears that because P was not cultivated into the soil 
profile its availability to crops would decline, with adverse effect on yield, have been 
overestimated (P. Fixen (2007), personal communication). Any adverse effects of P 
stratification may be countered by better root exploitation of the surface soil to take 
up P due to improved physical structure of the surface soil under reduced tillage.

In acid soils aluminium (Al) toxicity can limit root growth. Largely eliminating 
free Al ions in the soil solution by liming acid soils to increase base saturation to 
50% is usually sufficient. The effects of modifying the pH of acid soils (usually by 
lime application) on P retention and extractability has been studied widely but the 
results have been inconsistent (Haynes 1982; Sumner and Farina 1986; Mansell 
et al. 1984; Holford et al. 1994; Curtin and Syers 2001).

Surface soil structure and structural stability also affect both soil moisture con-
tent and root growth. Soil structure is particularly important in the case of P 
because, in contrast to N, Pi moves to only a limited extent in most soils (Barber 
1995). Structural stability is related to particle-size distribution and to the calcium 
carbonate and organic matter (SOM) contents of the soil. In an experiment at 
Rothamsted, spring barley, potatoes and sugar beet were grown in the same field on 
soils with two levels of soil organic matter (SOM). The same yield could be 
obtained on both soils, but much larger concentrations of Olsen P were required for 
maximal yield on the soil with less SOM (Johnston and Poulton 2005). In a subse-
quent glasshouse experiment it was observed that the effect of differences in SOM 
on crop (ryegrass) growth was eliminated after passing these soils through a 2 mm 
sieve. The authors concluded that the extra SOM improved soil structure in the field 
and, thereby, the ability of the roots of the three crops to acquire sufficient P for 
maximum growth at a lower Olsen P.
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Soil water content controls the acquisition of P both by favoring root growth so 
that a greater volume of soil can be exploited and also by allowing transport of Pi 
to the root surface by diffusion. The predominant effect appears to be that on root 
growth per se. Mackay and Barber (1985) showed that when the volumetric water 
content declined from 27% (medium) to 22% (low), P uptake decreased by 50–56% 
as a consequence of a decrease in root growth but only by 27–32% due to a decrease 
in transport of P by diffusion to the root surface.

Soil lost by water or wind erosion also removes nutrients and, where soils 
contain little P, such losses can be serious. Erosion is more severe on sloping land 
and in high rainfall areas. Controlling such losses is important from a water-quality 
aspect because the transfer of even small amounts of P, insignificant from an 
agronomic standpoint, from soil to water can cause the adverse effects of eutroph-
ication of surface waters. Well-tested technologies are available to minimize such 
losses. These include terracing the land, planting trees periodically along the 
contour and cultivating and planting annual crops along the contour. Additionally, 
maintaining a soil cover of actively-growing vegetation or plant residues can 
minimize soil erosion and this can often be achieved with minimum and zero 
tillage practices. Simple procedures to minimize losses of P in subsurface runoff 
include not applying P fertilizers and organic manures to cracking soils while the 
fissures remain open, and not applying them to soils that are dry and hard or satu-
rated with water.

Applying P as fertilizer, organic manure or biosolids (i.e. sewage sludge) to a 
soil where there is sufficient readily plant-available P, such that there is no increase 
in yield or benefit to crop quality, is an inefficient use of P. The intensification of 
animal production, especially for dairy cows, pigs, and poultry, has resulted in large 
numbers of animals producing more manure than can be used effectively on the 
land associated with the production unit. There are many logistical problems in 
storing and applying animal manures and biosolids, mainly because of their bulk, 
and farmers should be encouraged to follow codes of good agricultural practice in 
using them.

Much of the P in such manures is Pi (often dicalcium phosphate) added to the 
animal feed. Opportunities exist to improve the efficiency of P use in these systems. 
The digestibility of organic P in animal feeds can be improved by adding the 
enzyme phytase, so that less Pi has to be added, and consequently less Pi will be 
present in manures (Steén 2006). Improved management of grazed pasture could 
improve recycling of P by a more uniform distribution of animal excreta (Gillingham 
et al. 1980). Similarly, where manure is collected from housed animals, the manure 
could be spread more uniformly on arable land and grassland.

Organic manures and biosolids should be considered as sources of P and other 
nutrients rather than as wastes to be disposed of and making more effective use of 
them might allow a decrease in P fertilizer use. Some of the environmental issues 
associated with the application of manure may be controlled by limiting the 
amount of P that can be applied to land in the manure. As with fertilizers, organic 
manures and biosolids should be used to maintain the critical level of plant-available 
P in soil.
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When P is required, both the type of fertilizer, the amount applied and the timing 
of the application is important for improving the efficiency with which the P is 
used. The amount of P applied at any one time should match P uptake in the har-
vested crop when the soil is at or about the critical soil P level. Generally water-
soluble P fertilizers are appropriate for most soils with pH above about 6. Phosphate 
rock (PR) could be used as a source of P for crop production but its effectiveness 
depends on its reactivity in the soil, i.e. the speed at which soil acidity releases the 
P and the fineness of grinding which increases the surface area. It can be very effec-
tive on acid soils (Johnston and Syers 1998 and references therein). There is a tradition 
in some countries of composting PR with organic manure. It can also be mixed with 
elemental sulphur, which on oxidation mobilizes P with the production of “biosu-
perphosphate” (Stockdale et al. 2006). There is abundant evidence that PR is not 
effective on neutral and calcareous soils. There may be a place for slow-release P 
fertilizers, for example PR on acid soils, and at least one new slow-release product 
containing water-soluble P is currently being marketed (see http://deltafarmpress.
com/news/nutrisphere-bz-pg/). The main use for slow-release P fertilizers would be 
in situations where P is at risk of loss by leaching, for example on coarse-textured 
soils in high-rainfall areas.

A more efficient use of P fertilizers within fields can be achieved using the tools 
of precision agriculture. Plant-available P varies within fields for a number of rea-
sons. For example, where P has been applied uniformly for many years but yields 
have varied within a field, a larger P offtake with the larger yield results in a smaller 
amount of plant-available P remaining in the soil. Providing that the level of avail-
able P in the high-yielding areas is maintained at the critical level, smaller amounts 
of P can be applied to those areas where yield is consistently less. Using variable P 
application rates requires relating yield maps to soil analysis data and using com-
puter-controlled fertilizer spreaders guided by GPS to apply the appropriate amount 
of fertilizer to different areas within the field.

Temporal and spatial factors have a considerable influence on the acquisition of 
P by plants. Consequently the timing and placement of P fertilizers is important and 
the recovery of P is usually increased when the fertilizer is placed near the seed, for 
example by band placement and seed priming. Such applications can be extremely 
effective in providing a sufficiently high Pi concentration near the emerging root 
system to supply a young plant until the root system is capable of accessing a suffi-
ciently large volume of soil with a lower Pi concentration. Benefits from placing 
water-soluble P fertilizers depend on the speed of the adsorption and absorption 
reactions that occur in soil soon after the application of the fertilizer. Generally, 
placing P fertilizer in a band leaves more of the P readily available after the initial 
P-soil reactions take place. Placing fertilizer with the seed or in a band close to it 
significantly improves the recovery of fertilizer P, especially in the year of applica-
tion (Sewell and Ozanne 1970; Barrow 1980; McKenzie and Roberts 1990; Stone 
1998). Singh et al. (2005) showed that placing 10–40 kg P ha−1 at 10–15 cm depth 
in the semi-arid cropping region of northern Australia increased winter wheat yield 
by up to 43% because the P remained in more moist soil as the surface soil layer 
dried out. Bundy et al. (2005) reported that a small amount of starter fertilizer is a 
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well established practice for grain crops, especially maize, in the USA. Dramatic 
benefits of seed-placed NPK starter fertilizer on the early development of sorghum 
and grain yields were reported by Lamont and Whitney (1991).

Changing agricultural practices

There is increasing interest in growing crops for the production of biofuels. There is a 
long-established industry producing ethanol from sugar cane, especially in Brazil. 
As fossil fuel reserves decline there are suggestions for growing crops other than sugar 
cane to process for bioethanol and to grow appropriate crops for processing for biodie-
sel. This could result in large areas of land currently growing food crops being used 
for growing such crops. Already a number of bioethanol plants based on using maize 
are in production in the USA. Such changes will impact significantly, probably within 
the next few years, on nutrient use and management. In a scenario of possible change 
in the USA, Fixen (2007) looked at four possible ethanol sources and the effects on 
nutrient use. The sources were maize replacing soybean and other crops, refineries 
using maize stover and fourthly biomass crops like switchgrass or Miscanthus. Such a 
change could result in an annual increase in P use of some 130,000 t, equal to 6.5% of 
current use in the USA. As none of the P in the crop will be in the biofuel it will be 
essential to look at ways to ensure that the P in the residue is returned to the land.

P ACQUISITION BY PLANTS WHERE P SUPPLY 
IS LIMITED

Phosphorus deficiency is a worldwide problem affecting crop production. It is esti-
mated that crop growth on 5.7 billion hectares of land (equivalent to about 67% of 
the total farmland used worldwide) is limited by P availability (Batjes 1997). 
Nearly all the acid soils of tropical Africa, America, Asia and Australia are P defi-
cient (Fairhurst et al. 1999). On these highly weathered soils of the humid and semi 
humid tropics, P deficiency relates to the inherently low levels of available P in 
soils characterized by a high capacity for P sorption. Cultivation of these acid soils 
is also restricted in particular by high Al concentrations in the soil solution, which 
are toxic to plants. Additionally the soils can suffer from lack of major nutrients 
including N, Ca, Mg and Mo, all of which limit crop growth.

In stark contrast to soils of the developed countries, where P has accumulated in 
soils, there is a negative P balance in the tropical soils of the poorer countries of the 
world. Here only small amounts of P fertilizer, if any, are applied to replace the P 
removed by harvested crops and that lost by soil erosion (Singh and Lal 2005). 
These soils are also in those areas of the world with the largest populations, where 
crop production is limited to the extensive agricultural systems with both small 
inputs and yields. Recommendations made to farmers have therefore to be easily 
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adaptable in practice. Fertilizers, because of their relatively high cost to farmers, 
must be used very efficiently. On these low input, low yielding systems it is often 
more practical to make the plant “fit the soil” than the soil “fit the plant”. For this 
reason there is a need to understand how plants are able to adapt to extreme envi-
ronments not usually encountered in the temperate regions.

Phosphorus deficiency occurs on calcareous soils as well as on acid soils. These 
soils too are very widespread including areas of semi-arid and arid regions and 
cover more than 30% of the earth’s surface (Chen and Barak 1982). The soils of 
most of north China and the Great Plains of the west USA are all calcareous. On 
these soils, which contain free CaCO

3
 with a pH range from 7.5 to 8.5, crop growth 

can be limited by the low availability of Zn, Fe and Mn as well as P. Recommendations 
for the alleviation of P deficiency on these calcareous soils can thus be very differ-
ent from those for acid P-deficient soils.

Plants grow and thrive in soils where P supply is limited by invoking a diverse 
array of adaptive mechanisms – morphological, physiological, biochemical and 
molecular which either conserve the use of P within the plant or enhance its acqui-
sition from the soil (Vance et al. 2003). There is considerable research activity 
investigating these responses because knowledge gained about these adaptive 
mechanisms allows their exploitation to improve P acquisition by plants. This can 
be achieved by developing P-efficient crops both by targeted breeding as well as by 
gene transfer and manipulation. Additionally an understanding of how plants adapt 
to a lack of P provides the basis for management strategies and for efficient P ferti-
lization both on adequately supplied soils as well as on low P soils. In this section 
some of these responses are considered and how they are being, and can be, 
exploited to improve utilization of soil and fertilizer P in agronomic practice is 
illustrated using a few selected examples.

Response of plants to a lack of P

A typical physiological response of plants to lack of P in the shoot is the diversion 
of a greater proportion of photosynthates to the root, thereby increasing the root:
shoot biomass ratio (Hermans et al. 2006; Kirkby and Römheld 2006). This leads 
to an increase in P uptake that is achieved in two ways. First, the increased root 
surface area gives a greater contact between soil and root for Pi uptake and, second, 
metabolic changes in the root mobilize Pi in the rhizosphere, which can then be 
taken up by the plant. For recent excellent detailed accounts of these responses 
readers are referred to Vance et al. (2003), Amtmann et al. (2006) and Lambers 
et al. (2006).

Increased root growth in P-deficient soil is accompanied by marked changes in 
morphology. Roots are longer and more slender, thus increasing specific root length 
and surface area as they continuously explore the soil searching for nutrients. This 
strategy of increasing root exploration of a greater soil volume is highly effective 
in the acquisition of Pi, which is relatively immobile and unevenly distributed both 
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in the soil and in the soil profile. In most soils, the topsoil contains more P than the 
subsoil and it is in the topsoil that profusely branched lateral roots with long root 
hairs proliferate especially in P rich patches (Drew 1975). An increase in root hair 
abundance and length under P deficiency also greatly increases the ability of roots 
to exploit the rhizosphere for P acquisition (Föhse and Jungk 1983; Bates and 
Lynch 1996).

Root hairs are produced more or less abundantly by most plant species particu-
larly among the agronomically important crops of the Graminaceae, Chenopodeaceae 
and Brassicaceae (Jungk 2001). For plants lacking mycorrhizae, root hairs are the 
primary site for nutrient uptake. In many cases they may contribute up to 70% of 
the total root surface, thus increasing the surface area of the root cylinder by nearly 
27 times (Jungk 2001). Also, under P deficiency the plasma membrane of root hairs 
is enriched in high-affinity Pi transporters (Liu et al. 1998). Of the possible ways 
of increasing effective root surface area, a change in root hair morphology is con-
sidered least costly metabolically (Hetrick 1991).

The importance of root hair length for P acquisition from the rhizosphere is 
illustrated well by an experiment contrasting Pi concentrations at varying distances 
from the roots of barley cultivars grown in soil (Figure 9.5; Gahoonia and Nielsen 
1997). The cultivar Salka with long root hairs (1.00 ± 0.26 mm) exploited the 
rhizosphere twice as effectively as the cultivar Zita with short root hairs (0.63 ± 
0.24 mm) by reducing the distance of Pi diffusion to the root. Accordingly, Salka 
also absorbed more P than Zita when grown in a low-P soil and also produced 
more shoot biomass (Gahoonia et al. 1999). More recent field experiments by these 
workers have shown that barley cultivars with long root hairs maintained stable 

Fig. 9.5 Depletion of inorganic P (extracted with 0.5 M NaHCO
3
) at varying distances from the 

roots of two barley cultivars, Salka (with long root hairs) and Zita (with short root hairs). (Figure 
redrawn from Gahoonia and Nielsen 1997.)
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economic grain yields both in P-limited and P-sufficient soils. In contrast, cultivars 
with short root hairs produced small grain yields in P-limited soils and produced 
large grain yields only in P-sufficient soils (Gahoonia and Nielsen 2004).

A highly successful line of research that has exploited root adaptation to limited 
P supply has been the development of P-efficient genotypes of common bean 
(Phaseolus vulgaris) varying in root architecture (Lynch 1995; Lynch and Brown 
2008). Several influential root traits underpinning genetic differences in P acquisi-
tion efficiency have been identified including topsoil foraging, via shallower basal 
roots and greater adventitious rooting, greater rhizosphere exploitation, via 
increased length and density of root hairs, and decreased root metabolic costs, via 
the formation of root cortical aerenchyma and root etiolation (Bates and Lynch 
2001; Lynch and Brown 2008). Genotypic variation in basal root shallowness 
accounted for a 600% difference in P uptake from soil and was significantly corre-
lated with yield when crops were grown in low P soils in field experiments. 
Genotypic variation in root hair length accounted for a 250% difference in P uptake 
in the field and genotypic variations in root metabolic costs for a 200% difference 
in root biomass and root exploration. Lynch and colleagues have also studied the 
effects of these traits on agro-ecosystem processes including drought resistance, 
nutrient cycling and soil erosion in field trials in Central America. Phosphorus effi-
cient genotypes that yield between 200% and 300% more than existing cultivars are 
being used as parents in bean breeding programs in Latin America and Africa 
(Lynch 2007). In collaboration with Chinese colleagues these researchers are 
applying their knowledge to breeding P-efficient soybean lines, which are yielded 
15–50% more than existing genotypes in low-P soils in south China (Yan et al. 
2006).

Increasing root growth at the expense of the shoot is a hallmark response of 
plants to P deficiency. Just how important root growth is for P acquisition for plants 
grown under water stress is illustrated by the work of Mackay and Barber (1985). 
These workers observed that water shortage decreased both the growth of maize 
roots and Pi diffusion in the soil. However, they calculated that over half the 
decrease in P uptake under water shortage could be attributed to a reduction in root 
growth, which restricted exploitation of the soil volume, whereas the lower rate of 
Pi diffusion in the soil accounted for less than a third. In this experiment there was 
an increase in root hair growth due to the lower moisture level and although this 
increased root surface area, this only partially offset the lower rate of root growth, 
which was the primary cause of the reduced P uptake.

This example illustrates the principle that any factor which restricts root growth 
depresses P uptake primarily by limiting the volume of soil explored by the roots. 
Roots frequently encounter adverse abiotic factors, such as low or high tempera-
tures, salinity, drought, as well as adverse biotic conditions including microbial 
pathogens, nematodes, viruses and plant parasites. All the factors that adversely 
affect root growth, and particularly the spatial distribution of roots in soil, will 
depress P uptake. Understanding that a restriction in root growth limits P acquisi-
tion underpins many agronomic measures to improve the efficient use of soils and 
fertilizer P.
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Mycorrhizal associations

The roots of most crop plants are infected by arbuscular mycorrhizal (AM) fungi 
which enhance the ability of plant roots to explore a much greater volume of soil 
for nutrients and water (Smith and Read 1997). This symbiotic association between 
the host plant and fungus, based on the reciprocal transfer of P from the fungus to 
the plant and carbon from the plant to the fungus can be considered as another plant 
adaptation to P deficiency. Estimates suggest that the extent of the fungal mycelium 
may range from 10 to 100 m per root or per gram of soil under field conditions in 
P-deficient soil (McGonigle and Miller 1999). The occurrence of mycorrhizae in 
agro-ecosystems is almost universal but crop species differ in their dependence. 
Interestingly, some crops from families that are non-mycorrhizal, such as the 
Brassicaceae (e.g. oilseed rape) and Chenopodiaceae (e.g. sugar beet) appear to 
compensate by producing abundant root hairs. Evidence indicates that root hairs 
and external hyphae act similarly by shortening the distance for the diffusion of Pi 
to the root surface (Schweiger et al. 1995).

Attempts to exploit this adaptation to improve crop growth in the field through 
inoculation of selective AM populations have frequently been unsuccessful, not 
least because of competitive indigenous soil fungi. However, at CIAT, Colombia, 
when 50 kg P ha−1 as PR was added to an acid, severely P-deficient Oxisol, the yield 
of a number of crops was increased by inoculation with isolates of a native AM 
fungi (Howeler et al. 1987). Yields of cassava (Manihot esculentum) roots 
increased, on average, by 20–25% with AM inoculation both at the experimental 
station and in farmers’ fields. Inoculation of various pasture legumes and grasses 
with AM fungi also in combination with applications of PR improved early plant 
growth and establishment. A pot experiment in which cassava, bean and maize 
were grown on a tropical soil with high P sorption to which triplesuperphosphate 
(TSP) fertilizer was added, suggested that the mycorrhizal dependency of growth 
depended greatly on root morphology (Table 9.5). Even when a large amount of 
TSP was supplied, growth of cassava was still extremely dependent on AM fungi 

Table 9.5 Effect of mycorrhizal inoculation and phosphorus (P) applica-
tion on the shoot dry weight (g pot−1) of several plant species grown in a 
sterilized, strongly P adsorbing tropical soil supplied with three levels of P 
(0, 100, 500 kg P ha−1) applied as a soluble phosphate fertilizer (TSP). (Data 
from Howeler et al. 1987.)

  Dry weight

Plant species Inoculation P0 P100 P500

Cassava − 0.34 0.72 0.54
(Manihot esculentum) + 4.33 14.21 16.36
Bean − 1.11 3.44 8.29
(Phaseolus vulgaris) + 3.08 18.79 25.01
Maize − 1.19 8.74 59.39
(Zea mays) + 4.84 34.75 56.67
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because of its coarse and poorly branched root system. Bean, with both short roots 
and short root hairs, was less dependent, and maize, which has a much more highly 
branched root system, was almost independent of AM fungi when large amounts of 
TSP were supplied (Howeler et al. 1987). However, not all grasses behave in this 
way. Mycorrhizal fungi can also have other effects in improving crop growth and 
these include increasing tolerance to root pathogens, water stress and enhancing N 
fixation by rhizobia (Marschner 1995). Harnessing mycorrhizal fungi to improve 
the utilization of soil and fertilizer P where the supply is limited and thus sustain 
soil fertility is therefore a worthwhile but very difficult and daunting challenge.

Biochemical adaptations

Mechanisms that increase P acquisition efficiency of roots include enhancing the 
capacity of the root to take up Pi by increasing the abundance of high-affinity P 
uptake systems in the plasma membranes of epidermal cells and the release of various 
exudates, mainly organic acid anions, protons and enzymes, into the rhizosphere. 
These exudates can increase rhizosphere Pi concentration by mobilizing inorganic 
and organic forms of P in the soil.

Under conditions of P deficiency, genes encoding high-affinity Pi transporters 
are up-regulated (Liu et al. 1998; Sas et al. 2001; Vance et al. 2003) providing the 
plant with a greater capacity for Pi uptake. For plants growing in soil, however, this 
increased uptake capacity may be of little relevance because Pi diffusion from the 
bulk soil to the root surface is usually the rate limiting step in P acquisition 
(Silberbush and Barber 1983; Raghothama and Karthikeyan 2005). This may 
explain why over-expression of a gene encoding a high-affinity Pi transporter in 
transgenic barley had no effect on Pi uptake by plants growing in soil (Rae et al. 
2004). Nevertheless, in China, Yan et al. (2006) have reported the development, by 
physiological and genetic approaches, of a P-efficient wheat cultivar, Xiaoyan 52, 
in which a Pi transporter is highly expressed under both normal and P deprived 
conditions. In this case, however, other adaptations including organic anion release 
from the roots might also have favored P acquisition.

A number of crop species, (including oilseed rape, chickpea, alfalfa, white lupin 
and other legumes), respond to P deficiency by exuding carboxylates, such as 
citrate, malate and oxalate, from the roots. These carboxylates released into the 
rhizosphere mobilize Pi by chelating with metal cations that bind Pi and by displac-
ing Pi from the soil matrix by ligand exchange (Gerke et al. 2000). The released Pi 
is then taken up by high-affinity Pi transporters. Potentially, tricarboxylates and 
dicarboxylates are the most able to mobilize Pi because of the high stability con-
stants of their corresponding Fe, Al and Ca-complexes (Ryan et al. 2001). Citrate, 
which is commonly found in root exudates, is highly effective in chelating not only 
Ca in calcareous soils (Dinkelaker et al. 1989) but also Fe and Al in acid soils 
(Gardner et al. 1982) and can mobilize Pi from a range of sparingly soluble 
inorganic P complexes. Restricting the release of organic anions to the apical zone 
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of the root, as in oilseed rape (Brassica napus) is a highly efficient means of 
extracting soil P (Hoffland 1992). A similarly located release of malate and its 
chelation of Al also provide a mechanism enabling Al tolerant wheat cultivars to 
grow in acid soils (Delhaize et al. 1993).

It is still a matter of debate whether the rate of carboxylate exudation from plant 
roots is adequate to provide sufficient Pi to meet plant requirements in all but a few 
species (Hinsinger et al. 2003). Neumann and Römheld (2006) suggest that large 
concentrations of carboxylates (millimolar) are required to release significant 
amounts of Pi from soil complexes. Additionally, carboxylates released from roots 
may be utilized in other ways, for example as substrates for soil microorganisms. 
Much is still to be learned of the reactions and processes in the rhizosphere that are 
governed by the release of organic anions leading to improved P nutrition (Rengel 
and Marschner 2005).

One of the adaptive responses of plants to P deficiency is to release protons from 
the roots into the rhizosphere to mobilize Pi. This is a strategy that can be exploited 
in crop nutrition. By supplying crops with NH

4
-N the same effect can be achieved 

because of a higher cation:anion uptake ratio by the plants (Kirkby 1981; Mengel 
and Kirkby 2001). Soil acidification by plant roots can be used to benefit on high 
pH, calcareous soils for the mobilization and uptake of Pi from sparingly-soluble, 
native CaP complexes in soil. On neutral and more acid soils Pi can be mobilized 
from applied PR. This is illustrated by an experiment with common bean plants 
supplied with NH

4
-N or NO

3
-N growing in a soil with pH 6.6 and supplied with PR 

(Table 9.6; Thomson et al. 1993). Depressing the rhizosphere pH not only mobi-
lized and increased the uptake of P but also the uptake of Fe, Mn, Zn and Cu, all 
nutrients which cause crop deficiencies on neutral and calcareous soils.

It is much more difficult to increase the pH of acid soils by managing the rhizo-
sphere of plants. Graminaceous monocots, including pasture grasses and cereals, 
increase rhizosphere pH when supplied with NO

3
-N because of a much higher 

anion:cation uptake ratio. Their effectiveness under field conditions is very depend-
ent on the pH of the bulk soil. In general, a tendency to increasing acidification is 
the common trend in cropping systems (Lambers et al. 2006). Nodulated legumes 
offer an enormous potential for the supply of biologically fixed N

2
 to low input 

agricultural systems (Vance 2001), but on neutral and acid soils they suffer the seri-
ous disadvantage of depressing pH, which leads to the formation of monomeric 
Al3+ in the soil and Al toxicity. Nitrogen fixation and proton release are closely 

Table 9.6 Effect of the form of N fertilizer applied to a sandy loam soil (pH 6.8) 
on rhizosphere pH and nutrient uptake by bean (Phaseolus vulgaris L.) plants. 
Nitrogen was applied as Ca(NO

3
)

2
 or (NH

4
)

2
SO

4
 plus a nitrification inhibitor. (Data 

from Thomson et al. 1993.)

  Uptake (µg m−1 root length)

Form of N Rhizosphere pH P Fe Mn Zn Cu

Ca(NO
3
)

2
 6.6 815 68 23 11 2.7

(NH
4
)

2
SO

4
 4.5 1,818 184 37 21 3.7



206 E.A. Kirkby, A.E. Johnston

related (Raven and Smith 1976). Soil amelioration by liming can be important but 
does not always address sub-soil acidity. Moreover, liming materials are not always 
available and even when they are used, as for example on tropical acid soils they 
may promote Pi adsorption by the formation of Al-P complexes (Haynes 1984). On 
soils where Pi is strongly adsorbed, band placement of P fertilizers is recommended 
(Werner and Scherer 1995) because this decreases the immediate adsorption of Pi 
by soil particles. The innovative use of PR where soils are acid, combined with the 
application of organic manure can be effective in increasing P uptake (Stockdale 
et al. 2006). Pigeon pea (Cajanus cajan) is one crop species that has an outstanding 
capacity for P acquisition in acid but not alkaline soils. The roots of this crop 
release piscidic acid which chelates strongly with Fe3+ and thus mobilizes spar-
ingly-soluble Fe phosphates. It is therefore used very successfully as an intercrop 
with cereals on acidic soils (Alfisols) in the Indian subcontinent (Ae et al. 1990).

The development of specialized root structures known as cluster roots (proteoid 
roots or bottlebrush roots), found on a number of species that grow in P-deficient 
soils is another adaptation to P deficiency. The most well researched plant species 
of this type is white lupin (Lupinus albus). This is the sole cluster root forming 
species of agricultural importance and is grown for grain and forage. This adapta-
tion combines a high C investment in the root structure with a highly specialized 
root physiology (Le Bayon et al. 2006). Cluster roots consist of short lateral roots 
covered by a dense mat of root hairs that make up to 60% of the root biomass and 
are developed in patches of soil where P is most available, even in fertile soils. The 
roots periodically release large amounts of citrate and protons together with acid 
phosphatases. This localized excretion restricts microbial degradation of the exu-
dates and simultaneously allows an intensive extraction of a limited volume of soil. 
As much as 23% of the dry weight of the plant can be released as citrate (Dinkelaker 
et al. 1989). It is thought that carboxylates released through anion channels in the 
root plasma membranes are able to mobilize both Pi by chelation and ligand 
exchange as described above. Organic P is hydrolyzed by acid phosphatases once 
it has been mobilized by the carboxylates. Inorganic P is taken up by high-affinity 
Pi transporters (Sas et al. 2001).

Interest has focused recently on other native species of Proteaceae and 
Cyperaceae that have cluster roots and grow on some of the most P-impoverished 
acid soils in the world in Western Australia and South Africa (Lambers et al. 2006). 
These plants are characterized by a very small P requirement and tissue P concen-
trations of only 0.02–0.04% P in dry wt, a concentration about ten times lower than 
most crop plants. Interestingly, Proteaceae are particularly sensitive to P toxicity at 
external P concentrations that are harmless to other plants, mainly because they 
have little capacity to down-regulate P uptake in response to increased P supply 
(Shane et al. 2004). In contrast to white lupin, these species, which grow on highly 
weathered acid soils, do not release protons together with carboxylates into the 
rhizosphere (Roelofs et al. 2001). This is presumably an adaptation to prevent 
acidification of the rhizosphere and Al toxicity, while still enabling the release of 
Pi from Fe and Al complexes. The concentration of root clusters as mats in surface 
soil horizons aids the scavenging of P from organic matter. This feature is comparable 
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to topsoil foraging for efficient P acquisition by the lateral roots of agriculturally 
successful common bean genotypes (Lynch 2007). The potential use of these clus-
ter-rooted species in the development of new crops with common root adaptations 
to enhance P acquisition has been discussed by Lambers et al. (2006).

In most agricultural soils about 20–80% of P is present as organic P in soil 
organic matter. In the rhizosphere there is a considerable turnover of organic P in 
which microorganisms act both to mobilize P as well as to incorporate it into the 
organic fraction. Hydrolysis of organic P is also mediated by the release from the 
root of phosphatases, which are increased in the rhizosphere in response to P defi-
ciency in the plant (Vance et al. 2003). Plant roots release very little, if any phytase, 
the enzyme that breaks down phytate (inositol hexaphosphate), which is the pre-
dominant form of organic P in most soils (George and Richardson 2008; Marschner 
2008). Plant access to this form of P is therefore mainly dependent on soil microor-
ganisms. The complex interactions between enzymes released into the rhizosphere 
and rhizosphere microorganisms involved in the turnover of organic P are still not 
well understood. Knowing how these interactions operate, however, is especially 
important for intercropping farming systems on soils with little plant-available P, 
where plants depend considerably on the cycling of organic P, as discussed below 
(Horst et al. 2001).

P-Efficient crops and cropping systems

Crop species and crop cultivars that can make the most efficient use of soil P by 
mobilizing it from less plant-available pools and from fertilizer additions can play 
a key role in sustainable cropping systems. Mention has already been made of such 
P-efficient crops, like white lupin, brassicas, buckwheat and pigeon pea, which 
release organic exudates or protons into the rhizosphere. Phosphate mobilized by 
these crops can be used by neighboring plants of other species or crops following 
in the rotation. In a classic pot experiment Horst and Waschkies (1987) demon-
strated that when white lupin and wheat were grown together on a P-deficient soil 
supplied with PR, the white lupin despite its much lower root length density than 
wheat was able by the release of citric acid to mobilize sparingly-soluble P sources 
not only to meet its own demand but also to provide additional P for the wheat.

Horst et al. (2001) consider the most promising agronomic approach to P sus-
tainability on low P soils is the integration of P-mobilizing plant species as inter-
crops or as crops within a crop rotation. These authors have shown, in field 
experiments in the Northern Guinea Savannah of Nigeria, the beneficial effect of 
P mobilization by a number of leguminous grain and cover crops in addition to 
white lupin. The growth and grain yields of cereals were increased when grown in 
rotation with legumes. This beneficial effect of P-mobilizing plant species may 
result from a direct shift in the equilibrium between the less available to the more 
readily plant-available pool of soil P (Lambers et al. 2006). The results of Horst et 
al. (2001), however, suggest that the effects relate to the recycling of the mobilized 
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P via crop residues, which increase organic matter and enhance biological activity. 
This suggestion accords with enhanced colonization of the rhizosphere with P-
mobilizing microorganisms on the roots of crops grown subsequently in the rota-
tion. Organic materials including crop residues, manures and composts are used 
traditionally on low-P tropical soils and have also been shown to reduce P adsorp-
tion through the presence of organic anions. Of the different plant species used as 
green manure, the deep rooted woody species Tithonia diversifolia appears to be 
especially valuable. This species not only mines the deeper layers of the soil for P 
but applying the foliage to the soil also increases soil P availability (Singh and Lal 
2005). Much is still to be learnt about rhizosphere interactions between released 
exudates and microorganisms and their effects on P utilization by plants. What is 
clear though is that applications of fertilizer P are required to sustain these cropping 
systems and particularly so on strongly P adsorbing acid soils (Horst et al. 2001; 
Singh and Lal 2005).

The Brassicaceae are extremely effective in acquiring P from the soil (Greenwood 
et al. 2005, 2006a) which appears to relate not only to their ability to mobilize Pi 
via organic acid exudation (Hoffland 1992) but also by a very extensive root system 
able to scavenge P from the soil (Dechassa et al. 2003). The benefit of including 
brassicas in the crop rotation on soils in the UK has been described by Greenwood 
et al. (2006b). In glasshouse and field experiments, they studied the responses of 
12 genotypes of Brassica oleraceae to various levels of P fertilizer. All genotypes 
grew well on a sandy loam soil containing 20 mg kg−1 Olsen P, a value close to the 
critical level discussed earlier. The authors propose that high-yielding rotations of 
brassicas and cereals, which can also yield well on low P soils, may be sustained 
indefinitely on some soils at about this level of available P. Applications of only 
slightly more P (about 12 kg P year−1) would be required in addition to that removed 
by the crop to maintain the level of Olsen P. In these experiments, the efficiency of 
fertilizer P use was about 62% in the year of application.

P-Efficient germplasm

There is considerable genetic variation both between and within crop species for 
many of the root traits related to plant adaptation to P deficiency (White et al. 2005). 
There is, therefore, interest worldwide to develop improved crop germplasm adapted 
to low-P soils to allow more efficient uptake and utilization of soil and fertilizer P. 
Considerable success has already been achieved in modifying root architecture in 
bean, maize and soybean cultivars so that the plants grow better under P-deficient 
conditions, as discussed earlier in this chapter and by Lynch and Brown (2008).

Phosphorus deficiency does not occur in isolation from other growth limiting 
factors. Crop improvement programs have therefore developed cultivars with mul-
tiple stress resistance to give larger yields and greater yield stability in different 
environments, for example, in the maize and sorghum improvement programs of 
CYMMT in Brazil. The aim of these programs has been to pyramid the genes that 
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control plant adaptation to acid soils. As well as tolerance to P stress and improved 
efficiency in P uptake, these include tolerance of Al and of water deficiency, greater 
efficiency in ammonium utilization and a larger root system.

There are few reports on variation between crop genotypes in root release of 
organic acids in relation to P acquisition (Gahoonia and Nielsen 2004). Yet this 
would seem a promising approach as organic acid release enhances P mobilization 
irrespective of the pH of the bulk soil and, as shown by Delhaize et al. (1993), pro-
vides a mechanism to detoxify Al. There is some evidence for the feasibility of this 
line of research from the finding of more organic acid secretion from P-efficient 
than from P-inefficient genotypes of wheat in China and the utilization of these P-
efficient crops (Yan et al. 2006). For rice too it is recognized that developing culti-
vars that grow on P-deficient soils may represent a more sustainable solution for 
continued production than sole reliance on P fertilizer applications. In assessing 
genotypic variation for tolerance to P deficiency, Wissuwa and Ae (2001) observed 
great variation among rice genotypes in their tolerance to P deficiency. In general, 
traditional varieties were superior to modern ones. By appropriate crossing of a 
modern variety Nipponbar with the P deficiency-tolerant landrace Kasalath, an 
improved line was developed, which surpassed Nipponbar in P uptake by 170% and 
in grain yield by 250%. By combining the large P uptake capacity of Kasalath with 
the high harvest index of Nipponbar, it was possible to triple the grain yields of 
Nipponbar when grown under P deficiency. More recently, Wissuwa (2003) has 
modeled for rice the response and tolerance to P deficiency and separated the 
effects of greater root growth and higher external root efficiency (i.e. the rate of P 
uptake per unit of root surface area). This has shown large genotypic differences 
associated with greater P uptake can be caused by relatively small changes in toler-
ance mechanisms. These small changes are therefore likely to be difficult to detect 
because they are overshadowed by secondary root growth effects.

Phosphorus efficient species and cultivars can be of benefit in improving the use 
of native soil P and residues of P applied as fertilizer on both low P soils and on 
soils adequately supplied with P. On the latter soils, crops such as white lupin and 
brassicas that can provide greater access to the less readily-available pool of P, may 
play an important role in enhancing the rate of P acquisition from such soils. The 
tremendous potential of root cluster species in agriculture and their innovative use 
in the development of new crops with similar root adaptations has been discussed 
by Lambers et al. (2006).

Genetic modification of plants to increase exudation of chelating and other com-
pounds into the rhizosphere to increase P acquisition presents another means of 
developing P efficient plants. So far, however, progress has been rather slow. There 
are contradictory reports concerning the effects of increased exudation of carboxy-
lates and P uptake by transgenic plants (Rengel and Marschner 2005). In transgenic 
plants engineered to increase phytase production and exudation to access organic P 
in soil organic matter, there is often no correlation between exudation and P uptake 
(George and Richardson 2008). Much therefore is still to be learnt before these 
approaches can give consistent and beneficial results which might be used in crop 
production.
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SOME ENVIRONMENTAL ASPECTS 
TO THE USE OF P FERTILIZERS

There are two main aspects of environmental concern in the use of P fertilizers for 
crop production. The first relates to elements which occur as impurities in PR and 
can carry through into the manufactured product, be applied to soil and enter the 
food chain. Some of these elements can be detrimental to human and animal health 
and those causing most concern are uranium (U) and cadmium (Cd). The second 
relates to the transfer of P from the soil into the aqueous environment and the con-
sequent risk of eutrophication. There is an enormous literature on both these topics. 
Consequently, only a brief account is presented here.

Radionuclides

Radioactive elements, like U and radium (Ra), are normal trace constituents of the 
earth’s crust (Scholten and Timmermans 1996) and occur in PR, particularly sedi-
mentary PR, at higher than average concentrations. The treatment of PR with sul-
furic acid to produce phosphoric acid in the wet oxidation process is the starting 
point in the production of nearly all P fertilizers. Varying proportions of the radio-
nuclides can carry through into the processed fertilizers or remain in the co-product 
phosphogypsum (Rutherford et al. 1994; Leikam and Achorn 2005). Uranium and 
other radionuclides are found to a lesser degree in fertilizer products than in phos-
phogypsum, and radioactivity levels of most P fertilizers are only slightly greater 
than those in the soil (Falk and Wymer 2006).

From the older literature there is good evidence that U uptake by plants is very small. 
In long-term experiments at Rothamsted where known quantities of single superphos-
phate fertilizer have been applied to a silty clay loam soil annually for over 120 years, most 
of the U applied in the fertilizer (1,300 g U ha−1) could be accounted for in the top 23 cm 
of soils growing arable crops and in the organic surface layer under permanent grassland. 
Similarly, most of the 330 g U ha−1 added in superphosphate to permanent grassland in 
New Zealand was found in the surface layer (Rothbaum et al. 1979). More recently it has 
been shown that U is taken up by plants less readily than other toxic heavy metals and 
there is general agreement that soil-plant transfer is of no risk for contamination in the 
food chain (Kratz and Schnug 2006). However, The possibility of ground and surface 
water contamination through soil erosion, surface run-off and leaching, which could impair 
the quality of drinking water, is receiving increasing attention. The accumulation of U in 
soil arises not only from the use of P fertilizers, but also from the factories where they are 
manufactured, fossil fuel power plants and U mines (De Kok and Schnug 2007).

Phosphogypsum (PG) consists mainly of calcium sulfate but also contains small 
quantities of phosphate, fluorine and radium derived from the phosphate rock. In 
the wet process for manufacturing phosphoric acid, 5 t of PG are created for every 
tonne of phosphoric acid produced. Because of its small Ra content, the use and 
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movement of PG is restricted in the USA and several other countries. Consequently, 
many hundreds of millions of tonnes of PG have been stored on land in stacks near 
the site of production and as much as 160–200 Mt are likely to be produced every 
year for the foreseeable future. The long-term management, use and disposal of this 
material are one of the most challenging problems facing phosphoric acid produc-
ers. Hilton (2006) has reviewed the various possible uses for PG including agricul-
ture, road construction and the building industry. While these latter uses have been 
controversial, largely because of the radioactivity, stacking has environmental prob-
lems also (Hilton 2006). However, the risk from the radioactivity in PG is being 
reassessed and it may become possible to use PG as described by Hilton (2006) 
rather than stack it.

Cadmium

A wide range of elements other than those that are radioactive occur naturally in PR 
(Van Kauwenbergh 1997). Again, these can either be transferred to the finished 
fertilizer product or be retained in the PG. Cadmium is the element of principle 
concern because of its toxicity to man and animals. The world’s major reserves of 
PR are sedimentary rocks which contain very variable amounts of Cd, ranging 
from less than 10 mg Cd kg−1 to more than 50 mg Cd kg−1 PR. Fertilizers produced 
from igneous rocks, which contain little Cd, contain very low Cd concentrations. 
Unfortunately supplies of these rocks are very limited.

The Scientific Committee on Problems of the Environment (SCOPE) organ-
ized an Environmental Cadmium Project holding two workshops. The first 
was in Brussels in 2000 (http://www.icsu-scope.org/projects/cluster3/cadmium/Cd%
20Brussels%20report.pdf) and the second in Ghent in 2003 (http://www.icsu-scope.
org/cdmeeting/2003meeting/cdindex.htn). Both meetings identified the importance 
of Cd as a toxic element and recognized that setting standards to protect soils, 
plants, animals and humans from exposure to Cd had become a high-profile policy 
issue. The project focused on two issues: (1) human and ecological health risks 
from cadmium and (2) impact of risk information on allowable levels of cadmium 
in P fertilizer. Any incorrect assessment of risk from Cd and its subsequent imple-
mentation through regulations on Cd applications could adversely affect the use of 
P, essential to food production worldwide, either as fertilizers and/or the recycling 
P through biosolids. The concern was that regulations introduced and designed to 
protect certain populations may have unforeseen effects on other populations 
involving nutrition, public health and social and economic factors. It was concluded 
that human exposure to Cd is largely driven by Cd in staple food crops, which 
originates from Cd in the soil. Of several potential sources of soil Cd that in P ferti-
lizers received particular attention and it was agreed that there is no conclusive evi-
dence of any adverse impact of Cd in P fertilizers on human health. This was the 
case even in Australia where there has been a long history of application of fertiliz-
ers with high Cd concentrations and a strict policy on their use.
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Johnston and Jones (1995) discussed some agronomic aspects of Cd and P ferti-
lizer use. One aspect on which there are divergent views is whether soil acidity 
affects the uptake of Cd by plants. Data from the Park Grass Experiment at 
Rothamsted suggests that it does. The Cd concentrations in the herbage harvested 
on these permanent grass plots during the past 150 years depends on soil pH and 
the addition of Cd in superphosphate and atmospheric deposition (Figure 9.6). On 
soils where the pH has been maintained at or slightly above 6.5, the concentration 
of Cd in the herbage is only a little larger where superphosphate has been applied 
than where none has been given since 1856. Conversely, where the soils have 
become acid, the concentration of Cd in the herbage is much larger where Cd has 
been added in superphosphate than where none has been applied. Interestingly, the 
Cd concentration in herbage grown on the acid plots receiving superphosphate has 
declined recently, possibly because the Cd taken up has been “diluted” by the 
increasing yield of dry matter on these plots (Nicholson et al. 1994). The discrep-
ancy between these results and others that suggest that soil pH has no effect on 
herbage Cd content, may be due to experimental technique. Additions of lime that 
seek to change soil pH quickly in laboratory or field experiments may change the 
laboratory measurement of soil pH without affecting the chemistry of Cd in the soil 
and thus the uptake of Cd by the crop. Wu et al. (1989) showed that a difference in 
rhizosphere pH as a result of applying different sources of N affected the Cd 
 content of Lolium perenne herbage. There was 4.2 mg Cd kg−1 dry matter at a rhizo-
sphere pH of 6.8 and 12.2 mg Cd kg−1 dry matter at a rhizosphere pH of 5.5.

Fig. 9.6 Cadmium concentrations in herbage from the Park Grass Experiment at Rothamsted. 
Herbage from plots with neutral soils with (l) or without (°) superphosphate fertilizer applica-
tions (a). Herbage from plots with acid soils with (n) or without (®) superphosphate fertilizer 
applications (b). (Adapted from Nicholson et al. 1994.)
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Transfer of P from soil to water

The increasing P concentration in some surface fresh water bodies and the adverse 
effects of this enrichment on the biological balance in the water body, has been 
attributed to the increasing use of P fertilizer in agriculture (Johnston and Dawson 
2005). Current evidence suggests that P transferred from soils to water comes from 
three main sources. These are: (i) Surface runoff, especially in hilly terrain, when 
intense and prolonged rainfall follows the application of large amounts of slurry to 
either arable land or permanent grassland. (ii) Eroded soil that is excessively 
enriched with P as a result of the over, and often unnecessary, addition of P fertilizer 
and organic manures. (iii) Drainage water leaving the soil profile, which can be 
important on very coarse-textured, sandy soils where large amounts of P fertilizer 
or animal slurry have been applied. If the subsoil contains large amounts of clay the 
P can be retained there (Mattingly 1970). There is a relationship between Olsen P 
and very weakly bound soil P soluble in 0.01 M CaCl

2
, which could move down the 

soil profile in drainage water (Heckrath et al. 1995; McDowell et al. 2001). The 
amount of P transferred from soil to water by these pathways can be minimized by 
the adoption of Codes of Good Practice as published in various countries.

Another major source of P entering water courses is that from sewage treatment 
works without a tertiary treatment facility that discharge the effluent to an adjoining 
river system. This could only be controlled if such a facility was installed and the 
cost effectiveness of doing this would have to be carefully assessed. However, 
recent evidence from 54 UK river catchments indicates that point sources of P from 
even small settlements, probably via sewage treatment works, provide a greater risk 
of river eutrophication than diffuse sources from agricultural land even where this 
has a large positive P balance (Jarvie et al. 2006). White and Hammond (2006) 
recently reassessed the data for the total P (TP) load on the waters of England, 
Wales and Scotland. Of the TP load, estimated to be between 41.6 and 51.1 kt 
year−1, the contribution from agricultural land could be 22–28%. The larger TP 
loads, and lesser contribution from agriculture, assumed an annual discharge of 
0.61 kg TP per capita from sewage treatment works.

SOME ECOLOGICAL ASPECTS 
TO THE USE OF P FERTILIZERS

There is considerable evidence that intensification of agriculture and the accompa-
nying increase in soil fertility on sites previously of conservation value can lead to 
a loss of biological diversity because of the domination of invasive, vigorous plant 
species at the expense of existing, often slower growing species (Marrs 1993). In 
terms of fertilizer application the effects can depend in particular on changes in soil 
pH as well as increasing supplies of N, P and K. Interest, however, has focused 
mainly on P because the soils in many natural ecosystems contain much lower con-
centrations of this nutrient than are found in well-managed agricultural soils.
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Withers et al. (2005) presented data from Critchley et al. (2002) for species rich-
ness measured in relation to plant-available soil P (Olsen P) taken from a survey of 
571 grassland sites representing a wide rage of temperate grasslands in 
Environmentally Sensitive Areas in England, where fertilizer input would be low. 
Species rich grassland and high-value semi-natural grassland with large numbers of 
species well able to tolerate stress were found to occur mainly on soils with 
between 4–15 mg L−1 Olsen P. Grasslands with soil Olsen P less than 4 mg L−1 or 
greater than 15 mg L−1 were species poor and contained fewer stress-tolerant spe-
cies. However, although, the maximum species abundance declines exponentially 
from 45–50 species m−2 to 5–10 species m−2 as Olsen P increases from 2 to 70 mg 
L−1, species abundance ranges from less than 5 species m−2 to more than 40 species 
m−2 on soils with 4–12 mg P L−1, and there are many more sites with species abun-
dances between 5 and 10 species m−2 on soils with less than 10 mg P L−1 than on 
soils with more than 20 mg P L−1. Thus, many sites with little plant-available P are 
species poor and this suggests that species richness in grassland swards is influ-
enced by factors other than the level of Olsen P. Therefore, the ecological effects of 
P fertilizer need be considered additionally in relation to other components of soil 
fertility and nutrient availability.

Data from the Park Grass Experiment at Rothamsted provide convincing evidence 
for this view. This experiment, started in 1856 on a grass sward that had been estab-
lished at least 200 years previously, can be described as the longest-running experi-
ment in plant ecology anywhere in the world. Species richness on plots where Olsen 
P has been built up since the start of experiment can be compared directly with that 
on plots that have received no P. As well as P, other experimental inputs have included 
N and K as fertilizers and organic manures applied annually, with lime applied occa-
sionally. These treatments have lead to an increase in plant biomass and where N was 
applied as ammonium sulfate to substantial decreases in soil pH. The soil is a silty 
clay loam and had a pH of about 5.5 in the 1850s. Each year, the sward is cut for hay 
in June/July and the aftermath cut for silage in September/October. It is never grazed. 
Thus, fertilizers have been the only nutrient additions other than those from the 
atmosphere. On some plots the fertilizer inputs have remained unchanged since 1856. 
Fertilizers are applied once each year, with 33 kg P ha−1 and 225 kg K ha−1 being 
applied in late winter. Where P and K are applied the plant available P and K in soil 
are well above the yield limiting value (~25 mg kg−1 Olsen P). Where no P or K is 
applied, plant available P and K in soil are very small (2–5 mg kg−1 Olsen P). Nitrogen 
is applied in early spring, and a comparison is made of 48 and 96 kg N ha−1, applied 
as ammonium sulfate and sodium nitrate. The ammonium sulfate has greatly acidified 
the soil, the pH is now 3.7. A test of liming was first introduced in 1903, and a more 
comprehensive one in 1965. The latter aims to achieve and maintain pH values of 7, 
6 and 5 on three subplots while that on a fourth subplot depends on the acidifying 
effect of the various inputs. Each year from 1991 to 2000 individual species of 
grasses, forbs and legumes were separated and their contribution to dry matter yield 
in swards from each experimental plot, was made just prior to them being cut for hay 
(Table 9.7; Crawley et al. 2005). Compared to with untreated plots, applying only P 
or PNaMg fertilizers decreased species richness only slightly, from 39 to 35 species 
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plot−1 on soils with pH about 7 and from 36 to 30 species plot−1 on soils with pH 5.2. 
In both cases the number of dominant species was small. Species richness was 
decreased from 39 to about 32 species plot−1 where only N (48 kg ha−1) was applied 
either as sodium nitrate or ammonium sulfate and soil pH maintained at about 7. But 
species richness declined to 10 species plot−1 where the application of 48 kg N ha−1 as 
ammonium sulfate decreased soil pH to 4.1. Applying N at 96 kg ha−1 with P or PK 
fertilizer showed the greatest reduction of species richness, irrespective of whether 
the N was applied as sodium nitrate or as ammonium sulfate. Species richness 
declined to a little over 20 species plot−1 where soil pH was maintained at 6.9, but 
declined to 10 species plot−1 with P fertilizer and 3 species plot−1 with PK fertilizer 
where soil pH was 3.7. The data from this experiment suggest that small amounts of 
applied N fertilizer and a high level of plant-available soil P ( 200 mg kg−1 Olsen P) 
cause only a small decline in species richness in a permanent grass sward that is only 
harvested for hay in June/July with any subsequent growth removed in late autumn. 
It is the combination of N and P or PK fertilizer, especially on acid soils, that mark-
edly reduces species richness.

An interesting feature of this set of data from the Park Grass Experiment are the 
changes in the species that contribute 10% or more to the dry matter yield as a result 
of the differences in nutrient inputs on the most acid soils for each treatment. On the 
untreated soil with pH 5.2 there are 36 species present but only two contribute more 
than 10% to dry matter yield. These are Agrostis capillaries (45%) and Festuca rubra 
(30%). On the ammonium sulfate treatments where only N is applied and soil pH is 
4.1 there are 10 species plot−1 and two dominant species, A. capillaries which con-
tributes 65% of the biomass and Anthoxanthum odoratum which contributes 30% of 
the biomass. Applying P in addition to N as ammonium sulfate and allowing soil pH 
to fall to 3.7 also results in 10 species plot−1 but A. capillaris now contributes only 
30% and A. odoratum 70% of the biomass. On the treatment where 144 kg N ha−1 is 
given with PK, soil pH is still 3.7 but the sward is 100% Holcus lanatus.

Table 9.7 Effects of soil phosphorus and acidity and applied nitrogen fertilizer on the total 
number of species identified in, and (in parentheses) the number of species contributing 10% or 
more to the total dry matter yield, of a permanent grass sward, Park Grass, Rothamsted. Average 
of ten years data, between 1991 and 2000. (Crawley et al. 2005.)

Treatment Soil pH Number of species Soil pH Number of species

None 7.2 39 (5) 5.2 36 (3)
P/PNaMg 7.0 35 (4) 5.2 30 (3)
N*1 7.1 32 (4) 5.8 34 (4)
N*1PK 6.7 25 (5) 5.4 27 (2)
N1 7.1 33 (4) 4.1 10 (2)
N2P 6.9 22 (3) 3.7 10 (2)
N2PK 6.9 22 (5) 3.7 3 (3)

N*1 = 48 kg N ha−1 as sodium nitrate
N1 = 48 kg N ha−1 as ammonium sulfate
N2 = 96 kg N ha−1 as ammonium sulfate
P = 33 kg P ha−1 each year since 1856
K = 225 kg K ha−1 each year since 1856
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SUMMARY

The global demand for P fertilizers to produce crops for food for man and animals 
is currently about 36.8 Mt P

2
O

5
 and is expected to increase by 2.6% per annum over 

the next five years. About 85% of all PR mined is processed for use in agriculture. 
Estimates vary as to how long known PR reserves will last, but it is universally rec-
ognized that they are finite and that this precious resource must be used as effi-
ciently as possible.

It is now envisaged that soil P is held by a continuum of bonding energies to the 
surfaces of and within the matrix of soil components. Associated with the varying 
strengths of bonding, soil P can be considered to exist in four P pools of contrasting 
availability to plants (Figure 9.2). Much evidence from field experiments shows 
that there is a reversible transfer of P between the first three pools. Phosphorus 
removed from the soil solution by uptake by plant roots is replenished by P from 
the readily available pool. The widely and long held view that a large proportion of 
applied fertilizer P becomes irreversibly fixed in the soil is no longer tenable. 
Furthermore, the efficiency with which fertilizer P is acquired by crops over the 
long term is much higher than is generally appreciated.

In very broad terms, soils used for agriculture may be divided into those 
adequately supplied with P and managed intensively, as in many developed coun-
tries, and those with too little plant-available P on which extensive agriculture is 
practiced, as in many developing countries. The concept of exchanging pools of soil 
P relates well to the known responses of crops to soil and fertilizer P. It also allows 
the concept of critical levels of plant available P related to soil type and farming 
system to be developed, which is particularly useful for the management of inten-
sive agricultural systems.

The need for crops to utilize P more efficiently has led to a re-examination of 
the way in which plants adapt, and even thrive, on low-P soils. The morphological, 
physiological, biochemical and molecular responses of plants to environments with 
low P availability are being examined by scientists of various disciplines. These 
responses have been successfully exploited to improve the use of soil and fertilizer 
P in crop nutrition in soils of both adequate and low P availability.

Environmental issues relating to the use of P fertilizers concern the fate of radio-
nuclide and Cd impurities and P losses from soils to watercourses. It is suggested 
that improved management practices, the development of P-efficient crops and the 
implementation of Codes of Good Practice for agriculture should assuage concerns 
that use of P fertilizers may affect the environment detrimentally.
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Chapter 10
DIAGNOSING PHOSPHORUS DEFICIENCY 
IN CROP PLANTS

John P. Hammond and Philip J. White

DEFINING PLANT PHOSPHORUS AVAILABILITY

In addition to carbon, hydrogen and oxygen, plants require at least 11 mineral ele-
ments to complete their life cycle, with another four mineral elements being poten-
tially beneficial (Marschner 1995). The supply of three of these elements, nitrogen 
(N), phosphorus (P), and potassium (K) is often such that it limits the growth of 
plants in agricultural systems. To avoid yield losses and/or poor crop quality, the 
supply of these elements is ensured by the use of fertilizers. The supply of these 
elements by fertilizers must be optimized for the crop and its growth conditions. 
This optimization is necessary to avoid supplying too much of an element, which 
could have a negative affect on the crop yield or the local environment, or supplying 
too little of an element, which could prevent the crop from reaching its maximum 
potential yield. Typically, increasing the supply of a limiting element will increase 
the maximum yield up to a point (Figure 10.1). After this point, the maximum yield 
will remain constant (or even decline again) with further increases in the supply of 
the element. Therefore, supplying elements in excess of the optimum becomes 
uneconomic, since no extra yield will be realized for any additional input. 
Understanding the nutritional status of the crop is therefore critical to optimizing 
the supply of these elements. This chapter will review the potential of current and 
future techniques for establishing the P requirements of crop plants.

Phosphorus in the soil-plant continuum

Not only is P an essential macronutrient required by all living organisms, but it is 
also one of the most unavailable and inaccessible nutrients present in the soil. Thus 
establishing a plant’s requirement for P, and the ability of the soil to supply this 
requirement, is crucial in managing cropping systems (Holford 1997; Jain et al. 
2007). Phosphorus is acquired by plants, in the form of inorganic phosphate (Pi), 
from the soil solution via their roots. The amount of Pi available to plants in the soil 
solution is determined by the interaction between the Pi in the soil solution, inorganic 
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and organic P compounds in the soil and by the forms of Pi taken up from the soil 
solution by plants (Raghothama 1999; Figure 10.2). The interactions between these 
P pools within the soil are governed by the dissolution of P from phosphate rocks, 
the solubilization and precipitation of P with Ca carbonates, Al and Fe hydrous 
oxides and Al silicates and sorption onto and desorption of P from the surfaces of 
soil and clay particles (Frossard et al. 1995; Richardson 2001; Kirkby and Johnston 
2008; Figure 10.2).

Uptake of Pi by plants from the soil solution, primarily in the form of H
2
PO

4
− 

(Ullrich-Eberius et al. 1981), causes an imbalance in the equilibrium between the 
different pools of P within the soil (Figure 10.2). This imbalance quickly results in 
the depletion of Pi from the rhizosphere, leading to the formation of a concentration 
gradient of Pi from the bulk soil to the root. Desorption of Pi from soil particles and 
minerals acts to replenish soil solution Pi (Jungk et al. 1993). However, this occurs 
slowly and a depletion zone forms around the roots of plants. The low solubility of 
many P salts results in a poor supply of Pi to the plant roots, potentially leading to 
P deficiency in the plant.

In many plants, a prolonged reduction in the availability of Pi reduces their yield 
potential. However, plants have evolved to cope with low P availability, and the 
mechanisms they have developed act both to increase acquisition of P from the soil 
and to improve its use internally (George and Richardson 2008; Lynch and Brown 
2008; Vance 2008; White and Hammond 2008). Visually, P deficiency results in a 
reduced stature, acute leaf angles, suppression of tillering, prolonged dormancy, 
early senescence and decreased size and number of flowers and buds (Bould et al. 

Fig. 10.1 Relationship between the relative crop yield and the concentration of the nutrient in the 
plant tissue or being supplied to the plant
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1983; Bergmann 1992; Marschner 1995; Mengel and Kirkby 2001). Symptoms of 
P deficiency occur first in older leaves. The development of dark green or blue-
green foliage is among the first symptoms of P deficiency. Red, purple or brown 
pigments develop in leaves, especially along veins. This is a consequence of 
anthocyanin production, which is induced by increased leaf sucrose concentrations 
(Müller et al. 2005; Teng et al. 2005; Amtmann et al. 2006; Solfanelli et al. 2006) 
and is thought to protect nucleic acids from UV damage and chloroplasts from 
photoinhibitory damage caused by P-limited photosynthesis (Hoch et al. 2001). 
The majority of these adaptations are not observable until P deficiency is advanced. 
Consequently, remedial action to correct advanced P deficiency, diagnosed by vis-
ual symptoms, is often too late to overcome the yield reduction. Thus, a priori 
knowledge of the soils ability to supply adequate amounts of P or the P status of 
the crop is required to manage crop P nutrition effectively through the application 
of inorganic Pi fertilizers. This maintains an adequate supply of Pi to the roots of 
crop plants, thereby ensuring crop yield and quality is maintained.

Worldwide, the use of P fertilizers in agriculture accounts for 80–90% of min-
eral P use (Bieleski and Ferguson 1983; Steen 1998). The non-renewable nature of 
P means that economically recoverable sources of phosphate rocks will be 
exhausted within the next 50 to 150 years (Runge-Metzger 1995; Denison and 
Kiers 2005; Cohen 2007). A compounding factor in the excessive use of P fertiliz-
ers is the nature of the P-soil interactions. It is estimated that up to 80% of applied 
P is bound rapidly to the soil (Holford 1997). To compensate for this, farmers fre-
quently apply P fertilizers in excess of the recommended application to ensure crop 
production (Goldstein 1992). This can often lead to P in the soil exceeding the 

Fig. 10.2 Interactions between the organic, inorganic and soil solution pools of phosphorus (P) 
in the bulk soil and rhizosphere interactions with the plant root
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requirements of the crop. This situation is particularly common in the USA and 
Western Europe, where there is great concern that P from agriculture may reach 
watercourses and lead to the processes of eutrophication (Sharpley 1995; 
Raghothama 1999; Withers et al. 2001; White and Hammond 2006).

Consequently, to prevent damage to the environment, and to reduce the con-
sumption of this non-renewable resource, improved management of P fertilizer use 
must be implemented. However, modifications in agricultural practices to minimize 
the impact on the environment must allow economically viable farming to continue 
(Higgs et al. 2000). The management of P fertilizer use at the farm-level seeks to 
reduce the use of P fertilizers, preventing excess P from entering the environment. 
This can be achieved by growing crops that require less P fertilization (i.e. crops 
that can acquire or use P more efficiently), and the use of cultural techniques to 
maintain P levels in the field, such as crop rotation and intercropping (Frossard 
et al. 2000; Vance 2001).

Modeling plant responses to phosphorus supply

A better understanding of how plants respond to P availability and the factors 
affecting the availability of soil P to plants will help prevent excess additions of P 
fertilizers, allowing a balance to be reached whereby the available P matches the 
crop’s requirements (Frossard et al. 2000). Key components to these scientific 
endeavors are the mathematical and statistical approaches used to describe the 
responses of plants to increasing supplies of P. Typically, these describe mathemati-
cally how the yield of the crop changes with increasing availability of P (or any 
other element) and are commonly fitted to data using a least squares approach. 
Many equations have been proposed to describe crop yields as a function of the 
availability of mineral elements, but a full description of these is beyond the scope 
of this chapter; the reader is referred to Black (1993), which provides a comprehen-
sive coverage of this topic. In the embryonic years of agricultural chemistry, the 
‘law of the minimum’ emerged as the first theory describing plant development in 
relation to the availability of mineral elements (Sprengel 1828, 1837; Liebig 1855). 
The ‘law of the minimum’ states that plant growth is limited by a single factor at 
any one time. Thus, crop yield would increase as a straight line, from the control 
yield, with the addition of fertilizer, up to a point when another factor, for example 
another element or water availability, became limiting. Further additions of the fer-
tilizer would not give rise to any further increase in yield, only an increase in the 
availability of the next limiting factor would cause an increase in yield. This constant-
return relationship, in which increase in yield per unit of added fertilizer is constant, 
has been observed for the yield responses of some crops to the supply of certain 
mineral elements (Pinkerton 1991; Rubio et al. 2003), but more commonly a 
curved relationship is observed in which increases in yield decline as increasing 
units of fertilizer are added (Black 1993). These relationships have a precise upper 
limit. Mitscherlich (1909) was one of the first to consider these curved responses 
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and applied an exponential growth equation to describe his data on oat yields in 
response to P fertilizer applications. Since then many mathematical equations have 
been proposed to describe how a crop responds to the addition of fertilizers. These 
include many modifications of Mitscherlich’s exponential growth equation, polyno-
mials (e.g. linear or quadratic), inverse polynomials, sigmoidal, hyperbola and 
linear-plateau or split-line equations (Greenwood et al. 1971, 1980, 2001; Mead 
and Pike 1975; Black 1993; Claassen and Steingrobe 1999; Rayment 2005). 
Mitscherlich’s equation and the polynomial equations have been used widely due 
to the ease with which they can be fitted to data using common computer packages, 
but they can overestimate yields (Rayment 2005). In contrast the linear-plateau and 
split-line equations, which relate to the law of the minimum, require an iterative 
process to resolve and fit. These generally give lower estimates of optimal fertilizer 
rates when compared to polynomial equations, but require larger data sets for fit-
ting, which has also limited their use (Rayment 2005).

These equations form the basis for many empirical (and semi-mechanistic) mod-
els used to predict the yield potential for given inputs of nutrients. These models 
can be used to determine the optimal fertilizer applications required to obtain the 
maximum yield, whilst minimizing the impact of excess fertilizer applications on 
the environment. An alternative to these empirical models are mechanistic models, 
which aim to represent the physical, chemical, and biological processes that P, in 
all its forms, undergoes both spatially and temporally in the soil-plant continuum. 
However, only a few of these mechanistic models have been developed sufficiently 
to account for most of these process and are capable of estimating crop perform-
ance relative to soil or plant test results (Bar-Yosef 2003; Karpinets et al. 2004).

These models are dependent on accurate information on the crop, weather, soil, 
and current availability of P to the plant. Chemical analyses of soil and plant mate-
rial are most commonly used to assess the P fertilizer requirements of a field site, 
but new technologies might offer more precise alternatives in the future (Campbell 
1994; van Raij 1998; Smethurst 2000; Hammond et al. 2003; Clark et al. 2005).

ANALYSIS OF SOIL SAMPLES TO PREDICT 
CROP P STATUS

The regression of soil nutrient content against crop yield, using the equations men-
tioned above, can be used empirically to determine the nutrient levels required to 
obtain maximum yields. The use of soil analysis in this way has been the basis of 
fertilizer recommendations for many decades (Smethurst 2000). In terms of P, the 
most important concept is the availability of P to plants. This concept was origi-
nally proposed by Dyer (1894) in his examination of soil from Hoos field, 
Rothamsted. Dyer ascertained that the P in a soil, as determined by extraction with 
strong acids, was not necessarily all available to the plant. This is because plants 
take up Pi from the soil solution, and when depleted, this is replenished by the 
exchangeable P held in the soil (Black 1993; Holford 1997). These two soil properties, 
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the concentration of Pi in the soil solution and the exchangeable P in the soil, are 
related to each other by the buffering capacity of the soil, which defines the ability 
of the soil solution Pi concentration to increase in response to added fertilizer or 
replenishment from exchangeable P pool or to decrease following plant P uptake 
(Holford 1997). Thus, to best describe a soil’s ability to supply P to plants, estimates 
of the soil solution Pi concentration, exchangeable P and buffering capacity of the 
soil is needed (Black 1993). Determining these parameters in routine soil testing 
are not practical (Sibbesen and Sharpley 1997), but a range of extractants and pro-
cedures have been developed to estimate these soil parameters and provide useful 
approximations of a soil’s ability to supply P to a crop.

Soil test extractants for P

In his pioneering study, Dyer (1894) hypothesized that since ‘plants help them-
selves to a part of their mineral food’ an extraction solution with a similar pH to 
root sap, in this case a 1% solution of citric acid, would be a good indicator of the 
P available to plants (Dyer 1894). Since then, many soil analysis procedures have 
been developed to measure the amount of Pi in the soil that is available for uptake 
by plants using analogous approaches (Table 10.1). The majority of soil extractants 
for P contain either dilutions of strong acids, weak acids, complexing ions, or bicar-
bonate ions. Dilutions of strong acids such as, HCl, HNO

3
 and H

2
SO

4
, principally 

act as solvents, providing sufficient H ions to dissolve primarily Ca phosphates, but 
also have the ability to solubilize some Al and Fe phosphates (Thomas and Peaslee 
1973). Weak acids, including citrate, lactate and acetic acid are likely to act by 
anion replacement, replacing Pi absorbed to Ca, Al, or Fe. They also help reduce or 
prevent the re-absorption of Pi as do sulfate ions (Olsen et al. 1954; Thomas and 
Peaslee 1973; Kamprath and Watson 1980). Complexing ions, such as fluoride, are 
effective at complexing Al ions, thus releasing Pi from Al-Pi (Chang and Jackson 
1957) and also precipitating calcium to release Pi from Ca-Pi (Thomas and Peaslee 
1973). Finally, solutions containing bicarbonate ions act through the hydrolysis of 
Al-Pi and Fe-Pi with OH ions to release Pi, and also through the precipitation of Ca 
as CaCO

3
, thus lowering the Ca activity of the soil and making the Ca-Pi more 

extractable (Thomas and Peaslee 1973). Since these extractants target different spe-
cies of P in the soil, the use of some extractants is more appropriate on specific soil 
types. For example, the Olsen method was developed for use on calcareous soils, 
as the bicarbonate ion is effective at neutralizing Ca and, although it can be used on 
acidic soils, the results correlate less well with crop yield (Bray and Kurtz 1945; 
Kamprath and Watson 1980; Fixen and Grove 1990). Acid extractants containing 
NH

4
F are less well suited to calcareous soils, as the soluble P may be precipitated 

by CaF
2
 (Smillie and Syers 1972). Acid based extractants have also been shown to 

overestimate the P available in rock phosphate amended soils (Nuernberg et al. 
1998), or underestimate the P available in soils with high clay or hydrous Al or Fe 
oxide contents (Chien 1978; van Raij et al. 1986; Kuo 1996; Bissani et al. 2002). 
To avoid some of these limitations and simplify the determination of soil P status, 
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ion exchange techniques have been developed that act as sinks, absorbing ions from 
soil suspensions, thus mimicking the continuous dissolution of P from the 
exchangeable pool by plant roots (Amer et al. 1955; Yang et al. 1991; van Raij 
1998). These methods include the use of anion exchange resin or membranes and 
iron-oxide impregnated filter paper (Amer et al. 1955; Menon et al. 1988, 1997). 
Since these methods rely on P sorption and desorption reactions with the soil 
instead of releasing P from the soil using chemical extractants, they are less suscep-
tible to differences in soil properties (e.g. pH, clay content, soil mineralogy; van 
Raij 1998; Myers et al. 2005), but they are not without their problems, such as 
adhesion of soil particles to the iron-oxide strips and the lack of standardization for 
these procedures in commercial laboratories (Myers et al. 1995, 2005). Most 
recently the use of Near Infrared Reflectance (NIR) spectroscopy has been evalu-
ated for estimating P availability in soils (van Vuuren et al. 2006). This technique 
has been used for measurements in the laboratory (Cohen et al. 2007; Morón and 
Cozzolino 2007) and continuous measurements in the field, enabling precision soil 
P maps to be developed that could potentially be used for precision application of 
P fertilizers (Maleki et al. 2007). This technique would allow higher throughput of 

Table 10.1 Common soil extraction methods used to determine the amount of soil P available 
to the crop

Soil test Chemical compositiona

Soil: extractant 
ratioa Reference

AB-DTPA 1 M NH
4
HCO

3
, 0.005 M 

DTPA, pH 7.6
1:2 Soltanpour and Schwab 

1977
Bray I 0.025 N HCl, 0.03 N 

NH
4
F

1:10 Bray and Kurtz 1945

Bray II 0.1 N HCl, 0.03 N 
NH

4
F

1:17 Bray and Kurtz 1945

Citric acid 1% Citric acid 1:10 Dyer 1894
Colwell 0.5 M NaHCO

3
, pH 8.5 1:100 Colwell 1963

Egnér 0.02 N Ca lactate, 
0.02 N HCl

1:20 Egnér et al. 1960

Fe strip 0.01 M CaCl
2

1:40 Menon et al. 1988
Mehlich-1 0.05 N HCl, 0.025 N 

H
2
SO

4

1:5 Mehlich 1954

Mehlich-3 0.2 N CH
3
COOH, 0.015 N 

NH
4
F, 0.25 N NH

4
NO

3
, 

0.013 N HNO
3
, and 

0.001 M EDTA

1:10 Mehlich 1984

Morgan 0.52 N CH
3
COOH, 0.72 N 

NaOAc, pH 4.8
1:10 Morgan 1941

Modified Morgan 1.25 N CH
3
COOH, 0.62 N 

NH
4
OH, pH 4.8

1:5 McIntosh 1969

Olsen 0.5 M NaHCO
3
, pH 8.5 1:20 Olsen et al. 1954

Pw demineralized water 1:60 Sissingh 1971
Resin Anion-exchange resin 1:1 Amer et al. 1955
aValues are those given in the original descriptions of the methods, more recent or modified versions 
may differ from these values
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samples, but more work is needed on calibrating and validating it for different sys-
tems and geo-climatic regions (van Vuuren et al. 2006).

Following the extraction process the amount of Pi present in the soil extract is 
determined either colormetrically (Murphy and Riley 1962) or using inductively 
coupled plasma (ICP) spectroscopic techniques (Pittman et al. 2005; Sikora et al. 
2005). The result is commonly converted into an index suitable for making P ferti-
lizer recommendations or determining the probability of getting a profitable 
response from the addition of P fertilizer. These indexes are based on the equations 
and models described in the preceding section, which relate soil test P values to 
plant P uptake or crop yield and are the result of extensive calibrations (Black 
1993). The calibration of these indices is a major investment for establishing a new 
soil test, since the soil test must be calibrated against many crops, soil types and 
geo-climatic regions (Smethurst 2000). This approach takes time and significant 
resources to obtain good calibrations between P extracted from the soil sample and 
crop yield (Alva 1993). It is not feasible to account for all these potential variables 
experimentally, resulting in approximations being drawn from similar conditions 
(Alva 1993; Kara et al. 1997; van Raij 1998; Smethurst 2000).

Given the diversity of analytical procedures, soil types and cropping systems, 
the consistency of analytical procedures between soil testing laboratories must be 
closely monitored, especially with the increasing use of these procedures for envi-
ronmental management of P (Grava 1975; Kleinman et al. 2001; Cantarella et al. 
2006). Differences in field location (i.e. geo-climatic differences), soil sampling, 
storage, transportation, drying, soil test extractants and local variations in proce-
dures contribute to variations observed between soil testing laboratories (Kleinman 
et al. 2001; Rayment 2005; Cantarella et al. 2006). A comparison of 16 soil test 
procedures for P on 135 European soils revealed significant differences in soil test 
P levels between extractants and laboratories (Neyroud and Lischer 2003). A comparison 
of 24 US soils using a variety of extraction procedures by nine laboratories showed 
that Olsen P had the greatest variability, but in general soil test data were highly 
correlated between laboratories (Kleinman et al. 2001).

There is still a continuing need for further development of soil testing procedures, in 
particular to meet the ever increasing regulations imposed on fertilizer use in agriculture 
to meet strict environmental regulations. However, the variability resulting from soil 
type, climate and croping systems is still a potential problem for interpreting results 
from soil tests. Measuring the P or Pi content of the crop however, might address these 
problems (Campbell 1994; Bollons and Barraclough 1997; van Raij 1998).

ANALYSIS OF PLANT TISSUES TO DETERMINE CROP 
P STATUS

Since plants are well evolved to acquire mineral elements across a range of external 
availabilities, measuring the concentrations of elements in their tissues provides a 
valuable insight into their nutritional status. The use of plant tissue analysis to 
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determine crop P fertilizer requirements can thus provide an alternative to soil 
 analysis. Analysis of plant tissue samples performed during the growing season can 
also complement soil analysis results, providing additional information for supple-
mental fertilizer applications.

Qualitatively, assessments can be made based on visual symptoms of the crop; 
however, visual symptoms may not become apparent in time for remedial action to 
be taken. For plant analysis to provide a quantitative measure of plant nutritional 
status a comparison must be made. This comparison may be semi-quantitative, for 
example, between plants growing poorly in a field and plants growing vigorously in 
the same field. More commonly, the comparison is between the level of the element 
in the crop, as determined by plant analysis, and pre-defined values (or ranges of 
values) that correspond to the amount of element in the plant required to provide an 
optimal yield or indicate sufficiency (Black 1993). These values are most commonly 
derived experimentally, with the crop grown at different fertilizer supply rates. The 
final absolute or relative yields are then plotted against the concentration of the ele-
ment in the plant tissue using the equations described previously (Figure 10.1). 
These plots can be divided into three parts. The first phase, where the yield increases 
with increasing tissue element concentration is termed the deficiency zone or 
minimum concentration range. This zone ends with the critical concentration range. 
This has various definitions depending on how it is calculated, but usually represents 
a tissue element concentration that, under experimental conditions, gives rise to a 
percentage, commonly 90–95%, of the maximum yield (Macy 1936; Black 1993). 
Following this, the tissue element concentration continues to increase with increas-
ing supply, but the yield remains constant. This is referred to as the zone of luxury 
consumption or sufficiency zone. Beyond this, the yield may decrease if the concentration 
of the element in plant tissues becomes toxic (Figure 10.1).

Typically, tissue P concentrations are determined on dried tissue samples, which 
are digested with either nitric or sulfuric acid. The filtered samples are then ana-
lyzed using atomic mass spectroscopy or ICP methods (Jones and Case 1990). The 
introduction of microwave digestion techniques has enabled more complete diges-
tion of samples. Tissue Pi concentrations can be determined by digesting dried 
plant samples with 2% acetic acid. However, drying samples can result in the con-
version of organic P to Pi, increasing the tissue Pi concentrations (Bollons and 
Barraclough 1997; Major and Barraclough 2003). Alternatively, tissue sap can be 
extracted from fresh (or freeze-thawed) samples and the Pi concentration measured 
using the molybdate-blue method (Murphy and Riley 1962; Burns and Hutsby 
1984) or test strips and a hand help reflectometer (Major and Barraclough 2003)

As with soil analysis, regression of tissue P concentration against crop yield is 
required to inform P fertilizer application requirements. The data for these regres-
sions are frequently obtained from experimental studies. For these data to be 
informative for P fertilizer recommendations the experiments should be field based 
under similar conditions to the test crop. However, there are large genotypic and 
environmental components to plant P status, so extrapolation beyond the test condi-
tions could introduce errors into P fertilizer recommendations (Claassens 1990; 
Black 1993). For example, short periods of P deficiency can lead to an increase in 
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uptake of Pi when P is re-supplied (Clarkson and Scattergood 1982; Claassens 
1990). Changes in water potential arising from cold, drought, heavy rain or salinity 
may restrict or increase the supply of P to the root surface (White and Haydock 
1970; Leigh and Johnston 1986; Claassens 1990; Holford 1997). Interactions of P 
with other minerals in the soil can also cause changes in tissue P status, for example 
N fertilization increased the shoot %P in wheat plants (Barraclough et al. 2000) but 
resulted in lower shoot %P in barley plants (Leigh and Johnston 1986). Recently, 
an integrated model for the combined effects of N, P, and K fertilizers on yield and 
mineral composition of crops has been developed (Zhang et al. 2007). This model 
suggests that %P and %N are strongly correlated and that fertilizer P depresses 
shoot %K.

To address the complexity of interactions between mineral elements affecting 
plant nutritional status it is possible to consider the ratios between elements. Much 
research has been focused on this approach. The element-ratios have been further 
developed into indices and form the backbone for the Diagnosis and Recommendation 
Integrated System (DRIS), which also incorporates environmental and soil data to 
make recommendations for crop fertilizer management (Beaufils 1971, 1973; 
Walworth and Sumner 1987; Hallmark and Beverly 1991). It has been successfully 
developed for many crops including corn (Elwali et al. 1985; Soltanpour et al. 
1995), sugarcane (Sumner 1979), grassland (Bailey et al. 1997a,b, 2000), grapes 
(Robinson and McCarthy 1985) and citrus (Beverly et al. 1984). Element ratios are 
less susceptible to crop ontogeny, tissue sampling and seasonal changes, thus they 
can be more flexible. For example, the tissue used for analysis can affect the results; 
as P is recycled within the plant, new and old leaves may suffer transient P short-
ages which, if used for analysis could indicate the plant was P-deficient (Knowles 
et al. 1990; Campbell 1994). Critical concentrations are less flexible in the timing 
and identity of tissues since data is usually available only for specific tissues at a 
particular time in the season (Black 1993). However, element-ratios alone may not 
clearly indicate whether one element is limiting or whether there is an excess of 
another element, which limits their use practically, except as part of DRIS.

Previous studies have also demonstrated that storage P pools can be correlated 
to fertilizer application rates. The tissue Pi content (acetic acid extractable) in stem 
tissue from durum wheat has been shown to increase with the addition of P fertiliz-
ers (Knowles et al. 1990). Bollons and Barraclough (1997) demonstrated that it is 
possible to determine the P status of plants by analyzing their Pi concentration 
expressed on a tissue water basis (fresh weight minus dry weight). This was also 
shown to increase with P fertilizer applications.

Given the genotypic and environmental impacts on plant P status and the inabil-
ity to account for all eventualities in experimental systems, diagnosing plant P sta-
tus and making fertilizer P recommendation based on plant analysis still requires 
further research. However, analyzing the plant at a more molecular level may pro-
vide a better indication of plant P status.

Plants are likely to detect P deficiency and acclimatize physiologically to low P 
availability before visible signs of P deficiency develop. By monitoring the early 
changes in gene expression in response to P deficiency, it may be possible to 
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 identify and rectify any problem before it results in reduced yield, although in the 
case of P, this may be in the following season. The ability to monitor these changes 
at an early stage comes from recent advances in molecular biology, and in particular 
reporter gene technology. This has led to the concept of ‘Smart Plants’.

SMART PLANTS

The natural abilities of plants to adapt and acclimate to growth under low P condi-
tions provides opportunities for developing crops that can acquire or use P more 
efficiently. The use of modern molecular biological techniques to dissect the genet-
ics underlying these adaptations and acclimatory mechanisms will prove invaluable 
in this process (Hammond et al. 2003, 2004a,b; Wu et al. 2003; Franco-Zorrilla 
et al. 2005; Misson et al. 2005; Amtmann et al. 2006; Hermans et al. 2006; Jain et al. 
2007; Karthikeyan et al. 2007; Morcuende et al. 2007; Müller et al. 2007; 
Hammond and White 2008; White and Hammond 2008). The identification of 
genes influencing P acquisition and use efficiency can then be used to assist tradi-
tional breeding programs, or to modify the crops genetically. The development of 
crops efficient in the use and acquisition of P will not only serve to reduce P ferti-
lizer inputs, but may also benefit farmers in developing countries who cannot afford 
expensive P fertilizers (Frossard et al. 2000; Vance 2001).

An alternative purpose for identifying genes that respond rapidly and specifi-
cally to P deficiency is to use them as indicators of P deficiency. The concept 
of Smart Plants has been developed to utilize these genes as markers for P deficiency. 
Smart Plants are plants that are able to inform us of their physiological status. Smart 
Plants are able to do this because they have been transformed with an appropriate 
promoter-marker gene construct. By combining the promoter elements from genes 
up-regulated during P deficiency with reporter genes such as GFP from the jellyfish 
Aequorea victoria (Chalfie et al. 1994; Haseloff et al. 1997) or the β-glucuronidase 
(GUS) gene (Jefferson et al. 1986), it is possible to monitor whether a plant is 
experiencing low P availability at a cellular level in real time. This enables the 
Smart Plant to inform us of its physiological P status.

To monitor a plant’s response to P deficiency, promoters that function immedi-
ately upon P deficiency are required. Promoters that function later in the response 
may respond too late for any corrective measures to be taken. The promoter must 
also be specific in its response to P deficiency and not be activated by other stimuli. 
Ideally, the marker gene should have a short turnover time and be easily assayed 
in situ to make the diagnosis of plant P status as easy and as rapid as possible.

If Smart Plants are to be used to assay crop P status, it is important that the 
expression of the marker gene responds solely to P and increases as tissue P con-
centration declines, but before P deficiency affects plant growth. The Smart Plant 
concept has been shown to work in a proof-of-concept study using the model plant 
Arabidopsis thaliana (Hammond et al. 2003, 2004b). Shoot P concentration of A. 
thaliana plants decreased without an effect on growth between 24 and 72 h after P 
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withdrawal. Promoters for genes whose expression is increased during this time 
period are suitable for Smart Plant technology.

The proof-of-concept for the Smart Plant was tested using the promoter from 
the gene, AtSQD1, to control the expression of the GUS marker gene. The SQD1 
gene encodes an enzyme that is involved in the biosynthesis of plant sulfolipids, 
such as sulfoquinovosyl diacylglycerol (SQDG). This enzyme catalyzes the trans-
fer of SO

3
−, from an unknown donor, to a molecule of UDP-glucose, giving rise to 

UDP-sulfoquinovose (Essigmann et al. 1998). The UDP-sulfoquinovose is thought 
to be the head group donor for SQDG biosynthesis (Benning 1998). SQDG is a 
component of the thylakoid membranes of chloroplasts. Under P limiting condi-
tions, biosynthesis of phospholipids is restricted due to the lack of available P. In 
order to avoid damage to the important photosynthetic membranes during P defi-
ciency, plants substitute sulfolipids for phospholipids. Consequently, increased 
expression of the SQD1 gene is observed with increasing P deficiency (Essigmann 
et al. 1998).

It was observed that GUS activity in the leaves of transgenic A. thaliana plants 
bearing the SQD1::GUS construct increased following the withdrawal of P (Figure 
10.3; Hammond et al. 2003, 2004b). A large increase in the activity of GUS was 
not observed until 220 h after the removal of P. Since any period of P deficiency 
that reduces crop growth incurs a yield penalty (Broadley et al. 2002), it is impor-
tant to detect P deficiencies in crops before they become acute and impact on 
growth. The shoot dry weight of A. thaliana plants grown hydroponically declined 
significantly following the withdrawal of P from the nutrient solution compared to 
A. thaliana plants grown on full nutrient solution, however, this significant differ-
ence was not evident until 220 h after the withdrawal of P (Hammond et al. 
2004b). This is the same time-point at which the large increase in GUS activity 
was observed in Smart Plants following the withdrawal of P (Figure 10.3). Thus, 
the withdrawal of P had a significant affect on growth before it was possible to 
detect GUS activity driven by the promoter from AtSQD1. This implies that the 
promoter from AtSQD1 may become active relatively late in the response to P 
deficiency and is probably not suitable for monitoring plant P status. However, 
using the more sensitive technique of quantitative PCR, it was possible to detect 
increases in AtSQD1 transcript abundance over 100 h before it could be detected 
using the MUG assay (Hammond et al. 2003).

In practice, a grower may also need to know whether P deficiency had been 
relieved following remedial P fertilization. Therefore, it would be necessary for the 
expression of any marker gene in a Smart Plant to return rapidly to basal levels 
following the application of P. To investigate the effects of re-supplying P on GUS 
activity, P was re-supplied to transgenic plants 316 h after the withdrawal of P 
(Figure 10.3). At the time of P re-supply, GUS activity was between two- and three-
fold higher than in P-replete plants. GUS activity remained at a similar level 24 h 
after P was re-supplied and returned to basal levels 48 h after P re-supply. This 
demonstrates the rapid response of the AtSQD1 promoter to remedial P supply and 
the fast turnover time of the marker gene product. This would allow the grower to 
determine quickly whether remedial P fertilization had been successful.
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Since there is potential to develop Smart Plants to monitor many stresses, it is 
possible that many different Smart Plants would need to be grown simultaneously. 
However, this would be complex and consume valuable land. Alternatively, the 
promoters from genes responding specifically to different stresses could be 
stacked in a single construct in which each promoter controlled the expression of 
a different marker gene, for example other colored or fluorescent proteins, such as 
yellow fluorescent protein, cyan fluorescent protein and red fluorescent protein 
(Lansford et al. 2001; Visser et al. 2002) in a single Smart Plant. However, given 
the ethical and environmental issues associated with the use of genetically modi-
fied crops, non-GM alternatives may be required. One alternative approach would 
be to monitor the natural activities of enzymes involved in plant responses to P 
deficiency, such as acid phosphatases (Ascencio 1994). A further approach would 
be to identify native proteins whose expression increases in response to P with-
drawal, to which antibodies can be developed. This would enable the use of anti-
body test sticks to monitor leaf or stem sap for the expression of these proteins, 
and thus determine the P status of the plant. The use of antibody test kits has 
already been developed for plant pathogen detection (Lyons 1997). The use of 
transcript profiling assays to monitor biotic and abiotic stresses is a another alter-
native to Smart Plants.

Fig. 10.3 Changes in the expression of the AtSQD1 gene following the withdrawal and re-supply 
of P. (a) Visualization of GUS activity (Stomp 1992) in the leaves of a transgenic A. thaliana line 
bearing a construct containing the GUS marker gene under the control of the promoter sequence 
for the P-sensitive gene, AtSQD1. (b) GUS activity measured using the MUG assay (Martin 
et al. 1992) in the leaves of P-deficient (filled) and P-replete (open) A. thaliana plants containing 
the GUS marker gene under the control of the AtSQD1 promoter. GUS activity was expressed as 
nanomoles 4-MU min−1 mg−1 protein, and normalized to non-specific GUS activity in samples 
from P-replete plants (values from P-deficient plants divided by values from P-replete plants ± 
SEM). Plants were grown hydroponically and fully expanded leaves were harvested 20 h before, 
and 4, 28, 100, 220 and 316 h after the removal of P, and then 24 and 48 h after P was re-supplied
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DIAGNOSTIC ARRAYS

In theory, the Smart Plant concept can be applied to any biotic or abiotic stress 
experienced by plants, provided that a suitable gene can be identified whose expres-
sion increases specifically and rapidly in response to the stress. This concept has 
recently been used to develop experimental plants that have the potential to monitor 
the bioavailability of Ni in contaminated soils (Krizek et al. 2003). An alternative 
and potentially more sensitive approach would be to use transcript profiling assays 
to monitor biotic and abiotic stresses (Hammond et al. 2004b; Boonham et al. 
2007). For example, a microarray for the detection of viral pathogens in potatoes 
has been developed, offering the ability to detect and identify multiple viral patho-
gens with high sensitivity in a single assay (Boonham et al. 2003). Similarly, the 
sensitivity of quantitative PCR, with its ability to detect increases in AtSQD1 tran-
script abundance over 100 h before it could be detected using the MUG assay, has 
already been shown (Hammond et al. 2003). Both quantitative PCR and microar-
rays offer the ability to monitor the expression of many genes simultaneously, and 
do not require the generation of transgenic plants. The reliance on the expression 
pattern of a single gene could result in false diagnosis of some stresses. Since P 
deficiency can be induced by a variety of factors, and many different signalling and 
metabolic pathways are implicated (Hammond et al. 2003, 2004a,b; Wu et al. 2003; 
Franco-Zorrilla et al. 2005; Misson et al. 2005; Amtmann et al. 2006; Hermans et 
al. 2006; Jain et al. 2007; Karthikeyan et al. 2007; Morcuende et al. 2007; Müller 
et al. 2007; Hammond and White 2008; White and Hammond 2008), it might be 
wise to identify a suite of genes responding differentially to P deficiency to allow 
plant P-stress to be monitored in all environments. The use of quantitative PCR or 
microarrays makes this approach possible. Furthermore, using whole genome 
microarrays might enable several stresses to be monitored simultaneously and the 
careful selection of probes could enable several crop species to be monitored using 
a ‘universal’ microarray.

Several issues need to be resolved before such techniques become widely avail-
able (Krizek et al. 2003). Firstly, the cost and practicalities of using quantitative 
PCR or microarrays to monitor plant stresses currently prevents such an approach 
being used for commercial agriculture, but these costs should diminish with time. 
Progress in this field is currently rapid, driven by the development of diagnostic 
technologies for human diseases, bio-security and microbial ecology (Cirino et al. 
2004; Hahn et al. 2006; Petrik 2006; Sessitsch et al. 2006). Consequently, it is now 
possible to analyze multiple samples simultaneously (10–100) on one microarray, 
with each sample independently challenging hundreds to thousands of probes. 
Theoretically, it is therefore possible to assay samples for multiple abiotic and 
biotic stresses. Standardization of procedures would also need to be undertaken; 
especially if different technologies were being used to monitor changes in gene 
expression (Nuwaysir et al. 1999). Associated with this is the need for specialist 
laboratory equipment and specialist knowledge to undertake such diagnostic 
assays. Secondly, statistical techniques to normalize microarrays containing a few 
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active genes (compared to many thousands of non-changing genes) and suitable 
techniques to distinguish between stressed and un-stressed plants based on the 
changes in expression of several genes would need to be developed. Again these are 
being developed for use in human diagnostics and should be applicable to plant 
based applications (Jaeger and Spang 2006; Chen 2007).

SUMMARY

To prevent damage to the environment, and to reduce the consumption of a non-
renewable resource, improved management of P fertilizer use must be implemented. 
A key part of this process will be to understand the mechanisms that govern the 
availability of P to plants and the plant’s responses to available P. Using this under-
standing, robust analytical techniques that have been calibrated and validated under 
field conditions can assist P fertilizer management strategies. New technologies are 
becoming available for use in precision agriculture, allowing detailed field maps of 
soil P to be made and used for precision fertilizer P applications. More detailed 
analyses of plant tissue samples are now also possible. In the future, the use of 
techniques to monitor plants at the molecular level will enable the plant to provide 
valuable insights into how they perceive their environment and indicate their 
requirements for fertilizer applications.
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Chapter 11
POTENTIAL AND LIMITATIONS 
TO IMPROVING CROPS FOR ENHANCED 
PHOSPHORUS UTILIZATION

Timothy S. George and Alan E. Richardson

INTRODUCTION

Phosphorus (P) is an essential element required for cellular function and when 
deficient has a significant impact on plant growth and fecundity. Poor availability 
of P in soil and consequent P-deficiency represents a major constraint to crop 
production globally (Runge-Metzger 1995). Soil P status is also a key factor that 
controls the competitive dynamics and species composition in different natural 
ecosystems (McGill and Cole 1981; Attiwill and Adams 1993), and thus may 
have significant impact on biodiversity (Wassen et al. 2005). Many plant species 
have evolved in P-limited environments and, as a consequence, are known to possess 
a number of adaptive features that can enhance the acquisition of P from soil 
(Raghothama 1999; Vance et al. 2003; Richardson et al. 2005). However, ongoing 
selection of crop cultivars, in nutrient replete environments, for traits such as yield 
and vigor (and thus an adaptation to optimal production systems), may have 
resulted in cultivars that have ‘lost’ adaptive traits that are required to cope with 
P-deficiency (Manske et al. 2000; Buso and Bliss 1988). Identification of such traits 
and their introduction into elite material from traditional cultivars, wild relatives and 
other species through modern approaches in breeding (e.g. marker-assisted selection 
and/or genetic manipulation) may provide new opportunities to improve the 
 efficiency of P-uptake by crop plants.

Phosphorus is taken up by plants as orthophosphate (Pi). In many soils the 
acquisition of P by plants is limited by low concentrations of Pi in soil solution, 
slow diffusion of Pi in soil, and the limited capacity for Pi to be replenished at the 
soil-root interface (Bieleski 1973). The paradox of this is that most soils contain 
large amounts of P that, if made more available, could sustain crop production for 
long periods with less dependence on P inputs (Harrison 1987). Phosphorus in soil 
is comprised of organic and inorganic P forms (Sanyal and De Datta 1991). The 
majority of the inorganic P is either adsorbed to soil constituents such as clays, ses-
quioxides and organic matter, or occurs in a range of precipitated mineral forms. 
Organic P generally accounts for around 50% of soil P, and is largely comprised of 
monoesters with lesser amounts of diesters and phosphonates (Newman and Tate 
1980; Hawkes et al. 1984; Condron et al. 1990). Monoester P occurs predominantly 

P.J. White, J.P. Hammond (eds.) The Ecophysiology of Plant-Phosphorus Interactions, 247
© Springer Science + Business Media B.V. 2008



248 T.S. George, A.E. Richardson

as derivatives of inositol hexakisphosphates, whereas sugar phosphates and diester 
P, such as nucleic acids and phospholipids, constitute only a small fraction (Dalal 
1977; Anderson 1980). In order to be available to plants, inorganic P must be either 
desorbed or solubilized, and organic P must be mineralized to release Pi. Once in 
the soil solution, Pi is acquired rapidly by plant roots such that its concentration in 
close proximity to the root surface is estimated to be of the order ~0.05–0.2 µM 
(Barber 1984), which is significantly less than elsewhere in the soil environment, 
where soil solution concentrations are typically in the range of 1–5 µM (Bieleski 
1973). However, slow Pi diffusion through soil to roots limits P-supply to the root 
surface and can thus restrict P-acquisition. In order to overcome this, plants have 
become effective in accessing P from spatially unexploited reserves through either 
root growth or altering the physicochemical characteristics of the rhizosphere. The 
range of plant traits that are associated with enhanced P acquisition in soil are high-
lighted in this chapter, and the potential and limitations for improving the P-use 
efficiency of plants by deploying such traits into crop germplasm are discussed.

MECHANISMS ENHANCING P ACQUISITION BY PLANTS

Plant responses to P-deficiency are characterized by a change in the expression of 
a large number of genes (Hammond et al. 2003; Wasaki et al. 2003; Wu et al. 
2003). Genes with rapid response (less than one day) to P deficiency (‘early’ genes) 
are generally non-specific and related to general stress responses. The more signifi-
cant changes in gene expression in response to P deprivation occur over a period of 
several days (‘late’ genes), and involve genes that are more commonly associated 
with traits that directly affect P nutrition (Hammond et al. 2003). Of particular sig-
nificance is the up-regulation of genes that encode for high-affinity Pi transporters, 
by which roots take up P from soil solution. However, once ‘easily’ available Pi is 
depleted from the soil solution, it is the rate of Pi replenishment from the soil that 
is generally considered to be the main constraint to crop production. Consequently, 
plants possess other physiological and morphological adaptations to cope with P-
limitation, the genes for many of which are also up-regulated under conditions of 
P-deficiency. These adaptations include both strategies that conserve P and strate-
gies that increase access to soil P reserves through modified root structure, function 
and/or association with microorganisms (Raghothama 1999; Vance et al. 2003; 
Jakobsen et al. 2005; Amtmann et al. 2006).

Physiological adjustment to P-deficiency

Internal physiological adjustments that allow plants to conserve P have been 
reviewed previously (Bieleski 1973; Schachtman et al. 1998; Raghothama 1999; 
Vance et al. 2003; Hammond et al. 2004; Ticconi and Abel 2004) and are discussed 
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elsewhere in this volume (White and Hammond 2008). In general, these changes 
include a reduced rate of growth, remobilization of internal P and increased turnover 
of nucleic acids, the use of alternative metabolic pathways and induction of secondary 
metabolites (e.g. anthocyanins to ameliorate photo-inhibitory damage), and modi-
fication to phospholipid membranes (Vance et al. 2003). Some key regulatory genes 
associated with these pathways have been identified (Hamburger et al. 2002; Aung 
et al. 2006; Bari et al. 2006) and these and other genes (as they are identified) may 
provide new opportunities for developing plants that are more efficient for internal 
P utilization, thus increasing the harvestable product per unit of P taken up by crops.

Increasing the absolute amount of P taken up by plants, however, is likely to have 
greater potential for improving plant tolerance to soils of low P availability and pro-
vide more appropriate traits for inclusion in agricultural germplasm. Orthophosphate 
is taken up by roots and transported within plants via specific Pi-transporters. 
A number of genes encoding Pi-transporters have been cloned (Rausch and Bucher 
2002) and members of the Pht1 family are particularly important for Pi uptake 
(Mitsukawa et al. 1997; Mudge et al. 2002; Schünmann et al. 2004). Expression of 
specific Pht1 genes is localized to root epidermal cells, primarily in root hair cells, 
and these PHT1 proteins show high affinity Pi transport. These P transporters are 
induced by P-deficiency and are energized by ATPase-mediated efflux of protons, 
which then drive Pi transport across the plasma-membrane against the steep electro-
chemical gradient that occurs for Pi between plant cells and the soil solution (Bieleski 
1973; Schachtman et al. 1998). The effectiveness of high-affinity Pi transporters at 
the root surface is considered unlikely to pose any major limitation to P acquisition 
by plants (Bieleski 1973; Schachtman et al. 1998), although this relies on Pi being 
available for uptake in the immediate vicinity of the transporter. Whilst over-expres-
sion of high-affinity Pi transporters in cell suspensions has been shown to increase the 
rate of Pi uptake (Mitsukawa et al. 1997), there appears to be no improvement in the 
P nutrition of whole plants when grown in either solution culture at low external P 
concentrations or in soil (Rae et al. 2004). This demonstrates that plants are well 
adapted for obtaining Pi at the low Pi concentrations commonly found in soil solution 
and, along with other evidence, suggests that morphological and functional character-
istics of roots, and their interaction with microorganisms, may be of greater 
importance for improving the acquisition of P by crop plants.

Associations with soil microorganisms

Microorganisms affect P availability to plants through a number of mechanisms, 
including direct enhancement of P supply, by extending the volume of soil accessi-
ble to the plant (e.g. by mycorrhizal associations), increasing mobilization of Pi 
from soil inorganic or organic P fractions and stimulation of root growth (Jakobsen 
et al. 2005). The microbial biomass also contains a substantial pool of immobilized 
P (~5% of soil P; Richardson 1994; Oberson and Joner 2005) which, through turno-
ver, can contribute to plant P nutrition. Microbially-mediated turnover of P is likely 
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to be of particular significance within the rhizosphere (Jakobsen et al. 2005) and 
numerous studies have shown the presence of a large range of bacterial and fungal 
species that have ability to solubilize various forms of mineral P. In some cases, 
specific phosphorus solubilizing bacteria and fungi have been developed for use as 
commercial inoculants (Leggett et al. 2001). However, their widespread use has 
been limited by inconsistent performance across different agro-ecological environ-
ments (Richardson 2001; Wakelin et al. 2004). Another approach has been to clone 
genes from soil microorganisms that improve their P acquisition and express these 
directly in plants (López-Bucio et al. 2000; Delhaize et al. 2001; Richardson et al. 
2001a; Yip et al. 2003; George et al. 2004), which, as discussed below, has also met 
with inconsistent responses.

The most widely studied association between plants and microorganisms that 
affects plant P nutrition is that with mycorrhizal fungi, with arbuscular mycorrhizae 
(AM) fungi being particularly important for many agricultural plants (Smith and 
Read 1997). The primary benefit to the plant of mycorrhizal associations comes 
from the ability of the fungus to increase the effective exploitation of a larger soil 
volume. In some cases, mycorrhizae have also been reported to increase the utiliza-
tion of soil organic P and to enhance the exploitation of nutrient-rich patches in soil 
(Tarafdar and Marschner 1994; Feng et al. 2003; Gavito and Olsson 2003). 
However, it is generally thought that mycorrhizal fungi only provide access to pools 
of soil P that are already available to plants (Bolan 1991; Joner et al. 2000; Jakobsen 
et al. 2005). Recent evidence has shown that expression of plant Pi transporters at 
the root epidermis are down-regulated following the colonization of roots by myc-
orrhizal fungi, and that there is up-regulation of specific Pi-transporters localized at 
the membrane where the plant and fungus interface (Liu et al. 1998; Karandashov 
et al. 2004). Such interactions demonstrate the complexity of the Pi-uptake 
efficiency phenotype in plants and that functional redundancy exists between the 
mechanisms that enable plants to acquire P.

Changes in root morphology

When plants are P deficient, they allocate relatively more photosynthate to root 
production which allows the root system to explore greater volumes of soil 
(Bradshaw et al. 1960; Hermans et al. 2006; Hill et al. 2006). A commonly 
observed phenotype of P-deficient plants is an increase in specific root length to 
achieve longer or more branched roots per unit of root dry matter (Christie 1975; 
Fitter 1985; Hill et al. 2006). This is often concurrent with an increase in root hair 
length and density (Itoh and Barber 1983; Föhse et al. 1991). Plant-available P is 
generally concentrated in the top few centimeters of soil profiles or in nutrient-rich 
patches around fertilizer granules or decomposing organic matter. Consequently, 
root systems which have a large proportion of roots in the surface layers of soil 
(Lynch 1995; Lynch and Brown 2001; Manske et al. 2000) and/or possess the 
morphological plasticity to proliferate roots within nutrient-rich patches (Hodge 
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2004), are more effective in P acquisition. Such traits of root foraging have been 
demonstrated to be useful as predictors of the P-fertilizer requirements of plants, 
for example, across a range of Australian pasture species (Hill et al. 2006).

Root hair density and length increase when plants are P-deficient (Bates and 
Lynch 1996; Gahoonia and Nielsen 1997). Despite root hairs having a smaller 
uptake capacity per unit length than larger diameter roots, due to their smaller sur-
face area per unit area of root surface (Barber 1984), they are extremely effective 
in P-acquisition. Indeed a number of studies have specifically highlighted the 
importance of root hairs for P acquisition (e.g. Gahoonia and Nielsen 1997). Barley 
and Rovira (1970) demonstrated that root systems with root hairs absorbed 78% 
more P than those without. However, the benefit of increasing root hair density is 
limited when the P-depletion zones around each root hair begin to overlap, such 
that there is an effective optimum of root-hair density (Ma et al. 2001). Under field 
conditions, Gahoonia et al. (1999) have shown that wheat and barley lines with 
longer root hairs and greater root hair density have greater P uptake over a range of 
levels of P fertilization, but larger differences between long-haired and short-haired 
varieties occurred in more P-deficient conditions.

In addition to root hairs, the formation of dense root systems is an effective 
means by which plants can increase P acquisition and adjust to low soil P levels. 
The proteoid roots formed by white lupin (Lupinus albus), which are dense clusters 
of ‘bottle-brush’-like rootlets (Gardner et al. 1981; Dinkelaker et al. 1995; 
Keerthisinghe et al. 1998; Neumann et al. 1999), are a specific example. Cluster 
root formation is associated with the locally induced release of organic anions and 
phosphatase enzymes (Neumann et al. 1999; Watt and Evans 1999), and is there-
fore effective in both the mobilization and subsequent capture of P in the soil. The 
effectiveness of cluster roots in P-acquisition is a good example of the functional 
compatibility of different mechanisms effecting P acquisition.

Modification of rhizosphere biochemistry

Acidification of the rhizosphere through efflux of protons (H+), which is commonly 
associated with the exudation of organic anions, can alter both the solubility of spar-
ingly-soluble inorganic P compounds and affect the kinetics of Pi adsorption/des-
orption reactions in the soil and subsequent availability of P to plants (Gahoonia 
and Nielsen 1992; Hinsinger 2001). However, of potentially greater significance to 
plant P nutrition is the exudation of compounds that directly influence P availability 
such as, low-molecular-weight organic anions and phosphatase enzymes (Marschner 
et al. 1986; Hocking 2001; Ryan et al. 2001; Richardson et al. 2005).

Many studies have shown that organic anions modify the chemistry of the rhizo-
sphere and mobilize various forms of inorganic and organic P. This is achieved by 
an increase in the dissolution of sparingly-soluble P minerals; reduced sorption of 
P by alteration of the surface characteristics of soil particles; desorption of Pi from 
sorption sites (ligand exchange and ligand dissolution); and through the chelation 



252 T.S. George, A.E. Richardson

of cations (e.g. Al and Fe in acidic soils or Ca in alkaline soils) that are commonly 
associated or complexed with Pi in soil (Bar-Yosef 1991; Jones and Darrah 1994; 
Lan et al. 1995; Jones 1998). Organic anions may also promote the growth of rhizo-
sphere microorganisms that improve plant P acquisition. The importance of organic 
anions in increasing the availability of organic P, and its subsequent mineralization 
by phosphatases, has also been identified recently (Jones 1998; Otani and Ae 1999; 
Hayes et al. 2000a; Hens et al. 2003; Li et al. 2003).

It is evident that exudation of organic anions from plant roots is facilitated by 
transport proteins (Neumann et al. 1999; Ryan et al. 2001) and is not just a pas-
sive release. At concentrations commonly found in the rhizosphere (10–100 µM; 
Jones 1998) citrate has a greater potential for P mobilization than other organic 
anions. High rates of citrate exudation from cluster roots on white lupins are associ-
ated with a large capacity for P-mobilization in soil by this species (Hocking et al. 
1997; Vance et al. 2003; Richardson et al. 2007). Crop plants vary in the nature and 
amounts of organic anions they exude from roots. For example, roots of pigeon pea 
(Cajanus cajan) exude malonate and piscidic acid which, although able to mobilize 
P bound to Fe and Al (Ae et al. 1991; Otani et al. 1996), is not as effective as cit-
rate. Roots of chickpea (Cicer arietinum) exude malonate and citrate, although 
there is some uncertainty about the ability of this species to access P bound to Fe 
or Al (Wouterlood et al. 2004; Veneklaas et al. 2003; Pearse et al. 2007). Increased 
organic anion efflux from roots also occurs in other species grown under P-defi-
cient conditions (Lipton et al. 1987; Hedley et al. 1982; Hoffland et al. 1989; Kirk 
et al. 1999), including lucerne (Medicago sativa), oil seed rape (Brassica napus) 
and rice (Oryza sativa). Roots of bread wheat (Triticum aestivum) exude malate, 
but this occurs as a response to Al toxicity, rather than P-deficiency, and is specifi-
cally activated by the presence of monomeric Al (Ryan et al. 2001).

A number of studies have demonstrated significant rates of organic P minerali-
zation in proportion to soil phosphatase activity (Trasar-Cepeda and Carballas 
1991; George et al. 2002; Lopez-Hernandez et al. 1998; Oehl et al. 2001). In natural 
ecosystems, mineralization of soil organic P is thought to provide the major propor-
tion of P to plants (Fox and Comerford 1992; Polglase et al. 1992). Similarly, in 
organic-based farming systems, and where green-manure crops are used for ferti-
lization, high rates of organic P cycling have been observed (Oberson et al. 1996, 
2001; Nziguheba et al. 1998; Maroko et al. 1999; Oehl et al. 2004).

The hydrolysis of organic P is mediated by the action of phosphatase enzymes 
in the extracellular environment, a process which is necessary for the subsequent 
uptake of Pi by plant roots. At present there is no evidence for direct uptake of 
dissolved organic P compounds by plants, although organic P substrates may be 
hydrolyzed within the root apoplast (Duff et al. 1994; George et al. 2008). 
Extracellular phosphatase activity of plant roots is induced under conditions of 
P-deficiency and is associated with either root cell walls (McLachlan 1980; Dracup 
et al. 1984; Barrett-Lennard et al. 1993; Hayes et al. 1999; Hunter and McManus 
1999) or is released directly into the rhizosphere (Tarafdar and Claassen 1988; 
Tadano et al. 1993; Li et al. 1997; Gaume et al. 2001). The cloning of genes encoding 
extracellular phosphatases from A. thaliana (Haran et al. 2000) and L. albus has 
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provided direct evidence for extracellular secretion and regulation of phosphatase 
expression in response to P-deficiency (Wasaki et al. 2000; Miller et al. 2001).

Extracellular secretion of phosphatases from roots is correlated with the ability 
of plants to obtain P from organic P sources when grown under sterile conditions 
(Tarafdar and Claassen 1988; Hayes et al. 2000b; Richardson et al. 2000; George 
et al. 2008). For example, wheat and a range pasture species are able to utilize P 
from various monoester (e.g. glucose-6-phosphate) and diester (e.g. ribonucleic 
acid) forms, but show limited capacity to acquire P directly from myo-inositol hex-
akisphosphate (Richardson et al. 2000; George et al. 2008), despite inositol phos-
phates being an abundant form of organic P in many soils.

Direct hydrolysis of organic P and subsequent utilization of the mineralized Pi by 
roots has also been demonstrated in soil-grown plants. Depletion of various pools of 
extractable organic P from the rhizosphere has been linked with greater phosphatase 
activities around plant roots (Chen et al. 2002; George et al. 2002, 2006). However, 
the relative contribution of extracellular phosphatases derived from roots and from 
microorganisms in the utilization of soil organic P is unclear, as the numbers and 
activity of bacteria and fungi are greater within the rhizosphere than in the bulk soil 
(Chen et al. 2002; Richardson et al. 2005). There is some evidence that phosphatases 
derived from soil fungi have a greater affinity for organic P compounds compared to 
phosphatases derived from plant roots (Tarafdar et al. 2001). Either way, it is evident 
that mineralization of organic P occurs in the rhizosphere and could make an 
important contribution to the orthophosphate requirement of plants for growth.

STRATEGIES TO IMPROVE P-UPTAKE EFFICIENCY 
IN AGRICULTURAL CROPS

It is evident that plants have a wide range of mechanisms and physiological traits that 
facilitate increased availability and acquisition of P from soil. Despite this, there have 
been few successful attempts to increase the efficiency of P utilization by crop plants 
directly. This is largely due to the complex interactions between the range of P-acqui-
sition mechanisms and their efficacy in different agro-ecological environments 
(Caradus 1995; Wissuwa 2003; George et al. 2005c). Irrespective of this, a number 
of promising approaches for directly improving the P acquisition of plants have been 
identified, including the identification of key morphological and physiological traits 
associated with P-uptake efficiency and the possible enhancement of specific 
P-acquisition processes through either targeted breeding or by gene technology.

Genotypic variation in the efficiency of P-use

Genotypic variation in the efficiency of P use has been identified in a number of 
cereal crops including maize, wheat, barley and rice (Fageria et al. 1988; Fageria 
and Baligar 1997a,b; Ciarelli et al. 1998; Manske et al. 2000; Wissuwa and Ae 
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2001a,b; Osborne and Rengel 2002; Wang et al. 2005; Zhu et al. 2005; Liao et al. 
2008) and a range of other crop species such as soybean, brassica, cowpea and 
pigeon pea (Furlani et al. 2002; Greenwood et al. 2006; Vesterager et al. 2006; 
Marschner et al. 2007). Such studies have routinely been targeted to either some 
measure of P-use efficiency (see Gregory and George 2005; White et al. 2005, for 
definitions of various use-efficiencies) or specific traits such as root architecture 
(Lynch and Brown 2001), root hair formation (Gahoonia and Nielsen 1996; 
Gahoonia et al. 1999) or phosphatase activity (George et al. 2008). In almost all 
cases, and for different traits, significant genotypic variation has been found 
between varieties of the crop species tested. This is exemplified in Figure 11.1, 

Fig. 11.1 Relationship between shoot biomass of plants grown in low-P and high-P treatments in 
two Australian soils (Ferrosol and Kandosol). Genotypes were classified as being P-efficient with 
high biomass potential (E/H), P-efficient with low biomass potential (E/L), P-inefficient with high 
biomass potential (I/H) or P-inefficient with low biomass potential (I/L). The dotted lines repre-
sent the median point of the data on both axes. For each panel, the vertical and horizontal bars 
show LSD (P = 0.05). The wheat genotypes are as follows: Brookton (Bro), Cadoux (Cad), CD87 
(CD), Chuan-Mai 18 (CM), Cranbrook (Cra), Halberd (Hal), Janz (Jan), Katepwa (Kat), Krichauff 
(Kri), Kukri (Kuk), Vigour 18 (Vig), Westonia (Wes), three synthetic hexaploid wheats AUS29542 
(AU1), AUS29563 (AU2), AUS29630 (AU3) and Rye cv.Ryesun (Rye), triticale cv. Currency 
(Cur) and durum wheat line 41 (Dur). (Taken from Liao et al. 2008.)
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which shows significant differences in shoot biomass in a collection of 18 cere-
als (predominantly wheat genotypes) when grown in two contrasting Australian 
soils, either at low soil P (deficient) or with applied P. This study highlights the 
importance of identifying germplasm that is not only efficient under low P condi-
tions (E; Figure 11.1) but also retains high biomass (yield) potential with applied 
P (E/H; Figure 11.1). It is also important that screens be conducted in soil rather than 
in artificial media or solution culture, where there may be a discrepancy in the 
 relative ranking of different lines (Liao et al. 2008; Hayes et al. 2004). It is of further 
significance to consider that, for a multi-mechanistic trait such as response to P-
 deficiency, mechanisms (or markers and/or genes) identified for the trait may only 
be specific for the conditions used in the screen and not widely applicable to other 
environments. For example, variation in the activity of root-associated phosphatases, 
whilst effective in promoting growth of wheat plants in-vitro, appeared to show 
little relationship for predicting the growth response of wheat lines in a range of 
P- deficient soils (George et al. 2008). This complex genotype by environmental inter-
action is highlighted when attempts are made to assign P-efficiency traits to a single 
QTL (quantitative trait loci), as complex traits may not be attributable to a single 
mechanism (or QTL) in isolation (Wissuwa and Ae 2001b; Liao et al. 2008).

A common finding in many screens for P-efficiency is that traditional varieties or 
landraces have greater P-use efficiency than modern cultivars (Manske et al. 2000; 
Wissuwa and Ae 2001a). This is often attributed to the impact of breeding programs 
being performed under nutrient replete conditions (Buso and Bliss 1988). Moreover, 
it is considered that whilst such programs have produced cultivars with large harvest 
indexes, which are also relatively internally P-efficient, further gains in P limited 
yield are most likely to be achieved by improving the external P efficiency (Wissuwa 
and Ae 2001a). This has been done successfully for upland rice on volcanic soils in 
the Philippines (Figure 11.2), where near isogenic lines (NILs) generated from a 
backcross of a P-efficient landrace (Kasalath) to a P-inefficient variety (Nipponbare) 
resulted in lines with greater biomass and P uptake than the Nipponbare parental line 
under P-deficient conditions. Thus showing that there is potential for the introgres-
sion of traits for improved P-efficiency into modern high yielding varieties.

Root traits

Root growth, branching and root hair morphology are clearly important to the effi-
cient acquisition of P from soil, and considerable genetic variation exists both 
across and within different plant species. For example, Lynch and van Beem (1993) 
showed that root architecture in bean (Phaseolus vulgaris) was responsive to low P 
availability and that variation in this trait between genotypes contributed to differ-
ing capacities for P uptake. Genotypes adapted to P-deficiency produced more 
adventitious roots in response to P stress and had greater capacity for root foraging 
in nutrient-rich surface layers of soil (Lynch and Brown 2001; Lynch 2005). Similar 
responses to root growth and development of lateral roots, and their contribution to 
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P-uptake have been reported in maize (Zea mays; Zhu and Lynch 2004) and wheat 
(Manske et al. 2000; Liao et al. 2008).

Variation in root hair length and morphology has likewise been reported for a 
number of crop species including white clover (Trifolium repens), barley (Hordeum 
vulgare), wheat, bean and soybean (Gahoonia and Nielsen 1997; Caradus 1979; 
Yan et al. 1995; Wang et al. 2004). In the case of white clover, high heritability of 
root hair length enabled the selection of this trait within a breeding program 
(Caradus 1995). Genotypic variation in root hair length affects the size of P-depletion 
zones around barley roots when grown in soil (Figure 11.3; Gahoonia and Nielsen 
1997), and has been shown to contribute to improved P uptake under field condi-
tions (Gahoonia et al. 1999).

Collectively, these observations suggest that selection for more P-efficient culti-
vars can be achieved through traditional breeding. However, efforts to develop suc-
cessful breeding programs have been hampered by difficulties in developing robust 
and rapid screening methods for root traits under field conditions. The development 
of molecular markers that are appropriately linked to desired traits may offer new 
opportunities for success. Indeed, major QTLs for root hair length and P-uptake 
capacity have recently been identified in bean and maize (Yan et al. 2004; Zhu et al. 
2005) and major QTLs associated with P-efficiency in rice have also been identified 
(Wissuwa and Ae 2001a; Wissuwa 2003, 2005). Alternatively, identification of 
genes that control Pi-uptake efficiency, or are associated with root development, 
may have direct application for plant improvement. For example, key regulatory 

Fig. 11.2 Development of P uptake by a range of rice (Oryza sativa) lines over time when grown 
in a P-deficient Andisol from the Philippines. Included are near isogenic lines (NIL-C498 and 
NIL-C443) generated from a backcross of a P-efficient landrace (Kasalath) to a P-inefficient vari-
ety (Nipponbare). (Taken from Wissuwa and Ae 2001b.)
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genes that are involved in root proliferation, root branching and root hair develop-
ment have been identified (e.g. Zhang and Forde 1998; Williamson et al. 2001) and 
analysis of whole plant genomes is providing new insights into pathways of genes 
that are associated with plant responses to P-deficiency (Hammond et al. 2003; 
Wasaki et al. 2003; Wu et al. 2003).

Extracellular organic anions

Given the importance of organic anions in P mobilization, it is possible that genetic 
variation in the capacity to exude organic anions may be exploited. Whilst informa-
tion on intraspecific variation in organic-anion exudation from plants is relatively 
scarce, there is evidence that landraces of white lupin from acidic and alkaline soils 
show differences in organic anion exudation and relative capacity to access different 
forms of mineral P (Pearse et al. 2008). Differences in the ability of cultivars of 
pigeon pea to exude organic acids have similarly been identified (Subbarao et al. 
1997; Ishikawa et al. 2002). Although it is difficult to know whether such differences 
can be exploited commercially to improve P uptake by plants, wide-based screen-
ing programs and selection of genotypes for increased exudation of organic-anions 
is worthy of pursuit.

Alternatively, the heterologous expression of genes for enzymes involved in 
organic anion synthesis in roots has been investigated as a means to increasing 
exudation of organic anions from roots. Over-expression of a bacterial citrate syn-
thase (CS) gene in tobacco (Nicotiana tabacum) has been reported to increase citrate 
efflux from roots of transgenic lines compared to control plants (de la Fuente-Martínez 
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of two cultivars of barley (Hordeum vulgare) with different root hair morphologies (cultivars Zita 
and Salka) as compared to an unplanted control soil. (Taken from Gahoonia and Nielsen 1997.)
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et al. 1997). Enhanced efflux of citrate enabled the transgenic lines to access P from 
Ca-P that was otherwise unavailable to control plants (López-Bucio et al. 2000). 
However, using similar gene constructs and in some cases the same transgenic lines, 
Delhaize et al. (2001) could not confirm these results. Moreover, tobacco plants that 
over-expressed a tobacco CS, or were down-regulated for isocitrate dehydrogenase 
expression, showed no significant increase in citrate efflux even though in some 
cases the plants had greater internal citrate concentration (Delhaize et al. 2003). 
Notwithstanding this, it is apparent that there is potential to enhance organic acid 
exudation by targeting the citrate synthesis biosynthetic pathway. Over-expression 
of a plant gene for mitochondrial CS in Arabidopsis thaliana enhanced citrate efflux, 
with an associated small improvement in P acquisition (Koyama et al. 2000). Other 
approaches have attempted to increase organic-anion exudation by over-expressing 
other genes of the tricarboxylic acid (TCA) cycle such as, phosphoenol pyruvate 
carboxylase (PEPC) and malate dehydrogenase (MDH; Raghothama 1999). Over-
expression of MDH in lucerne increased the efflux of organic anions from roots, but 
over-expression of PEPC did not (Tesfaye et al. 2001). Irrespective of the approach, 
it is worth noting that the increase in organic-anion efflux from transgenic plants 
needs to be of greater magnitude than that achieved thus far for Arabidopsis or 
lucerne to be of agronomic significance.

Genes that encode channels involved in the transport of organic anions from 
roots to the rhizosphere are a further option for a gene technology approach. 
Citrate-permeable channels in the plasma membrane of cluster roots of white lupin 
have been identified (Zhang et al. 2004), and a gene encoding a malate channel has 
been cloned from wheat (Sasaki et al. 2004). When expressed in transgenic barley 
this gene (Almt1) resulted in increased exudation of malate, albeit in an Al-
activated manner (Delhaize et al. 2004). To be useful for P nutrition it is important 
that transporters be identified which are functional under conditions of P-deficiency, 
and that the expression of which is regulated appropriately in root tissues.

Release of extracellular phosphatase

A number of studies have investigated extracellular phosphatase activities of plant 
roots and significant genotypic variation across and within different species has been 
identified (Tadano et al. 1993; Li et al. 1997; Asmar 1997; Gaume et al. 2001; George 
et al. 2008). On this basis it has been proposed that variation in root phosphatase 
activities may be useful in the selection of genotypes for greater utilization of soil 
organic P (Asmar et al. 1995). George et al. (2008) screened a range of wheat lines 
for variation in the activity of root-associated phosphatases towards different organic 
P substrates (Figure 11.4). While some relationships were identified between the dif-
ferent activities and the ability of the plants to utilize specific organic P substrates in 
vitro, no clear relationships were found for the growth and P nutrition of the plants 
when grown in a range of soils (George et al. 2008). This suggests that variability in 
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Fig. 11.4 Activities (nKat g−1 root FW) of phosphatases associated with roots of 23 cultivars of 
wheat, one of barley and one of rye. Phosphatase activities, assigned as exuded, soluble and cell-
bound fractions (solid, hatched and open bars, respectively) were measured against (i) glucose 
6-phosphate, (ii) ribonucleic acid and (iii) myo-inositol hexakisphosphate. Data are the mean of 
five replicates and are presented in ascending order with respect to total activity against glucose 
6-phosphate. Differences between cultivars for each root phosphatase activity fraction, and the 
total activity, were established using ANOVA and for each panel are shown by LSD (p < 0.05) 
bars. (Adapted from George et al. 2008.)
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phosphatase activities either has little significance in the P nutrition of soil-grown 
plants or, more likely, that any benefit from hydrolysis of organic P by either plant or 
microbial-derived phosphatases was common to all genotypes.

Research effort has also focused on improving the ability of plants to acquire P 
directly from common forms of soil organic P, such as inositol phosphates. 
A number of studies have developed transgenic plants with heterologous expression 
of microbial phytases (Richardson et al. 2001a; Zimmermann et al. 2003; Lung 
et al. 2005; Xiao et al. 2005). Previous studies demonstrated that many plants 
(including monocots and dicots) have limited capacity to utilize P from myo-inositol 
hexakisphosphate, and that this was associated, at least in part, with low levels of 
extracellular phytase (Findenegg and Nelemans 1993; Hayes et al. 2000b; 
Richardson et al. 2000, 2001b). Transgenic plants that over-express microbial 
phytase and release it from their roots have novel ability to hydrolyze P from myo-
inositol hexakisphosphate and, when grown under controlled conditions, showed 
enhanced growth and P nutrition (Figure 11.5; George et al. 2004; Richardson 
et al. 2001a; Mudge et al. 2003; Zimmermann et al. 2003). However, when grown 

No P

shoot dry wt
(mg plant−1)

28.1 40.7 51.8 47.9

shoot phosphorus
(µg P shoot−1)

48.3 103.5 299.0 305.3

exuded root
phytase activity*
(nKat g−1 root dry wt)

- -1.3

* activity for wild-type plants was 0.6 nKat g−1 root dry wt

107.9

ex::phyA ex::phyA ex::phyAnull segregant

Na2HPO4myo-inositol hexakisphosphate

Fig. 11.5 Growth, phosphorus nutrition and activity of phytase exuded from the roots of trans-
genic Trifolium subterraneum. Shown are plants that release the Aspergillus niger phytase (ex::
phyA) as an extracellular enzyme and the corresponding null segregant transgenic control line. 
Plants were grown for 28 days in sterile agar either without added phosphorus (no P) or with 
phosphorus supplied as sodium phytate (myo-inositol hexakisphosphate) or disodium phosphate 
at 0.9 mM (with respect to phosphate). (Taken from George et al. 2004.)
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in a range of soils these plants have generally shown limited capacity to access 
additional P over that of control plants (George et al. 2004, 2005b). Factors that 
may limit the capacity of the plants to access P from inositol phosphates in soil 
include, small amounts and/or poor availability of inositol phosphates, immobiliza-
tion of phytase activity by sorption on soil components, and compensatory effects 
due to the presence of soil microorganisms (George et al. 2005a,b; Richardson et al. 
2007). Irrespective of this, relatively large responses (up to 70% over the transgenic 
control) of plants that exude phytase have been observed under certain conditions, 
for example after recent P application and in manured soils (George et al. 2005b; 
George 2008; unpublished). Biochemical characteristics of different  phosphatases 
are also important for mineralization of soil organic P (Figure 11.6). Phytase from 
Aspergillus niger (which is expressed in transgenic plants, Richardson et al. 2001a; 
George et al. 2004, 2005b) was less effective at mineralizing P from endogenous 
sources of organic P in a range of soils in comparison to a phytase from Peniophora 
lycii. A key difference between these two phytases is their mobility in soils at pH 
typical of the soils tested, where the P. lycii phytase retained greater activity within 
soil solution as compared to interaction with the soil solid phase (George et al. 

Fig. 11.6 Concentration of phytase labile P (µg P g−1 soil) in suspensions (1:10 w:v) of a range 
of Australian soils incubated with Peniophora lycii and Aspergillus niger phytase (120 nKat g−1 
soil) for 24 hours. Data are the mean of four replicates with bars representing one standard error. 
Differences in P release were established using ANOVA and columns with the same letters are not 
significantly different (LSD, p < 0.05). (Taken from George et al. 2007.)
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2007). These results further highlight the complexity inherent in attempting to 
improve multi-mechanistic tolerance traits by a single gene approach. Whilst 
potential exists for manipulating P-use efficiency at a genetic scale, success will 
often be limited by poor understanding of the control of the mechanisms imposed 
by different soil environments. It is also important that, where possible, functional 
redundancy and/or compatibility of alternative mechanisms be considered in order 
to optimize the efficacy of the target trait.

CONCLUDING REMARKS

Management of soil P remains a critical issue for the economic and environmental 
sustainability of agriculture globally. It is therefore essential that we have appropri-
ate understanding of the mechanisms by which plants are able to acquire P from 
soil. In this chapter, various processes and physiological traits of plants that facili-
tate the availability and acquisition of P from soil have been outlined and some 
possibilities for deploying these traits into agricultural germplasm discussed. Better 
understanding of these processes and development of improved germplasm may 
ultimately improve the P-use efficiency of agriculture systems and provide valuable 
information for wider-scale land and resource management. However, at present it 
is evident that the full extent of the complexity of the gene by gene and gene by 
environment interactions that are associated with plant P nutrition are not well 
appreciated, and that our comprehension of the functional redundancy and compat-
ibility of different mechanisms both within individual plants and between coexist-
ing organisms is poor. Furthermore, management systems that optimize the 
availability of soil P to plants and maximize the benefits from P inputs, whether 
they are applied as soluble fertilizer, rock phosphates or as organic amendments, 
need to be further developed. This will require detailed knowledge of how different 
crops and cropping systems (e.g. strategic use of crop rotations, manure crops etc.) 
contribute to the soil P cycle and the relative importance of microbial processes and 
their interactions with plants roots. In the longer term, and as we gain better under-
standing of how different mechanisms interact and influence P availability, there 
will be opportunity to develop more P-efficient plants through the manipulation of 
specific traits. This might be achieved through selection and marker-assisted plant 
breeding for specific root traits or by direct manipulation of plants by gene tech-
nologies. In either case it is important that a systems approach to P management 
continues to be developed for a more sustainable agriculture.
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Chapter 12
PHOSPHORUS AND THE FUTURE

John A. Raven

INTRODUCTION

Before man took a major hand in biogeochemistry in the late Holocene, phosphorus 
(P) availability was a major constraint on primary productivity and diazotrophy, and 
this remains so over significant areas of land and ocean today. Photosynthetic 
organisms have a significant inheritance of strategies of prospecting, mining, trans-
porting and storing phosphate, as well as in economizing on the use of P in some 
aspects of their biochemistry and in reallocating the element within the organism. 
The benefits in terms of P requirements of the mechanisms involved in seeking and 
acquiring phosphate, and in economizing on the use of P within the organism, have 
costs in terms of other resource requirements and of restrictions on growth rate. 
Restricting the use of P fertilizers is desirable for reducing leakage of the element into 
‘natural’ environments, and will be enforced by the non-renewable nature of P 
reserves. Modifying crops by purely conventional and GM-assisted breeding to 
accommodate these requirements while maintaining or increasing productivity will 
be a major challenge for plant scientists.

It is perhaps unnecessary to point out that the predictable changes in plant-
phosphorus interactions over the next few centuries will be dominated by man’s 
response to increasing human population, the corresponding increased exploitation, 
and ultimate exhaustion, of accessible mineral phosphate reserves (Tilman et al. 
2001, 2002), and the interactions of these with global environmental change.

The approach taken here to considering these changes, and their probable effects 
on what remains of ‘natural’ plant populations, is to first consider what is known of 
plant-phosphorus interactions before man’s influences became significant, with cur-
rent anthropogenic phosphorus mobilization now equaling natural processes (Tilman 
et al. 2001, 2002). This will give an appreciation of what plants, defined in the broad, 
non-phylogenetic sense as organisms that can produce oxygen by photosynthesis, did 
under natural conditions of phosphate supply, with an emphasis on biogeochemistry 
and evolution. Such considerations provide an evolutionary background of how plants 
from various habitats deal with changes in phosphate availability.

This background will then be used to reconsider how man’s activities in response 
to the forcing factors mentioned above (human population increase, exhaustion of 
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mineral phosphate reserves, global environmental change) must be conditioned by 
the biogeochemistry of phosphate and the evolutionary history of crops. Finally, an 
attempt is made to assess priorities for action.

PHOSPHORUS-PLANT INTERACTIONS BEFORE MAN’S 
ACTIVITIES BECAME GLOBALLY SIGNIFICANT, 
AND THE PRESENT SITUATION

There are clear chemical reasons for why nutrient elements perform the functions 
that they do in living organisms (Williams 1981; Williams and Fráusta da Silva 
1996). The availability of these essential elements is determined by a variety of 
cosmological and geological factors. The cosmological factors include the genesis, 
post Big Bang, of elements of higher atomic number than helium in stars larger than 
the sun, and the apportioning of elements during the genesis and development of 
our solar system (Williams and Fráusta da Silva 1996; Raven et al. 2004, 2005a; 
Pasek and Lauretta 2005; Pasek et al. 2007). The geological factors determining 
availability of elements in the lithosphere, hydrosphere and atmosphere have been 
increasingly modified over at least the last 3.5 billion years by the influence of 
organisms, i.e. geochemistry increasingly became biogeochemistry.

In the case of P we have a cosmically, and terrestrially, abundant element that is 
rather unavailable to organisms compared to their stoichiometric requirement for it 
relative to other elements. Phosphorus is a macronutrient and, while acknowledging 
that ‘content’ does not equal ‘requirement’ (organisms contain many non-essential 
elements), it is significant that it varies relatively little in organisms grown under nutri-
ent-sufficient conditions among the major clades of marine microalgae (Bertilsson et 
al. 2003; Heldal et al. 2003; Ho et al. 2003; Quigg et al. 2003; Falkowski et al. 2004; 
Finkel et al. 2006) and of flowering plants (Broadley et al. 2004). Such comparisons 
among clades often use P content as a ‘fixed point’ to which the content of other 
elements is referred, e.g. P = 1 in considering variations in the C:N:P ratio in marine 
phytoplankton from the canonical Redfield Ratio of 106 C:16 N:1 P (by atoms: 
Redfield 1958; Falkowski and Raven 2007), as exemplified by the studies of Burkhardt 
et al. (1999), Gervais and Riebesell (2001) and Leonardos and Geider (2005).

There are interactions between the P requirements of oxygen-producing photo-
lithotrophs and the means by which they acquire other nutrient elements. One 
much-investigated, but still poorly understood phenomenon, is the apparently 
high P requirement for diazotrophy in certain cyanobacteria, and symbioses 
of diazotrophic (cyano) bacteria with certain eukaryotes, compared to related 
organisms (Tyrrell 1999; Sañudo-Wilhelmy et al. 2001; Vitousek et al. 2002; Mills 
et al. 2004; Schulze et al. 2006). This higher requirement is not always seen in the 
elemental composition of the organisms, but is rather seen in the requirement for 
external P for diazotrophic growth relative to non-diazotrophic growth. This 
P-diazotrophy interaction is one aspect of the puzzle as to why diazotrophy is not 
more common in some ecosystems with substantial losses of nitrogen (N) compounds 
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by denitrification, leaching or sedimentation (Tyrrell 1999; Vitousek et al. 2002; 
Falkowski and Raven 2007). Another area that needs further investigation is the 
implications for P nutrition on carbon (C) acquisition in organisms with, and with-
out, inorganic C concentrating mechanisms (CCMs), such as the C

4
 pathway, and 

the effects of P deficiency on expression of CCMs, where these are susceptible to 
varying degrees of expression, to supplement the limited information already avail-
able (Bo ena et al. 2000; Beardall et al. 2005; Ghannoum and Conroy 2007).

It is worth pointing out that, although terrestrial net primary productivity 
expressed in C terms is greater than that in the world’s oceans (Falkowski and 
Raven 2007), the greater C:P in terrestrial vegetation than in marine phytoplankton 
(Redfield 1958; McGroddy et al. 2004), which are by far the predominant marine 
primary producers, means that P acquisition and assimilation in the oceans each 
year exceeds that on land.

There is geological evidence consistent with variations in P availability in 
various environments over the last few billion years (Raven et al. 2005a; Elser et al. 
2006b; Konhauser et al. 2007), with a major downturn in P availability in most 
habitats occupied by oxygen-producing photolithotrophs upon the global oxygena-
tion permitted by the evolution and diversification of these oxygen-producers as a 
result of the binding of inorganic phosphate to iron in the Fe(III) form (Falkowski 
and Raven 2007).

There is also evidence from extant organisms of acclimatory mechanisms related 
to the acquisition of P from habitats of low P availability (Lambers and Poot 2003; 
Smith and Read 2007), and for tissue P redeployment, including the extent of 
resorption from structures that are no longer metabolically active (Hedin 2004; 
McGroddy et al. 2004; Gusewell 2005), as well as changes in biomass allocation 
(Hermans et al. 2006), within the organism during their ontogeny. There are also 
mechanisms of economizing on the use of P in metabolism, including the partial 
substitution of P by other elements (reviewed by Ticconi and Abel 2004). 
A recently discovered example of the latter is the constitutive and acclimatory (in 
response to P deficiency) replacement of phospholipids by glycolipids (galactolipids 
and sulfolipids) in plastids (where glycolipids dominate anyway) and in extra-
plastid membranes (Dörmann and Benning 2002; Andersson et al. 2003, 2005; 
Frentzen 2004; Gaude et al. 2004; Kobayashi et al. 2006; van Mooy et al. 2006). 
Interestingly, glycolipids occur where phospholipids would otherwise occur in 
peribacteroid membranes surrounding rhizobial symbionts in diazotrophic legumes 
(Gaude et al. 2004), economizing on P use in the symbiosis with its apparent high 
P demand as discussed above. The degree of use of sulfolipids and of galactolipids 
in replacing phospholipids is apparently related to the balance of neutral (galactoli-
pid, many phospholipids) and negatively charged (sulfolipid, phosphatidyl glycerol) 
lipids in the membranes (Frentzen 2004) and the availability of sulfur in the 
 environment (van Mooy et al. 2006; Giordano et al. 2007).

Straightforward reduction in the P-containing components of the organism, 
without elemental substitution, can be seen in the ribosomal RNA (rRNA) content. 
This can occur genotypically (e.g. fast and slow growing genotypes within a clade), 
developmentally (e.g. changes in growth rate among instars of arthropods) and 
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environmentally (e.g. in response to P deficiency) with lower rRNA content and 
lower growth rate; Sterner and Elser 2002; Gillooly et al. 2005; Karpinets et al. 
2006). However, as discussed elsewhere in this chapter, chloroplast rRNA can 
increase, and chloroplast DNA decrease, during P deficiency. Continuing with the 
general phenomenon of a decrease in total rRNA with P deficiency, in extreme 
cases the rRNA-P per cell can be as low as the DNA-P content, with corresponding 
impact on the growth rate, in the marine picoplanktonic cyanobacterium 
Prochlorococcus marina (Bertilsson et al. 2003). This is a remarkable economy in 
P to have as much P in the rRNA as in the DNA, considering the small gene number 
and high gene density in the genomes of the various strains of this organism. The 
genotypic correlations between growth rate and rRNA content can be related, at 
least in general terms, to the number of copies of the rRNA operon in the genome, 
since there is little variation in cell size among the bacterial genotypes examined 
(Klappenbach et al. 2000; Karpinets et al. 2006).

However, these correlations between growth rate and rRNA content are gener-
ally less impressive in photolithotrophs than is the case for non-photosynthetic 
organisms (reviewed by Ågren 2004; Raven et al. 2004, 2005a), although other 
interesting stoichiometric relations are found (Kerkhoff et al. 2005, 2006; Niklas 
et al. 2005; Niklas 2006; Niklas and Cobb 2006). For the copy number of rRNA 
operons in the genome in photosynthetic organisms, Zhu et al. (2005) examined 18 
species of eukaryotic microalgae with a range of biomasses over almost six orders 
of magnitude, and found an increase in copy number with increased cell size. The 
paper did not cite specific growth rates, but the decrease in specific growth rate with 
(genotypic) increase in cell size is quite small (e.g. Banse 1982) so that, among the 
microalgae, cell size rather than specific growth rate is the main determinant of the 
rRNA operon copy number.

Overall, these data could be taken as indicating that there is a relatively greater 
excess of rRNA in photolithotrophs that are growing more slowly as a result of their 
genetic composition or limiting resource supply than is the case in many sapro-
trophs and phagotrophs. However, the need for protein synthesis in mature, 
non-growing organs could help to explain some of this apparent uncoupling of 
whole-organism growth from whole-organism rRNA content. An example is the 
non-growing but photosynthetically active leaves in flowering plants. In addition to 
the general turnover of proteins in the absence of net synthesis of protein, the thyla-
koid membranes of all oxygen-producers have a turnover of photodamaged D1 
protein (psbA gene product) in the photosystem II reaction centre. Although this 
polypeptide is only a small fraction of the total leaf protein, the photodamage-
related protein resynthesis can be much more rapid than the turnover of other 
polypeptides (Raven 1989, 1994; Schaefer et al. 1990; Zagdanska 1995; Scheurwater 
et al. 2000; Raven et al. 2002, 2004, 2005a). Furthermore, the possibility for 
photodamage can be temporally very variable (e.g. sunflecks incident on a forest 
floor plants), so that an apparent excess of rRNA may be needed relative to what is 
needed for the mean rate of protein (including D1) turnover (Raven 1989). The 
rRNA needed for D1 repair is in the chloroplasts, since psbA is a plastid-located 
gene. A possibility that has not yet been explored is the extent to which the 
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decreased expression of certain genes (psbO, psbP) related to photosystem II and 
expressed on the luminal side of the thylakoid membrane under P deficiency in 
Arabidopsis thaliana (Jain et al. 2005) interacts with the potential for photodam-
age. The reduced expression of these genes may underlie the observation (Jacob 
1995) of increased thermal dissipation of excitation energy by, and decreased quan-
tum yield of, photosystem II in P-deficient plants. Yehudai-Resheff et al. (2007) 
noted that chloroplast rRNA increased in P-deficient cells of Chlamydomonas rein-
hardtii while the degree of polyploidy of chloroplasts genomes declined, i.e. the 
response of chloroplast rRNA was the opposite of that of chloroplast DNA. Before 
suggesting that the increased chloroplast rRNA in P-deficient Chlamydomonas 
reinhardtii cells is related to any increased potential for photodamage to D1 and a 
corresponding increase in the need for resynthesis of D1, it must be remembered that 
the increased content of rRNA could be a result of polyadenylation of rRNA 
(Yehudai-Resheff et al. 2007). Jain et al. (2005) point out that decreased effectiveness 
of photosystem II electron transport is a result of phosphate deficiency in 
Chlamydomonas. The requirement for rRNA in the resynthesis of proteins in mainte-
nance processes, and its implications for the extent to which rRNA content relates to 
growth rate, has been recognized more recently for phagotrophs (Kyle et al. 2006).

The acclimatory mechanisms enabling tissue P economy can be related to a 
general lack of P availability, as well as to particular temporal and spatial occur-
rences of low P availability. Habitats with very low P availability include the 
oligotrophic central oceanic gyres (Bertilsson et al. 2003; Heldal et al. 2003; 
Paytan and McLaughlin 2007), and very old soils in Western Australia and South 
Africa (Lambers and Poot 2003), although greater P availabilities occur in some 
other old, leached soils (Birks and Birks 2004; Hedin 2004; Reich and Oleksyn 
2004; McGroddy et al. 2004; Wardle et al. 2004; Smith and Read 2007; cf. Wright 
et al. 2005). The photolithotrophs in these habitats also have an elaboration of 
mechanisms for acquiring P.

For planktonic photolithotrophs this can involve mechanisms permitting the use 
of extracellular organic phosphates, usually through the use of extracellular 
phosphatases rather than the direct uptake of the organic phosphates, in addition to 
the use of extracellular inorganic phosphates (Dyhrman and Haley 2006; Martiny 
et al. 2006). There is also the possibility of the use of phosphonates in some marine 
phytoplankton (Dyhrman and Haley 2006; Dyhrman et al. 2006). These are com-
pounds with C-P bonds, with P in a less oxidized state than in phosphates. They are 
natural products, for example C-P bonds occur in some membrane lipids, and have 
been discussed in the context of the origin of life on Earth (Pasek and Lauretta 
2005; Pasek et al. 2007), and require further investigation. There is also a need for 
further investigation of the biogenesis of the completely reduced compound phos-
phine (PH

3
, more properly termed phosphane). This compound has recently been 

quantified as an atmospheric trace gas and as a product of anoxic lake sediments, 
and may also have abiogenic sources (Glindemann et al. 2004; Geng et al. 2005; 
Zhu et al. 2006, 2007).

For terrestrial plants, the emphasis in cases of moderate P deficiency, is on 
increasing the volume of soil exploited for the acquisition of phosphate, which is 
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present at low concentrations in the soil solution and which has a very low diffusion 
coefficient. In most cases this involves mycorrhizal symbioses, and more specifi-
cally arbuscular mycorrhizas (Smith and Read 2007). Non-mycorrhizal plants, such 
as members of the Brassicaceae and Chenopodiaceae, are in a significant minority. 
Extreme P deficiency can involve the formation of cluster roots (including dauci-
form roots) in the absence of mycorrhizas, as occurs in members of the Proteaceae 
and some Leguminosae and Cyperaceae. Here the emphasis is on chemical modifi-
cation of a small volume of soil by the efflux of organic anions, with varying 
degrees of pH alteration, which release phosphate from calcium and ferric iron 
associations (Lambers and Poot 2003).

Returning to the genetic evidence for the occurrence of P deficiency in the evo-
lutionary history of organisms, an obvious example is the up- and down-regulation 
of a wide range of genes upon a decrease in P supply in marine phytoplankton 
(Martiny et al. 2006) and flowering plants (Hammond et al. 2003, 2004; Wasaki 
et al. 2003, 2006; Amtmann et al. 2006; Morcuende et al. 2007).

Two other approaches to investigate the stoichiometric relationships between the 
concentrations of different elements have been taken with C, N and S. One is the 
analysis of the use of the element in the nucleic acid bases in the genome, and in 
the amino acids of the derived proteome, with a weighting for the extent of expres-
sion of different genes when considering the proteome (see review by Raven et al. 
2005a, and later work by Elser et al. 2006a and Bragg and Wagner 2007). This 
technique can only be used for C and N in the genome and C, N and sulfur (S) in 
the derived proteome. It has yielded interesting results on the relative use of C and 
N as a function of photolithotrophy (smaller use of N relative to C) and of chem-
oorganotrophy (greater use of N relative to C), and the extent of use of S-containing 
amino-acids in the proteome (Raven et al. 2005a; Elser et al. 2006a; Bragg and 
Wagner 2007). The possibilities of applying this technique to P are limited. The P 
content of a genome of a given size is immutable, while P in the proteome is limited 
to post-translational modification, which requires more information than is provided 
by the genome sequence, the derived proteome and the degree of expression of dif-
ferent genes. Nevertheless, such analyses are possible from knowledge of the genes 
whose products are susceptible to phosphorylation and the expression of these 
genes. This sort of analysis would be an example of a genomic analysis of elemental 
use in organisms, with implications for elemental availability in the evolution of 
those organisms (Lahner et al. 2003; Zerkle et al. 2005). Thus, the occurrence, and 
where possible the extent of their expression, of genes whose products contain a 
given element as a catalytic cofactor in an organism or clade may be related to 
the availability of those elements during the evolution of that organism or clade 
(Lahner et al. 2003). Where genomic analyses are allied to elemental analyses 
(Lahner et al. 2003), they overlap with attempts to relate the quantitative occur-
rence of elements in organisms from different clades, to draw conclusions about the 
availability of various elements during the evolution of those clades (Ho et al. 2003; 
Quigg et al. 2003; Falkowski et al. 2004).

Although phosphorylated proteins only account for a very small fraction of the 
total P in an organism, the extent of their occurrence in different organisms could 
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provide important evolutionary information. The variations in C and N in the 
genome, and of C and N, (and, to some extent, S) in the proteome, are also rela-
tively small, but they contain important evolutionary information on the relative 
elemental availability to major clades during their evolution. In the case of P it is 
possible to argue that the regulatory significance of protein phosphorylation, and 
the small fraction of the total organismal P that occurs as phosphoproteins, makes 
them unlikely targets for P economy. As an example, the occurrence of a phospho-
protein may be essential for a regulatory process that leads to an economy in P use 
that far exceeds the amount of P in the particular phosphoprotein. However, such 
arguments should not be used to prevent attempts see if information on past P 
availability can be obtained from the extent of occurrence of proteins susceptible to 
regulatory phosphorylation in a range of genomes.

An ecological implication of changes in the P concentrations of the cells and 
organs of photolithotrophs is that variations in stoichiometry have consequences for 
herbivory (Sterner and Elser 2002; Kuang et al. 2004). The extent to which this will 
alter the impact of herbivory on photolithotroph populations depends on the time 
(pre- or post-ingestion) at which the grazer detects the consequences of altered P 
concentrations on the quality of the food item as far as that grazer’s nutrition and 
fitness are concerned. Similar considerations apply to the effect of altered phosphorus 
content, and genome size, on the susceptibility of photolithotrophs to viruses and 
host-virus dynamics (Raven et al. 2005b; Raven 2006; Chasen and Elser 2007).

At present, man’s activities are mobilizing as much phosphate each year from 
rock phosphate deposits as is mobilized ‘naturally’ from rocks in pedogenesis 
(Tilman et al. 2001, 2002). Despite the very low mobility of phosphate in soil, 
much of the anthropogenic phosphate joins the natural phosphate in rivers and, 
ultimately, the sea. Eventually, after a water column residence time of a few tens of 
thousands of years, the phosphate is sedimented (Paytan and McLaughlin 2007). 
Any of the applied P fertilizer that becomes unavailable to crops, either by changing 
chemically (even though it stays in the soil) or spatially (by being removed from 
the root zone) is lost as far as man is concerned, since there are no known technologies 
for dealing with such diffuse P losses. By contrast, there are means of recovering P, 
in a form that can be converted into fertilizer or P supplements to animal feed, from 
point sources of P loss such as human sewage and slurry from intensive animal 
production (Shu et al. 2005).

WHAT OF THE FUTURE?

The previous discussion in this chapter, and in this book as a whole, shows that 
recent advances have provided an excellent basis for furthering our understanding 
of phosphate-plant-environment interactions. Advances can be confidently expected 
in our understanding of the regulation of P acquisition and allocation at the molecular 
genetic level in the ‘usual suspects’, from Prochlorococcus to Populus, of 
 oxygen-producing photolithotrophs for which there are (more or less) complete 
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genome sequences. Equally, great advances can be expected of further observations 
and modeling at more integrated levels, from Plant Physiology through Macroecology 
to Earth System Science.

As well as the pure scientific interest of such work, it must also be used to 
address the pressing problems of feeding the increasing human population while 
retaining ecosystem services and biodiversity in the face of global environmental 
change, a finite supply of ‘fossil’ water for irrigation, and a finite supply of eco-
nomically extractable rock phosphate. While what constitutes ‘economically 
extractable’ will change with increasing demand for phosphate, it would seem that 
phosphate reserves will be exhausted within two centuries with the projected rates 
of future extraction. ‘Peak phosphate’ (by analogy with Hubbard’s concept of ‘peak 
oil’), will be reached much sooner. However, while oil as an energy source can be 
replaced (albeit with significant dislocation for some energy requirements, such as 
road, air and sea transport) by other sources, there is no replacement for 
phosphate.

What can be done? Limiting human population growth is an absolute necessity, 
but it is beyond the scope of this chapter to address the socio-economic, political 
and ethical ramifications of such limitation. From the point of view of P fertilizers 
for agricultural production, there must be immediate implementation of recovery of 
phosphate from point sources of anthropogenic output (Shu et al. 2005). Also vital 
is improved agronomic technology, with better real-time estimation of P require-
ments of individual plants and precision placement of fertilizer. This technology is 
information-intensive, and may also be energy-intensive compared to current meth-
ods, but if it is applied successfully there will not only be less use of phosphate 
fertilizer, but also less loss of phosphate to groundwater, inland water systems and 
the ocean with a corresponding decrease in eutrophication. In addition to these pos-
sibilities there is, of course, the need to address the topics that have dominated this 
chapter. The desired outcome is minimizing the plant’s P requirement, while main-
taining or increasing productivity. This must be achieved without compromising the 
ability of the plant to respond to environmental variability or the quality of the 
agricultural product. It is uncertain how useful (or possible!) it would be to engineer 
crop plants to have cluster roots for ‘phosphate mining’. While some crop plants 
(e.g. Lupinus albus, Hippophae spp. and Macadamia) have cluster roots, they were 
not selected, or bred, as crops for this reason. Equally, it is not known if the optimal 
(in terms of phosphate uptake per unit of other resource consumed) mycorrhizal 
symbionts occur in association with all crop plants; further research is needed in 
this area. Such research must take into account continuing environmental change, 
and the decreasing amount of water available for irrigation.

PRIORITIES FOR ACTION

● Limit human population growth
● Implement recovery of phosphate from anthropogenic point sources
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● Develop and implement precision fertilizer placement technology
● Use genetic modification to minimize P requirements while maintaining or 

increasing yields of crops under environmental change and decreased availability 
of water for irrigation

● Use genetic modification to maximize phosphate uptake per unit of other 
resources used in producing and using the uptake apparatus

● Develop better knowledge of the global phosphorus cycle, making sure that 
minor players, such as the reduced components (phosphites, phosphonates and 
phosphane), are adequately dealt with

These items are listed in an approximate priority order, although in practice they 
will be progressed in parallel.
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