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The great success of the Nutrition and Health Series is the result of the consistent overriding mission
of providing health professionals with texts that are essential, because each includes: (1) a synthesis
of the state of the science; (2) timely, in-depth reviews by leading researchers in their respective
fields; (3) extensive, up-to-date, fully annotated reference lists; (4) a detailed index; (5) relevant tables
and figures; (6) identification of paradigm shifts and the consequences; (7) virtually no overlap of
information between chapters, but targeted, inter-chapter referrals; (8) suggestions of areas for future
research; and (9) balanced, data-driven answers to patients’ as well as health professionals’ questions
that are based upon the totality of evidence rather than the findings of any single study.

The series volumes are not the outcome of a symposium. Rather, each editor has the potential to
examine a chosen area with a broad perspective, both in subject matter as well as in the choice of
chapter authors. The editor(s), whose training(s) is (are) both research and practice oriented, have the
opportunity to develop a primary objective for their book, define the scope and focus, and then invite
the leading authorities to be part of their initiative. The authors are encouraged to provide an overview
of the field, discuss their own research, and relate the research findings to potential human health
consequences. Because each book is developed de novo, the chapters are coordinated so that the
resulting volume imparts greater knowledge than the sum of the information contained in the indi-
vidual chapters.

Chocolate in Health and Nutrition, edited by Ronald Ross Watson, Ph.D., Victor R. Preedy, Ph.D.,
D.Sc., FRIPH, FRSH, FIBiol, FRCPath, and Sherma Zibadi, M.D., Ph.D., clearly exemplifies the
goals of the Nutrition and Health Series. The major objective of this comprehensive volume is to
review the growing evidence that chocolate contains a number of bioactive molecules that can be of
value to many aspects of health. However, it would be highly remiss to not first review the complexi-
ties of sourcing of cocoa, chocolate manufacture, as well as the physical and biochemical aspects of
chocolate components and its by-products so that the clinical studies can be placed in the proper per-
spective, especially with regard to the potential for comparisons between studies. For example, the
volume includes discussions of milk chocolate, dark chocolate, white chocolate, cocoa powder, cocoa
butter, and cocoa husks and hulls and comprehensively reviews the effects of temperature and fer-
mentation conditions for the production of each of these “chocolates” on the potential for clinical
efficacy. This first comprehensive review of the science behind the active molecules in chocolate and
their effects on humans is of great importance to the nutrition community as well as for health profes-
sionals who have to answer client questions about this new area of clinical research.

Chocolate in Health and Nutrition represents the first comprehensive compilation of the newest
data on the actions of the flavonoids and microorganisms associated with the beneficial effects of
chocolate. It is to the credit of Drs. Watson, Preedy, and Zibadi that they have organized this volume
so that it provides an in-depth overview of the natural occurrence and biochemistry of relevant mol-
ecules in chocolate as well as human exposure to chocolate in its many forms and includes the latest
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research on the role of chocolate in normal health areas, including mood, pain and weight management,
cardiovascular disease and related conditions, as well as their use as adjuncts to therapeutic agents
used in the treatment of neurodegenerative diseases. Of importance, this volume includes an in-depth
review of the safety of chocolate with emphasis on the mineral content as well as potential for adverse
microbial effects. Fortunately, the safety reviews reinforce the confidence in the products sold by
major manufacturers.

The volume is organized into five comprehensive sections. The first section comprises five chap-
ters that include reviews of the history of use of cocoa products from the beginning of time up until
present times; there are several unique chapters that describe the hundreds of compounds in chocolate
and the thousands of microbes that are identified during the fermentation processes. The sensory
component of chocolate that most people identify first is its fragrance, and an in-depth chapter exam-
ines the volatiles associated with chocolate.

The second section contains six chapters on the composition of chocolate sources and related plant
components. There is an important review of the biochemistry of the cacao bean with detailed tables.
In the next chapter, there is a comprehensive evaluation of the effects of processing on the bioavail-
ability of the flavonoids in chocolates. The methodologies available for quantifying the bioactive
molecules in chocolate products are outlined in the following chapter. Two critical chapters document
the exposure to cocoa plants, including the bean and husk, by animals and manufactured products for
humans. Cocoa butter’s nutritive value is compared to other fat sources in the final, unique chapter of
this section.

The third section, composed of four comprehensive reviews, examines the newest data on the
metabolism of chocolate, its bioavailability and factors that affect this parameter, and the activities of
the bioactives from chocolate in cell culture. The absorption, metabolism, and pharmacokinetics of
the polyphenols are emphasized and provide relevant data with regard to the clinical chapters in the
next two sections of the volume. Another unique, detailed chapter describes the significant effects of
these bioactives on the human gut microbiota. The final chapter in Section C explores the in vitro
biological activity of the cacao husk and mass lignin carbohydrate complexes found in by-products
from chocolate manufacture.

Half of this volume is devoted to reviews of clinical significance, with the fourth section, contain-
ing 11 chapters, examining the evidence for a role of chocolate in prevention and/or treatment of
certain chronic diseases. Most of the clinical studies have looked at potential cardiovascular and neu-
rocognitive benefits. Four chapters review the studies of the cardiovascular system and include
specific, in-depth examination of the data on endothelial function, arterial disease, coronary heart
disease, and hypertension. Extensive tables and figures are included in these chapters. Two other
chapters look at the association of chocolate and prevention and treatment of diabetes. There is a
single chapter on the possible link between chocolate consumption and cancer risk, as data are emerg-
ing and not at the level of research as the cardiovascular area. With regard to cognitive function, three
chapters examine the potential of the anti-inflammatory polyphenols in chocolate to reduce the risk of
Alzheimer’s disease and/or reduce loss of cognition from other causes, including diabetes.

The final section includes 11 chapters — those that examine many diverse aspects of the association
of chocolate with human behaviors including the beneficial effects on mood and pain tolerance as well
as those that can help the health professional provide data-based, objective responses to clients about
the association of chocolate consumption and weight gain (or loss); effects on withdrawal, addiction,
and acne; and potential for dental caries and altering food preferences in children. The final chapter
provides an enlightened rationale for conducting well-controlled studies in healthy individuals to
determine the full scope of actions of chocolate.

The logical sequence of the sections as well as the chapters within each section enhances the
understanding of the latest information on the current standards of practice for clinicians and related
health professionals including the dietician, nurse, pharmacist, physical therapist, behaviorist, psycholo-
gist, and others involved in the team effort required for the successful treatment of cardiovascular and
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other relevant diseases as well as conditions that adversely affect normal metabolic processes. This
comprehensive volume also has great value for academicians involved in the education of graduate
students, postdoctoral fellows, medical students, and allied health professionals who plan to interact
with patients with disorders that may be beneficially affected by the addition of chocolate products or
their constituents to the diet.

Cutting-edge discussions of the roles of signaling molecules, growth factors, hormones, cellular
and nuclear receptors, and all of the cells directly involved in chocolate flavonoid metabolism are
included in well-organized chapters that put the molecular aspects into clinical perspective. Of great
importance, the editors have provided chapters that balance the most technical information with dis-
cussions of its importance for clients and patients as well as graduate and medical students, health
professionals, and academicians.

The volume contains over 100 detailed tables and figures that assist the reader in comprehending
the complexities of the metabolism as well as the biological significance of chocolate for human
health. The overriding goal of this volume is to provide the health professional with balanced docu-
mentation and awareness of the newest research and therapeutic approaches, including an apprecia-
tion of the complexity of this relatively new field of investigation. Hallmarks of the 40 chapters
include keywords and bulleted key points at the beginning of each chapter, complete definitions of
terms with the abbreviations fully defined for the reader, and consistent use of terms between chap-
ters. There are over 2,500 up-to-date references; all chapters include a conclusion to highlight major
findings. The volume also contains a highly annotated index.

This unique text provides practical, data-driven resources based upon the totality of the evidence
to help the reader understand the basics, treatments, and preventive strategies that are involved in the
understanding of the role chocolate may play in healthy individuals as well as in those with cardio-
vascular disease, diabetes, or neurocognitive declines. Of equal importance, critical issues that involve
patient concerns, such as dental caries and food preferences in children, potential effects on weight
gain, and addiction and withdrawal, are included in well-referenced, informative chapters. The over-
arching goal of the editors is to provide fully referenced information to health professionals so they
may have a balanced perspective on the value of various preventive and treatment options that are
available today as well as in the foreseeable future.

In conclusion, Chocolate in Health and Nutrition, edited by Ronald Ross Watson, Ph.D., Victor R.
Preedy, Ph.D., D.Sc., FRIPH, FRSH, FIBiol, FRCPath, and Sherma Zibadi, M.D., Ph.D., provides
health professionals in many areas of research and practice with the most up-to-date, well-referenced,
and comprehensive volume on the current state of the science and medical uses of chocolate. This
volume will serve the reader as the most authoritative resource in the field to date and is a very welcome
addition to the Nutrition and Health Series.

Adrianne Bendich, Ph.D., FACN
Series Editor



Preface

Historically, the Mayans used the fruit and seedpods from the cacao tree as a food. This food was one
of many brought from the New World by the Spanish. The Aztecs made a drink that was thick,
unsweetened, and eaten with a spoon, although now chocolate products are widely used around the
world, with many modifications. The first section of the book reviews chocolate’s historical use in the
Americas and production methods built upon that experience.

The second section then reviews constituents, their analysis, and bioavailability to provide a cur-
rent understanding of chocolate. These include its role in meeting nutritional requirements, aroma,
and the role of chocolate by-products, such as cocoa butter, in health. The third section logically leads
to expert reviews of how the human body responds to chocolate and its polyphenol components, par-
ticularly their digestion by enzymes and gut microflora, absorption, and metabolic interactions that
help define potential and defined health benefits.

The major goal of the third section is to evaluate the variety of clinical benefits of chocolate and
especially its polyphenols. Thus, dark chocolate could reduce the risk of heart attack and provide
other cardioprotective actions if consumed regularly. Reviews suggest that chocolate may have posi-
tive health roles in diabetes, cancer, hypertension, arterial disease, neurocognitive functioning, and
modification of brain actions, a developing research and clinical arena.

The fourth section, with the most reviews, builds upon brain stimulation and mood alteration due to
chocolate. Several sets of authors evaluate chocolate’s biochemistry and chemistry and its effects on the
brain, mood, and addiction. Withdrawal, cues that stimulate consumption, pain tolerance, mood, addiction,
and flavor are reviewed. Cocoa and chocolate components modulate neurocognitive functioning. Some
affect children’s food and flavor preferences. There are behavioral, cognitive, and affective consequences
of trying to avoid chocolate, including withdrawal, that are included in the book. Two major reported
adverse effects of consumption of sweetened chocolate, acne and dental caries, are defined in detail.

Finally, contaminants of the cocoa bean in production and processing are reviewed. Knowledge of
some of these is important for protection of the consuming public. Contaminants such as mycotoxin
from fungi growing on the beans and pods as well as toxins from other fungal species are described
and evaluated for well-known health risks. Chocolate can contain a variety of potential toxic materials
with lead absorbed from the environment.

Clearly, chocolate and its many products are a complex and diverse set of foods with wide biologi-
cal and health effects, both positive and negative. The book has 40 chapters, with world experts
reviewing their own and others’ research, which dramatically defines chocolate and its human effects.
Overall, chocolate is a product with a long history of human use that has developed into a multitude
of products, with research now showing that some have disease prevention actions.

Tucson, AZ, USA Ronald Ross Watson
London, UK Victor R. Preedy
Tuscon, AZ, USA Sherma Zibadi
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Chapter 1
Pre-hispanic Use of Cocoa

Patricia L. Crown

Key Points

e Native to South America, Theobroma cacao was cultivated in Mesoamerica by at least 1800 B.C.E.

e (Cacao became a widespread trade item and form of tribute.

e Elites, priests, and warriors consumed a variety of chocolate drinks using distinctive drinking
vessels, means of frothing, and additives.

e The healthful properties were recognized, and chocolate was used to treat a variety of ailments
before European contact.

Keywords Olmec « Maya ¢ Aztec * Chaco Canyon ¢ Tribute * Currency ¢ Chocolate drinks

Cultures of the New World incorporated cacao into their diet (the foods we eat) and cuisine (how we
prepare and eat them) as early as 1800 B.C.E. (Fig. 1.1). The history of cacao use follows a trajectory
of use by cultures at an increasing distance from the areas where cacao could be grown, along with
increasingly elaborate and distinctive material objects associated with its preparation and consump-
tion. Cacao consumption became an important component in ritual and everyday life, while control
over access to cacao fueled economic interactions among New World populations up to (and even
after) the arrival of Spanish explorers.

Archeologists rely on multiple lines of evidence in searching for use of plants in the past. Primary
evidence may include macrobotanical remains, pollen, phytoliths, impressions of plant parts, and resi-
dues. Thus, archeologists traditionally collect soil samples systematically over sites, as well as sam-
pling the interiors of vessels and tools, to search for macrobotanical remains (which often preserve
well when they are charred), pollen, and phytoliths. Ancient feces, known as coprolites, can be par-
ticularly important in revealing short-term diet and parasite load. Impressions of plant parts in mud,
adobe, or ceramics may show the presence of economic plants. Archeologists have employed residue
analysis increasingly to determine food remains on vessels or tools, particularly in collaboration with
chemists. Gas chromatography—mass spectrometry and high-performance liquid chromatography—
mass spectrometry are the techniques most often employed. Some specific plants are more easily

P.L. Crown, M.A., Ph.D. (I<)
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R.R. Watson et al. (eds.), Chocolate in Health and Nutrition, Nutrition and Health 7, 3
DOI 10.1007/978-1-61779-803-0_1, © Springer Science+Business Media, LLC 2013



4 P.L. Crown

Arizona

Hohokam
Area

Mexico
b Tuxpan/
Il Areas of Major Production .
Colima TEmoghtitian y Quauhtochco Yucatan
[0 Areas of Secondary Production ‘ Cuetlaxtlan %
7 =4 = Y
) A - 4 @Tabasco :
[[] Areas of Scattered Plantings . b Tochtepec <an Lorerzo Behze
A Archaeological Sites Cihuatlan Guate I Ulua Valle
Chiquimula =7 77
S0CONUSCO . duras
N Paseo dela Amada H
Suchitepeque? .-
+ Guazacapan ; ragua
El Salvador
0 400 800 ~ 1200 Kilometers

Costa Rica

Fig. 1.1 The distribution of cacao cultivation in Central America and Mexico in A.D.1502 and sites/cultures mentioned
in the text (Adapted from reference [13])

identified than others because of the presence of compounds, known as biomarkers, that are specific
to one or a few plants. Other plants have a dizzying array of compounds, none of which are specific
to that plant, so it is not possible to identify them definitively — corn is a good example of a plant
known to have been grown and consumed widely in the New World that is difficult to identify as a
residue by chemical techniques because there are no lipid biomarkers unique to Zea mays [1].

In addition to the primary means of identifying plants, archeologists employ secondary means of
identifying the use of plants. This includes imagery showing plants, documents, and presence of tools
known to have been used to prepare or consume specific types of foods. Images painted on pottery or
walls or carved into rock may depict plants or foods or even meal preparation and consumption. In
more complex societies, written languages document plant and food use. Imagery showing plant use
and documents recording plant use in textual form are generally reliable sources, but not always. It is
sometimes difficult to determine whether to interpret images literally or whether they may be meta-
phorical or mythical in meaning. And documents cannot always be trusted as reliable sources of the
truth, particularly when written by colonial observers of a culture outside their own. Imagery and texts
are very useful, but often archeologists have to rely solely on the presence of tools associated with
specific foods. Just as many modern foods and drinks are prepared with tools or served in containers
that are specific to that type of food or drink, foods and drinks in the past were often prepared with



1 Pre-hispanic Use of Cocoa 5

tools dedicated to that preparation or served in special containers. This is particularly true for foods
that anthropologists call luxury foods, foods that are desirable but not essential to human nutrition [2].
Such foods are often difficult to obtain, reserved for special occasions, require complex preparation
techniques and knowledge, and are often fatty, sweet, or succulent [3]. Use of special containers to
serve such foods enhances their distinctive qualities and signals their consumption from a distance. In
our own culture, alcoholic drinks are often served in special vessel forms so that it is possible to deter-
mine what someone is drinking without asking and from a considerable distance — martini glasses or
brandy snifters are good examples. A savvy archeologist in 200 years might interpret the recovery of
a martini glass as proof that martinis were consumed without finding martini residues or a charred
olive pit! In this same way, archeologists attempt to determine the presence of special tools or contain-
ers dedicated to the preparation or consumption of specific foods and drinks. We can argue from such
indirect evidence that a specific food or drink was consumed in the past.

Archeologists have employed all of these forms of evidence to search for use of cacao in the past.
Working in various parts of the New World, archeologists have recovered macrobotanical remains of
cacao, residues, imagery, texts, and tools/containers as evidence of cacao use. Current evidence indi-
cates that from early pre-Hispanic times into the historic period, consumption of chocolate drinks
involved special containers, a method for frothing, cacao, and additives. The drinks varied in tempera-
ture and additives but shared the four characteristics listed. Research on cacao use is changing rapidly,
with yearly publications providing new information. Here I summarize what we know today, with the
caveat that new information may alter or supplement this discussion.

The most recent publications indicate that Theobroma cacao is a native Amazonian plant domesti-
cated in Mesoamerica, with possible incipient domestication in Amazonia [4]. At the time of European
contact, cultivated cacao trees were noted only in Mesoamerica. Archeological evidence places the
earliest cacao use at the Paso de la Amada Site of the Mokaya Culture located on the southern Pacific
Coast of Mexico, dating from 1900 to 1500 B.C.E., based on residue analysis of a neckless globular jar
form [5]. Cacao residues were also present during the Early Preclassic occupation of the earliest Olmec
capital of San Lorenzo at 1800 to 1000 B.C.E. [6], located in southern Veracruz, Mexico. Vessel forms
tested confirm that cacao drinks were consumed, but not what these drinks were. They might have been
drinks made from cacao nibs or from the sweet pulp surrounding the nibs; a fermented beverage may
have been made from the pulp, as has been documented historically for wild Theobroma in South
America and cultivated Theobroma among the Highland Maya [6, 7]. The argument for a precedent for
a fermented beverage made from the pulp is based on the shape of the vessels containing residues, with
earlier bottle forms shifting to later forms more amenable to creating a froth. As the froth is more likely
associated with drinks made from cacao nibs, the argument is made that earlier drinks might be of the
fermented, nonfrothing variety [7, 8]. The evidence from the Olmec area indicates cacao residues in
many distinct vessel forms and ceramic wares, including cups, open bowls, and bottles as well as deco-
rated fine wares and coarse ware [6]. Recovery of residues in such an array of vessel forms and wares
suggests that cacao drinks were fairly widely available and consumed, particularly given that 17% of
all ceramics tested had cacao residues. Of particular interest, four positive samples from San Lorenzo
came from a mass of several hundred broken vessels capping a burial pit containing sacrificial victims;
this association is interpreted as indicating the consumption of cacao drinks in “a well-attended, postin-
ternment celebration” [6]. The consumption of cacao drinks in association with ritual thus has a history
spanning nearly four millennia. Interestingly, the word “cacao” originated among speakers of an early
Mije-Sokean language residing along the Gulf Coast of southern Mexico [9], the Olmec heartland.

Chocolate drinks subsequently became a widespread part of Mesoamerican cultures up to the pres-
ent day. Consumption of cacao-based drinks moved far outside the area of possible Theobroma tree
cultivation, indicating widespread exchange of cacao. These drinks most often were consumed using
cacao nibs, a variety of additives, specialized vessel forms, and a method for frothing. Ultimately,
cacao became an important part of the economy of Mesoamerica, an economy that was taken over by
the Spanish, despite their initial distaste for chocolate drinks. Chocolate drink consumption was too
widespread to describe every nuance here, so I provide a brief overview of the best known areas.
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Chocolate drinks were probably prepared as they are today through a multistage process. First,
growers harvested the cacao pods and removed the nibs from the pods. Then they fermented the cacao
beans in the surrounding pulp for one to several days, often on the forest floor. The fermented beans
were then removed from the pulp and allowed to dry in the sun for 1-2 weeks. Roasting was the next
stage, although sometimes this stage was omitted. Winnowing then involved removing the papery
shell to extract the nib. The nibs were then ground into cacao liquor, which might be mixed with a
variety of additives and consumed immediately, or formed into tablets for later use. Tablets had a rela-
tively long shelf life, lasting as long as 2 years. Exchange and trade in the past most often involved
either the roasted cacao beans or tablets rather than the fruit or liquor.

The Maya occupied areas of the lowlands and highlands of Mexico, Guatemala, and Belize. Maya
farmers grew Theobroma cacao trees in the lowlands, and at least some Maya drank chocolate, as
attested by residues on vessels, inscriptions, and texts. During the Preclassic, the Maya drank choco-
late from spouted vessels, the spout serving not only as a vehicle to pour the drink, but also perhaps as
a means to blow air into the chocolate, creating a bubbly froth on the surface [10]. From about A.D.
250 to 900, the Classic Maya built cities with temple-pyramids occupied by kings and elites and sup-
ported by a rural population of farmers. The elite consumed chocolate both in drinks and thicker gru-
els, with a variety of additives; there was no single chocolate drink or recipe. Each concoction had a
separate name. There were probably both hot and cold varieties of chocolate drinks, although the his-
toric Maya tended to favor the hot varieties. Chocolate was also used as an additive in drinks and foods
with more substantial ingredients, such as corn meal. Depictions of chocolate drink preparation show
the Classic Maya using tall cylindrical jars to hold their drinks, a fact supported by inscriptions on the
jars that state that they were used to hold chocolate drinks. The drinks were frothed by pouring from
one vessel to another from a height, creating a cascading waterfall-like effect with froth bubbling up
on the surface of the lower jar. Images confirm preparation of chocolate drinks in formal settings that
suggest a theatrical performance surrounding the preparation. Elites and royalty are clearly the pri-
mary consumers, but it is unclear if lower classes, including farmers, drank chocolate as well [11].

Cacao was a sign of wealth and power among the Maya, often served at lavish feasts to gain loyalty
and obligation. The Theobroma cacao tree was considered sacred and cacao figures prominently in
Mayan myths. Cacao was often associated with graves and was considered an important food for the
journey to the afterworld. There was a symbolic association among chocolate and blood, rulership,
ancestors, and the Underworld [12]. Chocolate drinks were sometimes flavored with achiote/annatto,
ared spice that dyed the drinks the color of blood. Cacao was exchanged in wedding ceremonies and
was an important component of other rites of passage. Cacao beans were given as gifts and perhaps
tribute payments among the Classic Maya [12]. Cacao beans were even counterfeited in clay [11].

By the end of the Classic, some Maya populations had developed widespread trading networks
along the Gulf Coast, with large trading canoes. Cacao was both commodity and currency [11]. Cacao
was grown wherever it could be, including exploitation of microenvironments in areas where cultiva-
tion would otherwise be impossible. Conflict over control of cacao-growing land or access to trade
with cacao-growing populations was endemic up to the Conquest.

Cacao had spread to the American Southwest by about A.D. 1000 and perhaps earlier. Current
evidence indicates cacao residues on ceramics from Ancestral Pueblo sites in Chaco Canyon, New
Mexico, and the Hohokam area of southern Arizona [13, 14]. Ongoing research will likely enhance
our understanding of the temporal and spatial extent of cacao use in the American Southwest. Within
Chaco Canyon, cacao use is documented in association with cylindrical jars similar in form to those
used in the Maya area (Fig. 1.2). However, the Chacoan vessels are locally made and later than the
Classic Period Maya jars. Cacao could not be grown in the Chacoan area, so it must have been
acquired through one of three mechanisms: by Chacoan people walking south to acquire cacao at the
source (a distance of about 1,900 km to the nearest area known to have grown cacao during the his-
toric period), by Mesoamerican traders bringing cacao northward to Chaco, or by a series of shorter
exchanges across this distance. Parts of the distance might be traveled by canoe, but Chaco Canyon
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Fig. 1.2 Cylinder jar from
Chaco Canyon housed in the
American Museum of Natural
History (Patricia Crown,
photographer)

is not located on a navigable watercourse. Other Mesoamerican items occur in some Chacoan sites,
including the Scarlet Macaw (another species from the tropics), as well as copper artifacts, pseudo-
cloisonné objects, and some species of shells. It is currently unknown whether the cacao came from
western Mesoamerica, as did the copper objects and many shell species, or from eastern
Mesoamerica.

The specific recipes for consuming chocolate drinks are not known; however, it seems most likely
that chocolate was exchanged in prepared bricks rather than as raw beans, particularly because no
cacao beans have been recovered in archeological sites in the Southwestern area. The cylinder jars
often occur in sets of two to four identical jars, suggesting that preparation included the pouring
method to create froth, as was common among both the Maya and later Aztec. Only about 200 of these
vessels are known in museum collections and most came from a single large cache within the Chacoan
site of Pueblo Bonito.

No records exist to provide information on the use of cacao within Chaco Canyon; however, it
seems most likely that chocolate drinks were luxury foods. As defined by anthropologists, luxury
foods are foods that are difficult to obtain and nonessential to human nutrition, but desirable. They are
often sweet or succulent or fatty, and they often require specialized preparation knowledge [2].
Because the cylinder jars do not occur associated with individual burials, but rather primarily in large
caches, it is likely that the jars and chocolate were served in communal feasts or rituals rather than in
funeral rites. Serving chocolate drinks at a feast would have signaled wealth and ties to Mesoamerica.
It likely created obligations for the guests to reciprocate with subsequent labor or gifts.

Less is known about cacao in the Hohokam area, except that the residues seem to be present
on early, shallow oblong bowls that might have been used to grate cacao bricks by about A.D. 900
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(ongoing research by Patricia Crown and W. Jeffrey Hurst) and on later beaker-shaped vessels dating
to the fourteenth century [14]. The Hohokam area extended from the Arizona/Sonora border north
almost to Flagstaff, and they had interaction with Mesoamerica, including macaws, copper bells, and
pseudo-cloisonné, just as Chacoans did. The Hohokam particularly crafted items from shells, includ-
ing many from species found in the Gulf of California, so it is most likely that they exchanged choco-
late from West Mexico. Trading canoes from the south might have reached as far as the northern
portion of the Gulf of California, with overland trade from there.

Returning to Mesoamerica, the Aztec occupied the Valley of Mexico from the early fourteenth
century, conquering a large area by the late fifteenth century. This included the Soconusco area famed
for growing high-quality cacao. The large Aztec capital of Tenochtitlan received massive amounts of
tribute twice yearly, including cacao and many other luxury items. Aztec rulers occupied huge palaces
that included cacao warehouses. In addition to acquiring cacao through tribute, Aztec merchants,
called pochteca, bought and sold cacao. Cacao was sold in markets within the Aztec Empire. A single
pochteca would normally carry 24,000 cacao beans in a single backpack [11]. Cacao beans were cur-
rency in the Aztec Empire with fixed values, and they were sometimes counterfeited.

The Aztec elite drank chocolate in a variety of elixirs, preferring cool rather than hot drinks. As
with the Maya, they mixed chocolate with many different spices and additives. The conquering
Spanish recorded various versions of how cacao was prepared, but maize, chili, annatto, honey, and
vanilla were common additives, along with several types of powdered flowers. The Aztec consumed
chocolate drinks from small, hemispherical bowls of ceramic, gourd, or gold [11]. Such vessels appear
on tribute lists along with cacao itself. As with the Maya, the Aztec created a froth by pouring from
one vessel to another. Cacao consumption was largely the purview of the elite, warriors, and mer-
chants. Commoners did not have access to chocolate drinks [11].

For the Aztec, cacao was symbolically associated with the south, the Land of the Dead, the color
red, and blood [11]. Denied cacao throughout their lives, slaves might taste cacao for the first time if
chosen for sacrifice. A drink was even made of chocolate mixed with water containing human blood
washed from sacrificial knives to give sacrificial victims courage [11].

Theobroma cacao, the fruit, and the drinks/foods made from it all figured prominently in
Mesoamerican myths, songs, poems, and texts. Control over access to cacao created economic part-
nerships and conflicts throughout much of the millennium before the Spanish entered the New World.
The first documented European contact with cacao occurred during Columbus’ fourth voyage, when
his men encountered a Maya trading canoe filled with trade goods, including cacao [11]. The massive
tribute system controlled by the Aztecs, which included cacao, was a critical prize of the Spanish
conquest, and although the Spanish did not initially consider chocolate drinks favorably, their success
in the New World was at least in part due to their co-opting the cacao trade and tribute.

There is no question then that cacao had symbolic and economic value to many peoples of the New
World, but what about medicinal uses for cacao in the past? It is not easy to determine medical prac-
tices in the past without texts. Wherever we find residues of cacao, it is possible that the chocolate
drinks were viewed as having nutritional and healthful properties, but we cannot prove this. All human
societies have healers, and these specialists often use plants to treat disease or to reach altered states
of consciousness. Most of what we can glean about the use of cacao in medical practices comes from
texts written in the 1500s, and most are specifically about the Aztec practices. The Aztec Emperor
maintained a botanical garden to grow and test plants for medicinal purposes [11]. Three manuscripts
are particularly useful in understanding Aztec use of plants in medicine: the Badianus manuscript,
Florentine Codex, and Princeton Codex [15]. These manuscripts detail several medicinal uses for
cacao. Chocolate drinks treated stomach and intestinal problems. When mixed with liquid from silk
cotton tree bark, it cured infections [15]. When mixed with rubber, it (not surprisingly) stopped diar-
rhea [16]. Chocolate ended fever and faintness when combined with ground corn and blended with
Calliandra anomala [15]. Chocolate drinks mixed with several herbs could also help end coughing.
Chocolate was also blended with various medicinal preparations to improve their flavor [15].
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Far to the south, a chronicler of the Indies, Gonzalo Fernidndez de Oviedo y Valdés, visited the

Greater Nicoya area between 1527 and 1529. This area encompassed the Pacific coast of Nicaragua
and northwestern Costa Rica [17]. Oviedo states that cacao butter was smeared on the skin to protect
from sunburn, used as a balm for injury, and that anyone bitten by a snake after drinking cacao would
not die [17].

Cacao was a critical commodity in the economy of much of Mesoamerica, an important symbol of

status, and used medicinally to cure a variety of ailments. We continue to learn more about the uses of
cacao in the past, with new techniques promising to provide important insights into its use and distri-
bution. There are limitations to what we can know from archeological evidence, but those limitations
are narrowing with every decade of discovery.

References

10.

11.
12.

13.

14.

15.

16.
17.

. Reber EA, Evershed RP. How did Mississippians prepare maize? The application of compound-specific carbon

isotope analysis to absorbed pottery residues from several Mississippian Valley sites. Archacometry. 2004;46:
19-33.

. Van der Veen M. When is food a luxury? World Archaeol. 2003;34:405-27.
. Hayden B. Feasting in prehistoric and traditional societies. In: Wiessner P, Schiefenhovel W, editors. Food and the

status quest: an interdisciplinary perspective. Providence: Berghahn; 1996. p. 127-47.

. Clement CR, de Cristo-Araujo M, Coppens d’Eeckenbrugge G, Pereira AA, Picanco-Rodrigues D. Origin and

domestication of native Amazonian crops. Diversity. 2010;2:72-106.

. Powis TG, Hurst WJ, del Carmen Rodriguez M, Ponciano Ortiz C, Blake M, Cheetham D, et al. Oldest chocolate

in the New World. Antiquity. 2007; 81:314. http://antiquity.ac.uk/projgall/powis/. Accessed 30 June 2011.

. Powis TG, Cyphers A, Gaikwad NW, Grivetti L, Cheong K. Cacao use and the San Lorenzo Olmec. Proc Natl Acad

Sci USA. 2011;108:8595-600.

. Henderson J, Joyce RA. Brewing distinction. In: MacNeil CL, editor. Chocolate in Mesoamerica: a cultural history

of cacao. Gainesville: University Press of Florida; 2006. p. 140-53.

. Henderson J, Joyce RA, Hall GR, Hurst WJ, McGovern PE. Chemical and archaeological evidence for the earliest

cacao beverages. Proc Natl Acad Sci USA. 2007;104:18937-40.

. Kaufman T, Justeson J. The history of the word for “cacao” and related terms in ancient Meso-America. In: MacNeil

CL, editor. Chocolate in Mesoamerica: a cultural history of cacao. Gainesville: University Press of Florida; 2006.
p. 118-39.

Hurst WJ, Tarka SM, Powis TG, Valdez Jr F, Hester TR. Cacao usage by the earliest Maya civilization. Nature.
2002:418:289-90.

Coe SD, Coe MD. The true history of chocolate. New York: Thames & Hudson; 2007.

McNeil CL. Introduction. In: MacNeil CL, editor. Chocolate in Mesoamerica: a cultural history of cacao.
Gainesville: University Press of Florida; 2006. p. 1-28.

Crown PL, Hurst WJ. Evidence of cacao use in the Prehispanic American Southwest. Proc Natl Acad Sci USA.
2009;106:2110-3.

Washburn DL, Washburn WN, Shipkova PA. The prehistoric drug trade: widespread consumption of cacao in
ancestral pueblo sites in the American Southwest. J Archaeol Sci. 2011;38:1634-40.

Dillinger TL, Barriga P, Escarcega S, Jimenez M, Salazar Lowe D, Grivetti LE. Food of the gods: cure for human-
ity? A cultural history of the medicinal and ritual use of chocolate. J Nutr Suppl. 2000;130:2057S-72.

Ortiz de Montellano B. Empirical Aztec medicine. Science. 1975;188:215-20.

Steinbrenner L. Cacao in greater Nicoya. In: MacNeil CL, editor. Chocolate in Mesoamerica: a cultural history of
cacao. Gainesville: University Press of Florida; 2006. p. 253-70.


http://antiquity.ac.uk/projgall/powis/

Chapter 2
History of the Medical Use of Chocolate

Donatella Lippi

Key Points

» Religious, medical, and cultural controversies have eased off in accepting the therapeutic
effectiveness of the various cocoa and chocolate components.

* Recent studies have provided the evidence to a century’s established use, supported by empiricism
and experience.

* The scientific debate involved the medical class; doctors applied themselves to study the matter in
depth.

* Food was considered to be the first medicine, and it was necessary to know chocolate’s properties
first.

* Some authors supported the adoption of cocoa and chocolate for therapeutic purposes, following
the experiences of the people in New Spain.

* The debate involved spices, too, which were added to chocolate, in order to discover the true nature
of this beverage.

* In Florence, the custom of drinking chocolate “to the use of Spain” started in1668; then, personal-
ized recipes were elaborated by pharmaceutical factories, which were active in cocoa processing.

* In the eighteenth century, Carl von Linné (Linnaeus) gave a very positive judgment of chocolate’s
qualities as nourishment and as a therapeutic substance.

*  When dietetics separated from medicine, chocolate acquired the role of excipient, being associated
with different health problems.

Keywords Exhilarating drinks ¢ Medicine ¢ Dietetics ® Sex res non naturals ® Hippocratic medicine
* Chocolate properties ® European recipes ® Chocolates de santé ¢ Italian recipes ® Florence ® Rules
of health ¢ Humoral medicine * Religious fast ¢ Hypochondriac melancholy « Madame de Sevigné
* Indian chocolate ® Santa Maria Novella ¢ Chocolats thérapeutiques du médicinaux
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The Metaphor

Can chocolate indeed be considered as “manna” or a “cure-all,” which was the belief of some
seventeenth-century authors? Or does it have to be demonized as a means to “shorten life,” as it has
been described by detractors who saw in the sweet medicaments and in the foaming ambrosias of
“chocomilk” the symbol, perhaps, of a self-conceited and silly century? [1]. More recent studies,
which have demonstrated the therapeutic effectiveness of the various cocoa and chocolate compo-
nents, have come to provide the scientific evidence for centuries of established use, supported by
empiricism and experience, but this acknowledgment has not had a straight course, being involved in
religious, medical, and cultural controversies.

Christian Europe looked at new, exhilarating drinks, which had revolutionized alimentary habits,
with extreme suspicion and often with a condemnatory attitude: from this reaction, the necessity
derived to appeal to the reasons of health, with which doctors and scientists hurried to explain that
alcohol, tea, coffee, and chocolate were good for the body, and propose thus, in sincere conviction, an
intellectual alibi to open the door to desire [2].

The use of chocolate was affirmed, in particular, in Southern European countries, never to become,
however, a mass phenomenon, and limiting its own impact to the highest social élite, as it is demon-
strated by the alternative recipes which, during the eighteenth century, proposed the substitution of
cocoa with other cheaper ingredients, that however offered the same flavor. An example is the work
of doctor Saverio Manetti who, in 1765, following the “very big shortage in gender of Wheat of every
kind and Fodders, especially of Wheat, happened this year throughout Italy,” printed, that same year,
a book in which he suggested very economical stratagems: people who could not afford to buy choco-
late could use roasted flour, milk, sugar, and egg yolks in order to obtain a beverage which at least
looked like chocolate [3]. Is it a sort of chocolate substitute or its...illusion?

Full of metaphors and flavors, seventeenth century’s chocolate was about to become a symbol of
the weakness and laziness of the aristocrats, as opposed to the activity and rationality of the middle
classes, which were associated with coffee consumption. But, in order to allow its official admission
in daily use of the middle-high class, it was, however, necessary to receive the viaticum of the acknowl-
edged authority, the medical class, and even in terms of medicine, various mentalities, and various
ideologies compared and collided.

Therefore, as famous doctor Pujati claimed,

If T were to say that Chocolate is only a beverage, that nourishes and refreshes, which is true, the matter would
be provided (...) I esteem it to be very useful, and I wish all the Writers and Scholars, that they may drink it with
ease, and at their own home, as something, that for long strengthens body and soul, and that in their strenuous
tasks, and at times when they cannot, nor should not take sufficient food, it may be of no little help, indeed a
Manna. (Fig. 2.1) [4]

Food or Medicament

Cocoa and chocolate represent also today an important occasion of confrontation in terms of medicine
and dietetics. In the past, when no effective therapeutic means existed, the only possibility to recover
from disease was to use lifestyle and diet as strategies to ensure physical and mental well-being. The
concept of a “life regime” in the classical world was expressed by the term dfaita/diaeta (which had
nothing to do with adjusting rations according to an individual’s physical and biometric conditions, as
it does today). Its meaning was far broader, encompassing all the areas that were not determined auto-
matically by nature and that humans thus could plan of their own accord such as one’s relationship
with air and water, food and drink, motion and rest, sleep and wakefulness, dejections and sexuality,
love and passion. These rules were collected in the Regimina Sanitatis, which were codified during
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Fig. 2.1 Cacao arbor. Chiseled, watercolored etching, 350x260 mm. In: Mark Catesby, The natural history of Carolina,
Florida, and the Bahama Island. Tomo II. Tav. 6. London, B. White, 1771 (Reprinted with the permission of Biblioteca
Nazionale Centrale, Firenze)

the Middle Age: the doctor could, indeed, intervene to cure the sick man, but also the sound, making
the required changes to the way of living, using food and drink.

Food was considered to be the first medicine, and it was already contemplated in the Middle Age
pharmacopeia the use of animal and vegetable products, to take as food: dietetics became a part of
medicine, restricted to rich people, and the alimentary science on the basis of health was designed up
to the eighteenth century as a branch of medicine itself, to then reach its own clear identity.

Chocolate as food, then, or as medicament? Surely, it is chocolate as a functional food that recog-
nizes and generates interesting physiological effects, likely to promote or maintain health, and there-
fore chocolate as medi-food, which exalts its nutritional functions and its therapeutic abilities.

The first authors documenting the adoption of cocoa and chocolate also for therapeutic purposes,
referred to the experiences of the people in New Spain, without engaging in the analysis of the alleged
reasons for these choices but simply reporting what they had observed.
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The Spanish monk Bernardino de Sahagtn, for instance [5], referred to the therapeutic purposes
that the American indigenous population had for beverages made with cocoa, depending on the type
and dosage; he warned against excessive drinking of cocoa prepared from unroasted beans, but
recommended it if used in moderation. He stated that drinking large quantities of green cocoa made
imbibers confused and deranged, but if taken in moderation, the beverage was invigorating and
refreshing.

M. de la Cruz, teacher at Santa Cruz College, founded in Mexico City by the Spanish around 1536,
underlined a clear prevalence for the use of cocoa derivatives as nutrients or to be used in case of
angina, constipation, dental problems in case of tartar, dysentery, dyspepsia, indigestion, fatigue, gout,
and hemorrhoids [6].

If friar Agustin Ddvila Padilla reported its use in curing kidney disease [7], it is Francisco Hernandez,
in 1577, who identified some fields in which cocoa was used as medicine: without adding any other
ingredients, it was used for liver disorders; four grains of cocoa and a dose of gum (holli) toasted and
mixed together “restrained dysentery”’; the drug called atextli was made using a fine paste of cocoa
and corn, to which it could be added mecaxochitl (Piper sanctum) and tlilxochitl (Vanilla planifolia),
as an aphrodisiac [8]. The frequent use of a beverage made with grains of pochotl and cacahoatl,
instead, made one extremely fat and was therefore recommended to slim and asthenic people.

De Usu Et Abusu

When this reflection was transferred to Western Europe, it went beyond the examination of the practi-
cal use of chocolate, and it assumed the characteristics of a medico-philosophical debate: therefore,
it was necessary to appeal to the tradition of Galenism, which was still an inescapable reference
point in the medical practice of that time. The concept of medical science in the seventeenth and eigh-
teenth centuries in fact was still strongly affected by the Hippocratic-Galenic approach. Health was
a result of the eukrasia of the four body fluids, which constituted the human body: blood, phlegm,
yellow bile, and black bile. To those corresponded specific dispositions and qualities: hot, cold, humid,
and dry.

The therapy was based on an exclusively allopathic system, by which the “hot” illnesses had to be
treated with cold substances or foods, as well as dry illnesses needed humid foods and medicaments.

The first debate regarding cocoa, meaning the plant and its berries, and chocolate, product obtained
from cocoa in the form of drink, was, therefore, centered on the identification of their respective quali-
ties. The relationship between the balance hot/cold in the ingredients added to the medicinal prepara-
tions was raised for the first time by doctor Juan de Cardenas, in 1591, who underlined the profitable use
of cocoa only when it was toasted [9], pointing out the importance of balancing the hot/cold properties
of the ingredients added to the medicinal preparations of chocolate.

The reflection on cocoa and chocolate properties and on the various ingredients added to the diverse
preparations was connected to the Hippocratic-Galenic system in a systematic way: Santiago de
Valverde Turices [10] discriminated the cold quality of cocoa from the hot and dry of chocolate,
which had to be then used for the cold and humid illnesses: chocolate had to be considered a medicine
because it is able to alter the patient’s constitution — useful for breast illnesses if drunk in large quanti-
ties, it could also be beneficial for the stomach if taken in small doses. When people were healthy, the
use of chocolate was subordinated to the adding of “cold” ingredients to balance its “hot” nature.

In 1618, Bartolomeo Marradon, a Spanish doctor mentioned by Antonio Colmenero de Ledesma
in his treatise on nature and quality of chocolate [11], wrote a dialogue that summarized the different
uses of cocoa in Spain. The doctor, protagonist of the dialogue made by Marradon, emphasizes how
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the use of cocoa as currency or as beverage was absolutely restrictive and partial: as “panecitos, tabil-
las or en coxa como conserva,” cocoa could be used appropriately as medicine [12].

This cold drink did not cause drunkenness: in some areas, cocoa was toasted and mixed with water;
others mixed it with cooked white corn, adding a kind of water suitable to the pathology that had to
be cured. Mixed with sugar, it could be given to the ill “cuando no hay calenture.” Cinnamon, sugar,
pepper, cloves, vanilla, and anise were the ingredients that were included, as variations, in Marradon’s
recipe, which provided this prescription:

700 (grains of) cocoa, 1 and % pounds of white sugar, 2 ounces of cinnamon; 4 grains of Mexico powder, called
chile or pimiento; % ounce of cloves; 3 little rinds of Campeca (or, instead of this, the weight of 2 reali of anis);
in the end, 1 hint of “achiote” enough to give it color. Some add almonds, knuckles, and Orange flowers’ water.

As Giovanni Battista Anfossi [13] also reminded many years later, this recipe was later changed by
Colmenero de Ledesma himself. Here’s the recipe:

For every 100 grains of cocoa are to be mixed 2 grains of Chile, or Mexico pepper, those large grains we said are
called chilpatlague (sic) and, in their absence, 2 grains of India’s pepper, the larger and less hot, that are found in
Spain. 1 handful of anises; 2 of those flowers called mechasuchil, if the belly is hard and tight. In Spain, instead
of these latter, it can be added the dust of 6 alexandrine roses, vulgarly called raisins roses; 1 little rind of
Campeche; 2 drams of Cinnamon, 1 dozen of almonds and as many “knuckles”; % pound of sugar; the amount
of achiote enough to give color to the whole. Whenever any of these drugs cannot be found, that it be indeed from
the Indies, be it done with our own.

The Anglo-Saxon authors as well intervened in this debate, at the time when Great Britain undertook
the conquering of the new continent. Henry Stubbe, starting from the analysis of the previous authors’
testimonies, emphasized how in the Indies chocolate was drunk under the doctor’s prescription once or
twice a day and that it was particularly useful to restore energy “if one is tired through business, and
wants speedy refreshment.” [14] Stubbe not only told about the use of chocolate in the various sources
but proposed his own recipe that closely resembles the one referred by Colmenero de Ledesma:

For every 100 cocoa seeds, 2 hot red peppers (chile), a handful of anise seeds and orichelas (orejaelas) and 2 of
flowers called mecasuchill, 1 vanilla or 6 powdered alexandrine roses, 2 drams of cinnamon, 12 almonds and as
many nuts, %2 pound of sugar and as much achiote to give color.

In reference to cocoa’s nutritional value, Stubbe noticed how the British soldiers stationed in
Jamaica, where many plantations had been organized, lived primarily on cocoa paste, mixed with
sugar, which was then melted in water: again in subsequent times, chocolate and cocoa will be com-
monly used by the armies as one of the main genres of livelihood and solace.

Stubbe, Charles the II's doctor and philosopher Thomas Hobbes’ friend, dedicated his treaty to
famous colleague Thomas Willis, enumerating some cases in which the use of chocolate seemed
extremely positive and offering clues of confrontation of great interest: expectorant, diuretic, aphro-
disiac. Chocolate was suitable to cure the “hypochondriac melancholy,” caused by the veins’ obstruc-
tion by the black bile, accompanied by stomach weakness and weight loss [15]. Most probably his
most important source was Doctor Francisco Ferdinandez, prominent personality in Philip the II’s
Mexico, to whom William Hughes also referred in his ethnobotanic work on plants that grow in the
English plantations in America, in 1672 [16].

During the seventeenth century and in the first half of the next century, this controversy was con-
sumed within the medical context, and it was also subject of some degree thesis at the medical faculty
of Paris, between 1684 and 1736 [17].

It seems particularly significant, in this perspective, in Franciscus Foucault’s thesis, discussed in
1684 at the medical faculty of Paris, under M. Stephanus Bachot’s presidency [18]: after a brief intro-
duction on the different kinds of foods, at Chap. 5, the use of chocolate is described, “massula quae-
dam, seu confection omnium exquisitissima,” prepared with vanilla flavor, “Ambarum Grisium,
Ambaro Moschus, Cinnamomum, Zuccarum.”
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The preparation methods were diverse, just as the forms in which it could be packed (“in rerum omnium
simulacra”): chocolate taste was so pleasant that the author concluded, almost in a lapidary way:

Ergo Chocolatae usus salubris, in quanto calorem nativum & robur viscerum sua caliditate & succitate moderata
excitat, firmat, coctionem iuvat, obstructiones solvit, alimenti distributionem, inutilium excretionem promovet,
adipem cumulat; non est inimica Cerebro, est amica Veneri, animae & corpori opportunissima.’

Still from Paris the voice of Madame de Sevigné had raised, who, after her first enthusiastic adhe-
sion to the consumption of the exotic beverage, suggested categorically to her daughter, who was
expecting a baby, to refrain from drinking chocolate during pregnancy because the “marquise de
Coetlegon prit tant de chocolat étant grosse I’an passé€ qu’elle accoucha d’un petit garcon noir comme
le diable qui mourut,” without thinking to the detail that her unfortunate friend was served chocolate
by a black servant [19].

The debate moved, then, on the spices: still according to the Panckoucke Dictionary printed in
Paris in 1815, it was not correct to call flavorless chocolate chocolat de santé, since it was less digest-
ible than the one in which they added vanilla and cinnamon [20].

The “Indian chocolate,” which was very spicy, that Neapolitan doctor Giuseppe Donzelli inserted
in his book, however, was made by following this recipe:

You take Cocoa, cleansed of the rind, and well milled, 12 pounds, Cinnamon, beaten and passed through the
sieve 1 pound, Anises, scorched, beaten and passed through the sieve 2 pound, Vanillas sticks (these are like
pods, long, narrow and thin, of tawny color, of smell like balm, of rather sour taste) scorched, beaten and passed
through the sieve at number of 6, of Mecacuce (this they say, that it be a seed like a Nut) 4 handful, or in place
of Vanillas, and of Mecacuce, a Nutmeg and 12 cloves of Corn, or Indian Wheat scorched and beaten and gouged
out the flower to be sieved 3 pounds, of Aionzoli scorched, and milled 1 pound, or, in place of these Aionzoli of
ambrosian Almonds scorched, and well milled % pound, of Achiote (this is a blood-red wood, like red sandal-
wood), ¥ ounce, of Sugar, if desired, 4 pounds. You grind Sugar and Achiote, and stir everything diligently, and
make bars in Orange leaves. When they are about to use it, those who want to use it, take %2 ounce of the com-
position thereof and % ounce of Sugar, and dissolve them in 6 ounces of hot water, and they drink it as hot as
they can endure; many dip biscuits in it [21].

However, not all the doctors agreed on the beneficial effects of chocolate, and its detractors accused
it to cause major health problems: in particular this debate, between the favorable and the opposed,
started in Florence in the early eighteenth century, where only in 1728 four pamphlets were published
that vouch this controversy.

The use of chocolate, in medical field, had also been faced by Antonio Vallisneri, when he had to
discuss “of the use and abuse of beverages, and of the hot and cold wetting ”: he had been requested
to judge the practice to consume hot the imported drinks: tea, coffee, and chocolate [22]. Not by
chance, the reflection was stimulated by the Spanish doctors’ writings, whose metabolic system almost
seemed to be different: “If the Spanish bowels are similar to ours, Italian, I know not.”

From this purely rhetorical question, Vallisneri got inspiration to confirm the beneficial effects
of the hot drinks, compared to the cold ones, especially “on the old people, on the cachectics, on
the hypochondriacs, on the weak of stomach,” for it “awakens” the bile, which helps digestion; this
opinion was supported by Giovan Battista Davini who emphasized the use of hot drinks as “Tea,
Coffee, Chocolate,” because “Multum habeant spiritosae substantiae, salibusque turgeant volatilibus
oleosis, attamen si bibantur frigida & gratiam, & robur videntur amittere nec juvant naturam, ut
consuerunt calide hausta.?”

Davini invoked the expertise of chemists to confirm that the volatile substances’ properties were
not enhanced, whenever the beverage was drunk cold. But the discussion was not at all solved.

! Therefore the use of chocolate is salubrious [for] it excites and strengthens with its warmth mild juiciness the bowels’
inborn warmth and strength, it helps digestion, it fosters the spread of food and the secretion of the unnecessary, it
accumulates fat, it’s not an enemy to the brain, it’s Venus’ friend and very suitable for body and soul.

>Mostly they seem to have a spirituous substance, they seem to be full of volatile and oily salts, however, if one drinks them
cold, they seem to lose their grace and strength and they are not a good for nature, like they usually are when drunk hot.
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Florence: The Medical Debate

The news about cocoa and chocolate officially got in Florence starting from the end of the sixteenth
century. However, the custom of drinking chocolate “to the use of Spain” dated back to 1668, according
to what Giovanni Targioni Tozzetti reported, quoting an assertion by Tommaso Rinuccini, reported also
by Antonio Cocchi:

(...)ithas been introduced in Florence this year 1668, commonly a beverage to the use of Spain, called Chocolate,
and one of the Storekeepers aforesaid sells it in little clay cups, and it seems to be tasty be it hot, or cold [23].

In Florence, the scientific controversy catalyzed between two peculiar personages, Doctor Giovan
Battista Felici, great chocolate accuser, considering it “disorder (...) to shorten life”” brought by “men’s
intemperance,” and Francesco Zeti, “the Hunchback of Panone,” taking his nickname from the cof-
feehouse where he worked: Zeti was worried that all this “bad talking” about chocolate could provoke
a decrease of customers and, fearing to be discharged in his turn, wrote a short book in defense of
chocolate (Fig. 2.2).

Cocoa, according to Felici, could not be considered a cold substance, since plants take their quali-
ties from the places in which they grow and, therefore, “it contains a loose, fat and viscous substance,
which can easily contain the particles of the heat”: the presence of “o0il” and its “bitter taste” was a
proof of it [24]. It is for this reason that, according to Felici, the custom spread to add some particular
flavors in chocolate’s composition, such as cinnamon, vanilla, pepper, “cloves, amber and acciotte
and other similar, very hot spices.” Chocolate then had a sort of “slow, long lasting fire,” causing in
the blood “significant fermentation which can spoil it,” since “it causes an extraordinary motion in the

F.Zet, Altro parere intorno allo natura e alluso della cicccolota, Firenze 1728; BNCF, Targioni Tozzetti 218.12, frontespizio, particolare.

Fig. 2.2 Detail of the title page from F. Zeti, Altro parere intorno alla natura e all’uso della cioccolata. Firenze, 1728
(Reprinted with the permission of Biblioteca Nazionale Centrale, Firenze)
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animal instincts; so, when it gets into the stomach, it makes us more able to perform our doings with
vivacity.”

In the evaluation of the various substances’ nature in this period’s medical writings, it is evident the
indirect contribution of increasing iatrochemistry, that particular medical movement arising during
the 600, on the basis of spagyric tradition and of the figure of Philipp Bombast Theophrast von
Hohenheim, called Paracelsus, which started a new approach to the reality of the macrocosm and the
human body.

With the suggestions generated from chemistry, the consequences of the use of chocolate even in
the decomposition of the different parts of the blood were hypothesized, either for the “viscous nature
of cocoa, able to enlarge excessively the body fluids,” preventing them from circulating, or for the
“obstructions” caused by the impossibility of chocolate to spread “into all parts of the body,” still for
its viscosity.

Heart palpitations, intermittent pulse, convulsive movements, and apoplexy could be induced by
the use of chocolate, to whose negative effects contributed also the ingredients with which it was
mixed, as cinnamon and vanilla, which contain “irritant, volatile and stinging substances, which can
spoil in thousands of different ways the natural composition of the body fluids,” affecting also the
nerves and, as a consequence, the animal instinct: equally negative feedback was given to sugar,
whose viscosity was demonstrated by the use that painters made of it to blend the colors.

Damages to the fluids and damages to the solid parts of the body: adhering to the inner membrane
of the stomach, chocolate inhibited the stomach’s gastric juices, corrupting the nerves “texture” as a
result of its “constant contractions.” The muscles were also affected by this excessive contractile
activity and the heart itself suffered: the cases in which the use of chocolate could be of benefit were
the hemorrhages, as a proof the fact that “Florentine ladies (...) where healed from the copious blood
loss, by the continuous use of chocolate, which they used as desiccant and astringent medicament.”
These were Doctor Felici’s blames: Francesco Zeti’s answer was published the following year. He
claimed to have commissioned an anonymous doctor (may be Girolamo Giuntini) a sort of defense of
chocolate, to protect his own interests: regardless of its alleged quality of hot or cold substance, cocoa
was not “replete of oleaginous and sulfurous parts” since it owns also a “milky spirit” which could
have beneficial effects on the human body [25]. The fact that cocoa plant grows in warm places could
not be a support to its quality, since there exist numerous plants which disprove this relationship: gold
caper, Persicaria, calamus aromaticus, etc.

At this point, the pharmaceutical factories, which were particularly active in cocoa processing,
elaborating personalized recipes even for cosmetic purposes, were involved in this debate. Among
them, the Officina Farmaceutica in Santa Maria Novella was particularly dynamic: right after an inspec-
tion at Santa Maria Novella’s drugstore on November 23, 1751, by a medical committee in which
Giovanni Targioni Tozzetti also participated, chocolate was served in silver bowls in the Green Room.

The different views were summarized, a few years later, by Giovan Battista Anfossi, who examined
in a very detailed way the various authors’ opinions, referring most of all to the English authors, like
Stubbe, who represented an original voice in this debate, coming from a different cultural environ-
ment, compared to the Spanish-speaking authors [26].

Through the lines of his dissertation, in addition, new issues came up, compared to the previous
authors: enumerating the critics of which chocolate was object, in fact, Anfossi did not limit to mention
the “stubborn Galenics,” who based their beliefs on the qualities of the various substances, but he
referred to the “Professors of more reasonable Systems.”

Numerous “systems” came into vogue during the eighteenth century, most of which are of no
importance whatever, but three, at least, that came into existence and disappeared during the century
are worthy of fuller notice. The Animists had for their chief exponent Georg Ernst Stahl of “phlogis-
ton” fame; the Vitalists were championed by Paul Joseph Barthez (1734-1806); and the third were the
Organicists. This last, while agreeing with the other two that vital activity cannot be explained by the
laws of physics and chemistry, differed in not believing that life “was due to some spiritual entity”” but
rather to the structure of the body itself.
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The doctors’ interest, in fact, was addressed to the elaboration and the study of general theories
about the human organism’s functioning, with different levels of complexity, related to the influence
of the philosophical ideas. This whole of physiological, pathological, and therapeutic principles was
deeply influenced by different schools of thought and was very theoretical.

Eventually, the deficiencies and failures of eighteenth-century medical systems became all too
apparent: an echo of this debate is felt in Anfossi’s pages. It is interesting to note that Anfossi referred
to chocolate’s implementation even for a topic use as cocoa “butter,” solving unequivocally the riddle
about the use of chocolate in curing hemorrhoids, which was transmitted by previous authors, apparently
colliding with the most elementary precautions to be taken to avoid the annoying inconvenience.

Fin De Siecle

The eighteenth century counts many other statements on the medical use of cocoa and chocolate, not
last the one from Carl von Linné (Linnaeus), in which are summarized chocolate qualities, as nourish-
ment and as therapeutic substance (Fig. 2.3) [27].

Fig. 2.3 Chiseled, watercol-
ored etching by Jan Pieter
Sluyter, 345x270 mm. In:
Maria Sibylla Meria:
Dissertatio de generatione et
metamorphosibus insectorum
surinamensium. Tav 63.
Amsterdam, apud Johannem
Oosterwyk, 1719 (Reprinted
with the permission of
Biblioteca Nazionale
Centrale, Firenze) B
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Table 2.1 Medical use of cacao and chocolate
Author Medical use Date
Devila Padilla Kidney disease 1528
de La Cruz Angina, constipation, dental problems in case of tartar, dysentery, dyspepsia, 1552
indigestion, fatigue, gout, hemorrhoids
Hernandez Liver disease, antipyretic 1577
de Sahagtin Invigorating and refreshing properties 1590
Marradon Against infections 1618
de Valverde Turices Against breast and stomach illnesses 1624
de Ledesma Digestive properties 1631
Stubbe Expectorant, diuretic, aphrodisiac, suitable to cure the “hypochondriac melancholy” 1662
Foucault Excites and strengthens with its warmth mild juiciness the bowels’ inborn warmth 1684
and strength, it helps digestion, it fosters the spread of food and the secretion of
the unnecessary, it accumulates fat, it is not an enemy to the brain, it is Venus’
friend and very suitable for body and soul
Donzelli Treats astheny 1696
Davini If drunk hot, digestive properties 1727
Blancardi Useful for asthenic people and for the old 1777
Lavedan Universal medicine. It stimulates natural warmth and the heart, decreasing 1796

flatulence, resolving constipations, helping digestion and appetite, increasing
virility and slowing down white hair growth, prolonging significantly lifetime

Linnaeus identified three kinds of illnesses in which chocolate could be used appropriately: loss of
weight, as a consequence of lung and muscle diseases, hypochondria, and hemorrhoids, adding also that
it was an excellent aphrodisiac, confirming a tradition already existing in the pre-Columbian culture.

Later, in Blancardi’s work, it is stated that “Chocolata (...) praeparatur cum lacte, vel aqua cocta et
servida, atque agitando Chocolata liquescit, et sorbendo calide bibitur. Potus est nutriens, senibus,
debilibus utilissimus” [28].

After Lardizabal [29] and Buchan’s works [30], the century ended with Antonio Lavedan’s work,
who claimed, again on the basis of the previous tradition, that chocolate was a sort of universal medi-
cine, since it stimulates natural warmth and the heart, decreasing flatulence, resolving constipations,
helping digestion and appetite, increasing virility, and slowing down white hair growth, prolonging
significantly lifetime. The history of the medical use of chocolate had reaches its peak (Table 2.1).

In his work, much space is given to the “chocolats de santé” or “chocolats thérapeutiques du
médicinaux,” [31] with which another chapter in the history of chocolate for a therapeutic use started,
destined to relegate it in the role of an excipient.

From being medicine books’ subclasses, in fact, cooking books, together with dietetics, progres-
sively emancipate, acquiring their own identity, as a result of the rationalizing effort of French
Enlightenment: the road of therapy splits from that of taste, and chocolate will mainly maintain its
leading role of excipient, bearing the burden, over time, of a negative valence, generating a fopos in
medical and nonmedical literature, in which it will be associated to obesity, dental problems, unhealthy
regimen of life, and so forth.

The rehabilitation of chocolate will occur only in recent times, positively recapturing international
scientific magazines’ pages and restoring that value that Linnaeus himself credited to chocolate, calling
the generous plant Theobroma Cacao, food of the gods [32].
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Chapter 3
Cocoa and Its By-Products: Identification and Utilization

Emmanuel O.K. Oddoye, Christian K. Agyente-Badu, and Esther Gyedu-Akoto

Key Points

Cocoa pulp juice (sweatings) may be made into a fruit drink either alone or in combination with
other fruit juices. It may also be used for making jam and marmalade. Moreover, commercial-
grade pectin may also be extracted from it.

Fermentation of the sugars in cocoa pulp juice (sweatings) leads to the production of alcoholic
drinks (gin and brandy) and also the production of wine and vinegar.

Dried cocoa pod husk may be used as a feed ingredient for poultry (10%), pigs (25%), and sheep
(40%). Fresh/wet pod husk has been fed to pigs at 300 g/kg of the ration. Fermentation of cocoa
pod husk with Pleurotus ostreatus improved its feeding value and increased its usage in broiler
finisher diets to 20%.

The ash produced when sun-dried cocoa pod husk is burnt contains about 40% potash, which can
be used as the alkali for the making of soft soap and liquid soap. The ash may also be converted
into a potassium-rich fertilizer by adding starch and then pelletizing the mixture.

Cocoa butter can be extracted from discarded cocoa beans and may be used in the production of
toilet soap, soft soap, and body pomade.

A feasibility study, conducted as part of the ICCO/CFC/COCOBOD-funded cocoa by-products
project, indicated that there is the potential for cocoa farmers to enhance their incomes through the
processing of cocoa waste into the developed by-products.
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Introduction

Over the years cocoa has been cultivated mainly for the beans, with the rest of the fresh fruit being
discarded. The beans make up about 33% of the fruit by weight (Fig. 3.1) [1]. There are many other
by-products of cocoa that could be generated from the rest of the fruit and that could form the basis
of small- and medium-scale industries in cocoa-producing countries.

A. W. Knapp [2] suggested that from its composition, cocoa pulp juice (sweatings) could be used
to produce soft drinks, industrial alcohol, citric acid, vinegar, and cocoa jelly. In the chocolate manu-
facturing countries, where dry beans were on hand in large quantities, utilization of the shell wastes
was the subject of much research [3]. In Brazil the use of cocoa sweatings for jelly manufacture
started as a small-scale industry several decades ago [4], while the fresh pod husk waste was tested
for its suitability as cattle feed in the early 1950s. In Ghana, a very old rural soft soap industry based
on cocoa pod husk (CPH) potash has gained greater importance as an export trade in and beyond West
Africa over the past decade [4].

The Cocoa Research Institute of Ghana (CRIG) initiated research into cocoa by-products, in mid-
1965, by setting up a committee of experts, with representatives from the University of Ghana, to
identify by-products that could be produced from cocoa. From 1982 to 1986, and in collaboration
with the Departments of Animal Science of the University of Science and Technology and the
University of Ghana as well as the Animal Research Institute (ARI), poultry and livestock feeding
trials were carried out. Further collaboration between CRIG and the Mechanical Engineering
Department of the University of Science and Technology led to the production and utilization of CPH
as a source of potash fertilizer for different crops.

In 1992 cocoa by-products research received a further boost with the establishment of the New
Products Development Unit of CRIG. The unit was to be responsible for the development of new prod-
ucts, assessment of the economic viability of new products, and promotion of the use of cocoa
products generally. In 1993 the unit received financial support through the International Cocoa
Organisation (ICCO)/Common Fund for Commodities (CFC)/Ghana Cocoa Board (COCOBOD)-
funded project to develop by-products from cocoa.
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By-Products from Cocoa Pulp Juice (Sweatings)

Description

Cocoa beans are surrounded by an aromatic pulp (Fig. 3.2) that arises from the bean teguments. The
mucilaginous pulp is composed of spongy parenchymatous cells containing cell sap rich in sugars,
citric acid, and salts [5]. After harvesting, the ripe pods are broken open and the beans removed and
placed in baskets for transport to fermentaries (Fig. 3.3). The bruising of the pulp during handling and
the pressure of the weight of the mass release some of the pulp juices, which trickle from the collected
bean mass as a slightly turbid, whitish liquid. This liquid is known in the industry as cocoa pulp juice
or sweatings. It is a common practice for laborers and children to collect these drippings in makeshift
containers and use as a refreshing drink.

Collection

In the traditional method of cocoa fermentation, pulp juice is allowed to drain to waste from fermenta-
tion baskets, sweat boxes, and heap fermentation under gravity. Dwapanyin [6] had shown that the
collection of some sweatings from the beans before fermentation did not affect the bean quality.
Further work by Adomako and Takrama [7] led to the development of an improved method for the
collection of large volumes of sweatings within a short time.

Polytanks, normally used for water storage are modified by cutting open the top and perforating the
bottom. The modified polytank is mounted on a wooden platform with a hole in the middle, into
which the perforated end of the polytank fits. An assembly of perforated polyvinyl chloride (PVC)
pipes are placed vertically in the tank to aid the flow of pulp juice. The tank is filled with fresh cocoa
beans and covered with a circular wooden board. Some pressure is exerted by means of weights to
facilitate the flow of pulp juice. The juice is collected through a funnel into a plastic receptacle placed

Fig. 3.2 A cocoa pod broken open to show the beans surrounded by mucilaginous pulp
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Fig. 3.3 Cocoa beans ready
to be transported to the
fermentary

below the tank (Figs. 3.4, 3.5, 3.6, and 3.7). The pulp juice is immediately dosed with 0.15 g/L of
potassium metabisulphite to prevent early deterioration due to microbial action. Using this method,
100-150 L of sweating may be collected per ton of wet cocoa beans.

Gyedu and Oppong [8] used a screw press extractor to extract cocoa pulp juice. With this method,
the yield of pulp juice was 175.5 L/t.

Physicochemical Analyses of Fresh Cocoa Pulp Juice

The main sugars present in cocoa pulp juice are sucrose, glucose, and fructose. Predominant minerals
include potassium (K), sodium (Na), calcium (Ca), and magnesium (Mg) (Table 3.1) [8, 9]. Pectin
obtained from cocoa pulp juice compares favorably to that from apples, lemon, and pawpaw, which
are the main sources of commercial pectin [4].

Usage

In late 1969, following Greenwood-Barton’s review paper [10] on the occurrence of substantial
amounts of pectin and neutral polysaccharides in cocoa pod husk, CRIG received enquiries from



Fig. 3.4 A polytank

Fig. 3.5 A polytank with a
perforated bottom fitted with
an assembly of perforated
polyvinyl chloride (PVC)
pipes
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Fig. 3.6 A polytank setup being filled with fresh cocoa beans

Europe concerning cocoa pectin. Results of the pectin studies showed that the pectin in cocoa pod
husk was of low grade, very much like sugar beet pectin, which has little or no commercial value. In
contrast, the pectin from cocoa pulp juice (sweatings) was of high grade and similar to lemon and
apple pectin used in commerce [11, 12].

Gyedu and Oppong [8] reported on cocoa sweatings as a potential raw material for the develop-
ment of soft drinks. A natural shelf-stable, ready-to-serve fruit juice was prepared using cocoa sweat-
ings, sugar, and water. The authors also reported on the production of shelf-stable jam and marmalade
using cocoa sweatings as one of the ingredients. Selamat et al. [13] also reported on the development
of juice from cocoa pulp as well as mixed juices from cocoa sweatings with either mango, guava, or
coconut. The combination of cocoa sweatings and mango proved to be the best.

Cocoa pulp juice contains between 10% and 18% of fermentable sugars [14, 15]. The pulp juice can
therefore serve as a suitable medium for fermentation. Fermentation of the sugars in cocoa sweatings by
naturally occurring yeasts led to the production of alcohol, which was distilled (triple distillation) and
blended into gin and brandy of the finest quality [16]. Wine was developed from cocoa sweatings by
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Fig. 3.7 Collection of cocoa
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pasteurizing the sweatings to destroy these natural yeasts, and introducing a specific wine yeast [17].
The second stage of this fermentation process (fermentation with acetobacter) led to the production of
vinegar that was light brown/orange in color, had a pH of 3.07, specific gravity of 1.029, and an acetic
acid content of 6.54% (measured as percentage of total acids w/v) [18, 19].

By-Products from Cocoa Pod Husk

Description

Cocoa pod husk may be described as the leftover pod material of the matured cocoa fruit, after the wet
cocoa beans, sweatings, and placenta have been removed. It is often discarded as waste/residue during
the processing of raw cocoa beans on the farm.



30

Table 3.1 Physicochemical
composition of cocoa pulp
juice (sweating)

Preparation and Storage of CPH for Animal Feed

E.O.K. Oddoye et al.

Composition
Parameter Gyedu and Oppong [8] Anvoh et al. [9]
PH 3.66 3.75
Ref. index 1.358
Spec. gravity 1.067
Moisture (%) 85.30
Ash (%) 3.76
Fat (%) 3.54
Soluble solids (%) 16.0
Total soluble solids (EBrix) 16.17
Total solids (%) 18.2
Protein (%) 0.41
Total proteins (g L") 7.2
Total sugars (%) 7.5
Citric acid (%) 0.65
Citric acid (mg L) 9.14
Titratable acidity (meq L") 170
Malic acid(mg L") 3.6
Acetic acid (mg L) 2.28
Oxalic acid (mg L") 1.27
Lactic acid (mg L) 1.23
Fumaric acid (mg L") 0.02
Vitamin C (mg L") 18.3
Citric acid (mg L") 9.14
Malic acid (mg L) 3.6
Sucrose (mg ml™") 107.6
Glucose 23.3 (mg/ml) 214.24(g L™
Fructose (mg ml™) 10.6
Saccharose (g L") 21.31
Pectin (%) 1.33
K 0.090 (mg 100 ml") 950.0(mg L")
Na 0.085 (mg 100 ml™") 30.5(mg L")
P 0.023 (mg 100 ml!) 62.47 (mg L)
Ca 0.089 (mg 100 ml!) 171.5(mg L)
Mg 0.086 (mg 100 ml!) 82.5(mg L)

Preparation of CPH is an important determinant of its final quality. The husk needs to be dried as
quickly as possible to prevent deterioration due to attack by fungi. At CRIG, this is done by first pass-
ing fresh pods through a slicing machine to increase surface area before sun drying. After 24 h, when
moisture is about 65%, the partially dry material is passed through a mill, which grinds and pellets the
husk. The pelleted, wet husk is then further sun-dried for an additional day or two, depending on the
weather, to a moisture content of about 10% and stored for future use. Where such machinery is not
available, the key to producing quality CPH is to dry it as quickly as possible by increasing the surface
area through slicing or chopping the material with a knife.
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Table 3.2 Chemical composition of cocoa pod husk
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Falaye and
Juancey [20]

Sobamiwa [21]

Donkoh et al. [22]

Okai et al. [23]

Alemanor et al. [24]

Component (%) (%) (%) (%) (gkg™
Dry matter 89.1 - 94.60 - 890
Ash 9.80 9.14 10.10 10.0 91
Calcium - 0.32 0.81 0.88 8.14
Phosphorus - - 0.44 0.48 4.39
Magnesium - - 0.69 0.71

Iron - - 0.03 0.04

Potassium - - 7.18 7.36

Manganese - - 0.02 0.01

Crude protein 7.80 5.94 7.66 7.40 91.4
Crude fiber 33.40 22.59 32.50 - 357
Ether extract 1.80 1.24 4.37 8.20 99.6
Nitrogen-free extract ~ 35.30 62.17 - - 93.6
Metabolizable energy — - 4.72 Ml/kg -

Gross energy - - - -

NDF - - 52.20 64.4 598
ADF - - 414 56.4 470
Lignin - 14 - -

Acid-insoluble lignin 209
Cellulose - 35 - - 262
Hemicelluloses - 11 10.80 8.0 128
Pectin - 6 - -

Nitrogen - - - -

Theobromine 0.30 - - -

Tannin 11.88

NDF neutral detergent fiber, ADF acid detergent fiber

Nutrient Analysis and Antinutritional Factors

Several studies have been made on the composition of CPH. Table 3.2 summarizes some of these
studies [20-24]. Cocoa pod husk also contains a mixture of condensed or polymerized flavonoids
(anthocyanidins, catechins, and leukoanthocyanidin), sometimes linked with glucose [25]. Tannins
(1-4%) have been detected in CPH [24, 26]. Theobromine, the main alkaloid in CPH, has been
detected at 0.3—-0.4%, but this is negligible compared to the proportions in cocoa bean cake (1.5-3.0%)
and cocoa bean shell (0.7-1.9%) [20, 27].

Use of CPH as an Animal Feed Ingredient

Several poultry and livestock feeding trials were conducted by CRIG, in collaboration with the
Department of Animal Science of the University of Ghana, Legon and the Kwame Nkrumah University
of Science and Technology, Kumasi, as well as the Animal Research Institute of the Council for Scientific
and Industrial Research. The trials also studied digestibility, egg laying, and carcass quality of animals
fed with rations containing CPH. Results of these studies indicated that CPH can be incorporated into
animal feeds at the following optimum levels: poultry, 10%; pigs, 25%; sheep, 40% [22, 28-36].
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Similar results were obtained in other countries [37—44]. The use of CPH in diets for tilapia has
also been reported [20]. In Cameroon the usual blend of tilapia feed (blend of cornmeal, wheat bran,
and rice), which costs 35 US cents/kg, was reduced to 2 US cents/kg when CPH replaced 200 g/kg of
feed [45].

Improving the Feeding Value of CPH

The addition of alkalis to fibrous feedstuffs to improve their feeding value is a well-known technique.
There are, however, contrasting reports as to its effectiveness for CPH. Tuah and Orskov [46] observed
a slight decline in dry-matter disappearance of CPH (40.6—39.4%) following ammonia (3.5%) treat-
ment and subsequent 48-h incubation in the rumen of cannulated sheep using the nylon bag technique.
Tuah [47] also observed an insignificant increase in the in vitro dry-matter digestibility of CPH after
NaOH (5%) pretreatment. Smith et al. [39] used different concentrations of CPH ash solutions as their
alkaline agent to treat CPH and observed a linear increase in the rumen degradability of CPH. The
authors also reported that the improvement in rumen degradability was similar to that obtained by
using NaOH solutions of equivalent alkalinity.

A series of experiments by Alemawor et al. [48, 49] have indicated the possibility of using extra-
cellular enzymes and bioconversion with Pleurotus ostreatus (oyster mushroom) to enhance the feed-
ing value of CPH. The optimum level of inclusion of Pleurotus ostreatus-fermented CPH and
enzyme-supplemented CPH in broiler finisher diets was 200 and 100 gkg™!, respectively [24].

Wet Feeding of CPH

Sun drying is the usual method of drying CPH as other drying methods have proven expensive, given
the low nutrient content of CPH. This led to experiments by Oddoye et al. [50] to investigate the pos-
sibility of feeding CPH fresh or wet. The authors included fresh/wet CPH in growing pig feeds at up
to 300 gkg™! (on air-dry weight basis) of the diet without any deleterious effects.

CPH as a Source of Alkali for Soap Making

The ash produced when sun-dried CPH is burnt in a kiln contains about 40% potash [4, 51]. This potash
is made up of about 43% potassium carbonate and 27% potassium hydroxide and can be used as the
alkali for the making of soft soap, traditionally known as alata samina. Water is percolated through the
ash to dissolve the potassium salts. The resulting solution is evaporated to dryness and the potash salt
produced stored for later use. Soap making uses a traditional method. A mixture of vigorously boiling
cocoa butter and palm kernel oil in the ratio 1:10 is saponified with potash salt (potash salt dissolved in
water) in a galvanized pot placed over a heat source. The contents of the pot are continuously stirred
and beaten until a thick soap mass is produced. The pot is temporarily covered, and carbon dioxide,
generated from the carbonate component during the saponification reaction, causes the soap mass to
rise in the form of a foam. The soap foam is scooped and air-dried after which it is packaged [52].

In the production of liquid soap, the initial potash solution obtained after percolating water through
the CPH ash is not evaporated to dryness. Instead calcium hydroxide is added to the solution, convert-
ing the carbonate portion of the potassium salt to hydroxide. Calcium carbonate, formed as a result, is
allowed to sediment. The supernatant is drained off and used in liquid soap production. A blend of
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coconut and palm kernel oils is heated to about 80°C. The caustic potash solution is added a little at a
time while stirring until an emulsion is formed. The emulsion is allowed to boil for about 2 h with the
regular addition of water to reduce the rate of reaction. The heating process is stopped when a clear
emulsion is obtained. The liquid soap is allowed to cool overnight, which also allows unsaponifiable
matter to sediment. This product is still under development.

CPH as a Potash Fertilizer

Most farmers leave the empty pods to rot on their farms. While this should have been a good practice,
as it would return nutrients to the soil, the pods also serve as a reservoir for the causative agent of the
cocoa black pod disease. As a result, farmers are being encouraged to remove the pods from their
farms after harvesting. CPH ash has, however, been converted into a potassium-rich fertilizer by the
addition of starch and then pelletizing the mixture. The results, when tested on farm, were encourag-
ing [53]. Reports from Nigeria also indicated the use of cocoa pod husk as a fertilizer for maize pro-
duction [54].

By-Products from Discarded Cocoa Beans

Cocoa butter extracted from discarded cocoa beans, with little or no commercial value, has been used
in the production of toilet soap and body pomade [55, 56]. It has also been used in the production of
soft soap [52]. Useable beans are selected from the discards. These are then roasted and milled. Water
is added to the milled material and boiled. The cocoa butter floats to the top and is skimmed off,
washed, dried, and stored for further use.

By-Products from Cocoa Bean Shell

During processing of cocoa beans, the seed coat or testa is removed. This is known as the cocoa bean
shell. Ayinde et al. [57] reported that untreated cocoa bean shell could be included in rabbit diets at a
level of 100 g/kg. After treatment with hot water, however, it could be included at 200 g/kg. The major
use of cocoa bean shell is as a mulch. This mulch contains approximately 2.5% nitrogen, 1% phos-
phate, and 3% potash as well as a natural gum that is activated when watered. This enables the cocoa
shell mulch to slow soil moisture loss through evaporation as well as retarding weed growth [58]. The
texture of the cocoa shell also deters slugs and snails and helps prevent plant damage [59]. Cocoa bean
shell mulch has been implicated in methylxanthine toxicosis in dogs. Methylxanthine is a breakdown
product of theobromine, one of the main alkaloids in cocoa [60].

Other By-Products of Cocoa

At the International Workshop on Cocoa By-Products held in Ghana in 2003, the delegation from
Malaysia indicated other by-products that they had developed from cocoa. These by-products are
listed in Table 3.3 [61].
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Table 3.3 Other by-products By-product Source
g;itor;ivya];;p roduced from Cocoa gum Pod husk, leaves, and chupons
Activated carbon Pod husk
Dietary fiber Shells
Pectic enzyme Pod husk
Methylxanthine Shells, leaves, beans, and chupons
Theobromine Shells and beans
Polyphenols Shells, leaves, pod, and branches

Particle boards
Essential oils
Compost
Biogas

Shells

Leaves, chupons, flowers, and pod husk
Pod husk

Pod husk

By-Products as a Way of Increasing Farmer Income
and Alleviating Farmer Poverty

There has been a growing concern among governments of cocoa-producing countries in the world,
particularly in Africa, on the increasing poverty among cocoa farmers. The low yield obtained by the
cocoa farmer has resulted in some social and economic consequences such as low incomes, poor farm
maintenance arising from high incidence of pests and diseases, and increased deforestation. As a
result, the youth from the cocoa-producing areas are not finding cocoa farming attractive enough and
are thus drifting into the urban areas in search of nonexisting jobs.

A feasibility study, conducted as part of the ICCO/CFC/COCOBOD-funded cocoa by-products
project, indicated that there is the potential for cocoa farmers to enhance their incomes through the
processing of cocoa waste into the developed by-products in all cases except the production of indus-
trial alcohol, which only results in an unattractive 3% enhanced income. The other products result in
an enhancement of revenues ranging between 13% and 18% [62].

Problems with Utilization of Cocoa By-Products

The logistics involved in the evacuation of cocoa by-products (fresh pods, pulp juice) from the farm
gate to a processing factory in an urban center are quite enormous. Cocoa farming, as practiced in
Ghana, is made up of several small farmers scattered all over the six cocoa growing regions, and this
makes the collection of by-products a headache for any potential investor. Such small farmers would
probably not generate enough by-products. A more realistic approach would be to process at the district
level (farmers’ cooperative) or on large plantations. Cooperatives could also organize central process-
ing of raw materials collected from, or delivered by, their members and successfully run a profitable
enterprise, generating additional revenue for member farmers in the process. Products derived solely
from cocoa would, perhaps, be most suitable for such strategies rather than those which combine cocoa
by-products with other inputs. Products that would fall into this category, either as products suitable for
retail or as intermediate products for sale to other processing industries, would include pure CPH ani-
mal feed, potash, alcohol, pectin, and cocoa butter extracted from cocoa beans discards.

It has not been easy getting farmers to adopt new methods that will allow for the collection of raw/
waste materials, for example, cocoa sweating. Furthermore, apart from the production of alcohol, all
other products require that the sweatings be quite fresh and not have undergone deterioration. It is a
major challenge collecting and keeping the sweating fresh until they are processed.
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Another major problem has to do with the drying of cocoa pod husk for animal feed. Researchers
have relied on sun drying as a means of reducing cost as the cost of fossil fuels or electricity for drying
is rather prohibitive. For large volumes of material, however, this may not be wholly appropriate.

Cocoa pod husk is very fibrous, which limits its use in monogastric diets. With the development of
the use of enzyme preparations in feed formulations and the use of bioconversion, future work will
have to examine whether these techniques would allow a higher proportion of CPH to be used in
monogastric feeds.
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Chapter 4
The Microbiology of Cocoa Fermentation

Dennis S. Nielsen, Michael Crafack, Lene Jespersen, and Mogens Jakobsen

Key Points

* Fermentation is an essential step in the development of “cocoa” or “chocolate” flavor.

e The fermentation is carried out by a complex consortium of microorganisms.

e Yeast, lactic acid bacteria, and acetic acid bacteria are involved.

» Pulp sugars are metabolized into ethanol and acetic acid through exothermal processes.

* Acetic acid and ethanol penetrate the beans and in combination with the heat generated kill the
germ and break down cell walls inside the beans, initiating the processes that lead to “cocoa”
flavor.

* Proper fermentation practices are important to avoid formation of mycotoxins.

Keywords Fermentation ¢ Yeast ¢ Lactic acid bacteria ¢ Acetic acid bacteria * Microbial interactions
* Cocoa quality

Primary Processing of Cocoa

Raw cocoa has an astringent unpleasant taste and has to be fermented, dried, and roasted to obtain
the characteristic “cocoa” taste and flavor. The fermentation and drying steps are often referred to
simply as “curing.” The cocoa beans originate as seeds in fruit pods of the tree Theobroma cacao.
Each fruit pod contains 30-40 beans embedded in a mucilaginous pulp. The pulp is rich in glucose,
fructose, and sucrose (total content 10-15%), and the initial pH is relatively low (pH=3.3-4.0),
primarily due to a high concentration of citric acid (1-3%). A relatively high content of pectin and
other polysaccharides (1-2%) makes the pulp viscous, limiting diffusion of air [1-4]. The actual
fermentation takes place in the pulp, where microbiological activity in the pulp leads to the initiation
of various biochemical processes important for taste and flavor development inside the beans, pro-
cesses that continue during the drying step. A further purpose of the fermentation is to facilitate
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Fig. 4.1 (a) Heap under construction; the beans are placed on plantain leaves. (b) Heap covered with plantain leaves
(Picture courtesy of Susanne Hgnholt)

removal of the mucilaginous pulp surrounding the beans as the pulp inhibit drying of the beans to a
microbiological stable water content [5-7].

It is common practice in many cocoa-producing regions to harvest the pods over several days
before the collected pods are transported to a place at the farm suitable for subsequent handling.
Storing the pods for some days before opening is considered beneficial for the fermentation, as it
results in a more rapid increase in temperature during fermentation — and thus a faster fermentation —
presumably because sucrose is converted to glucose and fructose [8—11]. The pods are broken open
with, for example, a cutlass or any other convenient tool, and the beans scooped out of the broken pod
[6, 12]. It is important to avoid damaging the beans during opening, as damaged beans are more prone
to mold attacks, leading to formation of mycotoxins such as ochratoxin A [13, 14].

Fermentation

Following opening of the pods, the cocoa beans are spontaneously inoculated with a variety of micro-
organisms [5, 15—18]. During the fermentation, various yeasts, lactic acid bacteria (LAB), acetic acid
bacteria (AAB), and possibly Bacillus spp. develop in a form of succession, carrying out the fermen-
tation [1, 2, 4, 5, 16-24]. The microorganisms metabolize the fermentable pulp sugars to ethanol.
Subsequently, some of the ethanol is further oxidized to acetic acid through an exothermal process,
causing an increase of the temperature of the fermenting mass to 45-50°C. The ethanol and acetic
acid penetrate the beans. This, in combination with the heat produced, kills the germ and breaks down
the cell walls in the bean, initiating the processes leading to well-fermented beans [2, 5, 16, 18, 21].
More details on the involvement and roles of different groups of microorganisms in the fermentation
of cocoa are presented in other sections of this chapter.

Various cocoa fermentation systems have been developed. The heap fermentation system domi-
nates in Ghana and other West African countries [6, 12, 25]. In a heap fermentation, the beans are
piled on and covered with plantain leaves (Fig. 4.1) or plastic tarpaulin. The cover protects the fer-
menting mass against insects and conserves heat [6, 25].
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Fig. 4.2 (a) Turning of a heap fermentation. (b) Heap fermented for 48 h; the beans of half the heap have been pushed
aside. Three zones with varying degree of fermentation marked / (outer zone), 2 (middle zone), 3 (center zone) (Pictures
courtesy of D.S. Nielsen)

It is recommended to turn/mix the heaps every 24-72 h during the fermentation to ensure a uni-
form fermentation, enhance growth of beneficial microorganisms, and limit the growth of unwanted
microorganisms [12, 26]. However, turning of the heaps by hand is tedious (Fig. 4.2a); according to
Baker et al. [12] 57% of the Ghanaian farmers do not turn their heaps. A more recent investigation
by Aneani and Takrama [25] confirmed this finding, as they reported that 62% of Ghanaian farmers
do not turn their heaps.

The fermentation progresses faster in the outer, well-aerated parts of the fermenting mass, as illus-
trated in Fig. 4.2b, where a heap fermentation has been opened after 48 h of fermentation and the
beans of half the fermentation pushed aside. Three zones with varying degrees of fermentation can be
recognized: (1) a thin, outer layer, where the beans are almost fully fermented and the pulp surround-
ing the beans has been broken down and drained away; (2) a middle zone, where the fermentation has
progressed some; and (3) a central zone, where the beans are surrounded by a white mucilaginous
pulp and have the same appearance as when they were removed from the pod. Turning is, in other
words, necessary to achieve a final product with a uniform degree of fermentation.

To circumvent the laborious process of turning the heaps, an experimental tray-based system
claimed to give high-quality beans in shorter time than the traditional heap system has been developed
at the Cocoa Research Institute of Ghana (CRIG). In the tray system, the raw cocoa beans are placed
in 10-cm deep trays, and 8—10 trays are stacked on top of each other, as illustrated in Fig. 4.3a. Air is
allowed to circulate between the trays, ensuring aeration of the fermenting mass without turning the
beans [27, 28]. Until recently, the tray system remained an experimental system, but during recent
years, the system has caught renewed interest from chocolate producers and has now been distributed
to several hundred farmers in Ghana [29]. The tray system has been found to change the aroma of the
produced beans in a more fruity direction compared to traditional heap fermentations [30].

A third system widely used in Brazil, Indonesia, Malaysia, and to some extent in West Africa, for
example, is the box fermentation system [6]. As illustrated in Fig. 4.3b, a number of boxes (here,
three) are arranged in a stair-wise manner on top of each other. Following pod breaking, the beans are
placed in the top box. After 1-2 days of fermentation, the beans are moved to the middle box and,
finally, after 2—3 days of further fermentation into the lowest. The box fermentation systems facilitate
turning, as the movement of the beans is aided by gravity and cocoa of good quality can be produced
[6, 26]. However, a problem occasionally encountered during box fermentation is uneven temperature
and oxygen distribution through the fermenting mass with the corners and areas around aeration holes
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Fig. 4.3 (a) Tray fermentation. (b) Box fermentation of cocoa beans (Pictures courtesy of D.S. Nielsen)

being better aerated and occasionally colder and less acidic than the rest of the fermenting mass,
enabling molds to grow abundantly. Care must be taken with respect to adequate design and fermenta-
tion practice to avoid this [4, 26, 31, 32].

Several other fermentation systems, including fermentation on drying platforms, in bags, barrels,
baskets, and holes dug in the ground, have been used over the last century [6, 8, 18, 26]. However,
these methods are not widely used.

Unfortunately, a firm and easy-to-follow definition of when to stop the fermentation has never
been developed. As a consequence, fermentation time varies widely from country to country and
even from farmer to farmer. As an example, it can be mentioned that in Ghana, some farmers fer-
ment their heap fermentations for 3 days, whereas others ferment for up to 7 days [12, 25].



4 The Microbiology of Cocoa Fermentation 43

However, even though no strict definition of when to terminate the fermentation has been devel-
oped, the experienced farmer still has a good idea of when to stop fermenting and start drying.
This is based on the smell of the fermenting mass (development of acetic odor from the activity of
acetic acid bacteria), the internal and external appearance of the beans, and falling temperature of
the fermenting mass [33, 34].

Drying

The fermentation is stopped by drying the beans. The moisture content of the beans must be brought
from the initial 40-60% to 6-7% to avoid growth of molds. Furthermore, biochemical processes
important for flavor and color development of the cocoa beans take place during drying, and the dry-
ing process is thus essential for the production of high-quality cocoa. From the point of avoiding mold
growth, it is desirable to dry as fast as possible, whereas from the point of view of proper flavor devel-
opment, drying should not be too fast. It has been established that drying should take at least 48 h to
allow proper flavor development [6, 18, 35, 36].

Two systems are used for drying: sun drying and mechanical drying. During sun drying, the beans
are spread in a thin layer on, for example, bamboo mats raised from the ground (Fig. 4.4a), plastic
sheds, or concrete floors. It is important to ensure uniform drying by mixing the beans regularly,
breaking up clumps of beans, and so forth. Furthermore, the beans should be protected from rewetting
by dew during the night and rain by covering the beans adequately (Fig. 4.4b) or by collecting and
moving the beans indoor during rain and at night [6, 18].

Under sunny conditions, the beans dry within a week, but under cloudy or rainy conditions, drying
may take up to 3—4 weeks. Obviously, prolonged drying increases the risk of mold growth and spoil-
age [6, 18].

Mechanical drying is another option. Generally, hot-air dryers driven by wood or oil are employed.
Numerous designs have been developed, but normally, indirect heating using heat exchangers is
preferred. The initial drying rate must be slow and with frequent mixing to achieve uniform removal
of water and allow time for the flavor and aroma-precursor producing biochemical reactions to
complete. This is achieved by keeping the temperature at 60°C or lower and drying for at least 48 h
[6, 18].

Sun drying is the most widely used method for several reasons: First and foremost, sun drying is
cheap, with no need to invest in expensive equipment and consumables (fuel). Furthermore, cocoa is
very prone to contamination with smoke. If smoke from the heating source of the mechanical dryer
reaches the cocoa owing to badly constructed or poorly maintained equipment, it will result in cocoa
with smoky off-flavors, which will severely limit the value of the product [6, 18].

Further Handling

Following proper drying, the beans are ready for sale. Normally, the beans are stored and transported
in jute bags or as bulk goods. Some cocoa-producing countries have established industry for further
processing of the beans into cocoa butter, cocoa powder, cocoa mass, and chocolate, but typically, the
fermented and dried beans are exported directly to Europe, the United States, Japan, and other parts
of the industrialized world [6, 37]. Here the beans are roasted, de-shelled, and further processed into
cocoa butter (the fat-containing part), cocoa powder (the defatted part), or used directly for production
of chocolate.
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Fig. 4.4 (a) Sun drying on bamboo mats. (b) Beans covered to protect against rain (Pictures courtesy of D.S.
Nielsen)

The Microbiology of Cocoa Fermentation

Early investigations by Preyer-Buitenzorg [84], Koeppen [48], and Bainbridge and Davies [44] all
showed that microorganisms were involved in the fermentation of cocoa. Over the last century, a
number of studies have investigated the microbiology of cocoa fermentations, and especially during
the last decade, our understanding of the process has greatly expanded with the publication of a num-
ber of studies taking advantage of molecular biology—based methods.
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Origin of Inocula

The fermentation of cocoa is a spontaneous microbiological process. The interior of undamaged,
healthy pods are sterile or almost sterile, containing no more than a few hundred microorganisms per
gram [5, 17, 38, 39].

Faparusi investigated the occurrence of yeasts associated with cocoa at different stages from flower
to ripe pods. A number of yeasts often present in high numbers during the actual fermentation, such
as Candida krusei (imperfect form of Pichia kudriavzevii), Kloeckra apiculata (imperfect form of
Hanseniaspora uvarum), and Pichia membranifaciens, were detected at the different stages of
maturation [38]. The incidence of yeasts isolated from mature, aseptically opened pods differed from
farm to farm. The incidence of P. membranifaciens—infected pods differed from 25% to 50% among
the five farms investigated, whereas the incidence of Saccharomyces spp.—infected pods ranged from
2% to 7.5% of the pods [38]. Maravalhas [31] mentions the occasional isolation of C. krusei from the
interior of aseptically opened pods, and Jespersen et al. [17] reported that Ghanaian cocoa pods con-
tained around 10? yeast/g with P. kudriavzevii (then named Issatchenkia orientalis [40]) constituting
80% of the isolates and P. membranifaciens 20% of the isolates.

A wide range of yeasts have been isolated from the surface of Ghanaian cocoa pods, with
Hanseniaspora guilliermondii, Hanseniaspora opuntiae, and Pichia guilliermondii being among the
most frequently isolated [15, 17].

Rombouts [47], Ostovar and Keeney [43], Jespersen et al. [17], and Daniel et al. [15] all isolated a
wide range of yeasts involved in the fermentation of cocoa from equipment such as knives used for
pod breaking, fermentation boxes, pod surfaces, dried pulp, and from workers’ hands. Furthermore,
plantain leaves used for covering the fermenting mass have been suggested as a source of inoculation
as well [41].

The fruit fly Drosophila melanogaster and other insects such as ants are another possible (and pos-
sibly underestimated) source of inoculation [42, 43]. During cocoa fermentations, D. melanogaster is
present in numbers so high that it is even referred to as “the cocoa fly” in a few early publications [44,
45]. Early experiments by Nicholls [45] suggested that D. melanogaster plays an important role in
inoculating the cocoa pulp with yeasts, and Bainbridge and Davies [44] state that D. melanogaster is
the main agent responsible for inoculating the fermenting mass with acetic acid bacteria. Ostovar and
Keeney [43] isolated three different AAB species, four different Bacillus spp., four different LAB
species, and various yeasts from four fruit flies collected at a cocoa farm on Trinidad. All isolated
species were isolated from fermenting cocoa at the farm as well. In Brazil, it has been found that
Drosophila spp. normally carries P. kudriavzevii (C. krusei) and is an important vector for transferring
microorganisms between ecological niches [31, 42, 46].

Overall Microbial Development During Fermentation

During the initial phases of the fermentation, growth of yeasts is favored due to the high sugar content,
low pH (due to the relatively high content of citric acid), and limited oxygen availability in the pulp
[18]. During the first 24-36 h of fermentation, the yeast population increase to 10’-10® CFU/g, nor-
mally followed by a steady decline throughout the rest of the fermentation [1, 2, 4, 21, 22, 47].
Climatic conditions have been reported to influence the progress of fermentation [6, 21, 47, 48]. As
an example, Jespersen et al. [17] reported that during some Ghanaian cocoa fermentations carried out
in December, one of the dry months in Tafo, Ghana [6], yeast growth was slower, not peaking until
after 48—72 h of fermentation.
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Table 4.1 Growth [log(CFU/g), standard deviations in brackets] of yeast, lactic acid bacteria (LAB), acetic acid
bacteria (AAB), and Bacillus spp. during fermentation of cocoa in the outer (15 cm from the surface) and central parts
of a large (500 kg) heap fermentation, a small (50 kg) heap fermentation (15 cm from surface), and a tray fermentation.
All fermentations carried out in October. The large heap fermentation was turned after 48 and 96 h

Fermentation time (hours)
0 12 24 36 48 60 72 84 96 108 120 132 144
Yeast, log(CFU__ /g)

yeast
Large heap, 697 724 660 490 538 508 687 667 732 540 786 565 5.55
outer part  (0.04) (0.03) (0.21) (0.43) (0.25) (0)  (0.02)  (0.16) (0.34) (0.02) (0.12) (0.14) (0.14)
Large heap, 7.23 747 573 634 5.19 525 476 582 430 548 440 585 430
central part (0.21) (0.12) (0.02) (0.06) (0.16) (0.07) (0.06) (0.06) (0)  (0.04) (0.71) (0.10) (0)
Smallheap  7.38 8.03 6.68 553 583 375 596 499 430
(0)  (0.05) (0.10) (0.04) (0.14) (0.21) (0.03)  (0.55) (0)
Tray 745 757 7.8 633 649 425 555 658 4.29
(0)  (0.10) (0.38) (0.17) (0.16) (0.07) (0.07)  (0.03) (0.12)

LAB, log(CFU, , /g)
Large heap, 599 8.09 886 9.08 9.03 847 9.09 925 923 672 916 873 888
outerpart  (0.12) (0.04) (0.15) (0.11) (0.10) (0.02) (0.27)  (0.03) (0.12) (0.03) (0.06) (0.07) (0.03)
Large heap, 553 7.02 9.6 9.8 941 940 929 817 676 490 643 829 558
central part (0.04) (0.03) (0.13) (0.04) (0.05) (0.01) (0.08) (0)  (0.05) (0)  (0.05) (0.12) (0.04)
Smallheap 625 835 836 9.06 9.15 893 860 637 N.D.
0.07) (0.21) (0.18) (0.16) (0.18) (0.18) (0.60)  (0.10)
Tray 723 862 971 954 933 827 907 845 858
(0.21) (0.03) (0.10) (0.34) (0.04) (0.04) (0.18)  (0.04) (0.19)

AAB, log(CFU, , /g)
Largeheap, 5.60 N.D. 7.14 733 776 694 Nodata® 7.54 738 541 814 584 599

outer part  (0) (0.02) (0.17) (0.02) (0.01) 0.06) (0)  (0.05) (0.09) (0.34) (0.12)
Largeheap, N.D. ND. 560 699 460 7.13 629 490 4.60 647 370 ND. N.D.
central part ©0)  (0.12) (0)  (0.02) (0.12) (0.43) (0)  (0.04) (0)

Smallheap ~N.D. 6.19 776 7.88 7.60 626 625  6.60 N.D.
0.16) (0.02) (0.06) (0)  (0.04) (0.07) (0)
Tray ND. ND. 705 7.70 734 749 596 399 N.D.
0.21) (0.14) (0.06) (0.16) (0.03)  (0.55)

Bacillus spp. log(CFU, ., /g)°
Large heap, N.D. N.D. ND. ND. 549 774 N.D. 3.60 9.10 575 799 775 781

outer part (0.15) (0.09) 0)  (0.71) (021) (0.12) (0.04) (0.19)

Largeheap, N.D. ND. ND. ND. ND. 784 ND. 414 466 696 557 743 683

central part (0.34) (0.09) (0.08) (0.26) (0.10) (0.10) (0.32)
Smallheap N.D. ND. ND. ND. ND. 405 ND. 575 575
(0.21) 0.21) (0.21)

Adapted from reference [2]

N.D. none detected

*No data, plates partly overgrown by slimy non-AAB. CFU, , , approximately as for 60 h of fermentation
®No Bacillus spp. detected during tray fermentation

Aeration by turning of the heap influences yeast growth [2], as seen from Table 4.1, where a
500-kg heap is turned after 48 and 96 h of fermentation, resulting in a decrease in the yeast cell count
in the outer part of the fermenting mass after turning and followed by renewed growth.

The primary activity of the yeasts is production of ethanol from carbohydrates. Consequently, a
sharp increase in the ethanol concentration and a decrease in the concentration of fermentable sugars
are observed during the first 24-36 h of fermentation [1, 2, 4, 7, 16, 21]. Maximum pulp ethanol con-
centrations as high as 6.5% [1] and as low as 1% or less [4, 22] have been reported. Recent studies by
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Nielsen et al. [2], Camu et al. [16], Camu et al. [49], and Papalexandratou all report maximum ethanol
values in the pulp around 2%. In general, the fermentation progresses slower in the center compared
to the outer parts of heaps [2, 22].

The conversion of glucose and fructose to ethanol is an exothermic process producing 93.3 kJ/mol
reaction [34, 50, 51]. Consequently, the production of ethanol in the initial phases (~first 24 h) of
fermentation is accompanied by a moderate increase in temperature to around 35°C [2].

During the early phases of fermentation abundant growth of LAB also fermenting the sugars pro-
ducing lactic acid is observed [1, 4, 18, 21, 24]. Lactic acid bacteria have been reported to reach
103-10° CFU/g during the first 24-48 h of fermentation [1, 2, 4, 16, 22, 49]. In Brazilian, Indonesian,
and Trinidadian box fermentations, LAB have been found to decrease to low (10* CFU/g) or
nondetectable numbers during the later stages of fermentation [1, 4, 47], whereas other studies report
that LAB constitute a significant part of the micropopulation throughout Ghanaian heap and tray fermen-
tations [2, 16, 22, 49], Dominican box fermentations [52], and Brazilian box fermentations [53].

The role of yeast and LAB during the fermentation of cocoa is not restricted to producing ethanol
and lactic acid. Breakdown of the pulp through pectinolytic activity by the yeast, assimilating citric
acid by the yeast and LAB, and reduction of fructose to mannitol by some heterofermentative LAB
such as Lb. fermentum are other important functions [18, 24, 54-58]. The assimilation of citric acid
causes the pulp pH to increase with 0.3—-0.8 units from the onset usually around pH 3.5-4 [2, 16, 52].

Ardhana and Fleet [1] found that highly pectinolytic filamentous fungi grew well during the first
36 h of fermentation and suggested that filamentous fungi play a key role in the degradation of pulp
pectin during the early phases of fermentation. On the contrary, Roelofsen and Giesberger [21] stated
that molds play no role during normal cocoa fermentations on Java (Indonesia).

The breakdown of the pulp causes some of the pulp to drain away and increase aeration of the
fermenting mass, favoring growth of aerobic AAB [4]. In general, AAB have been reported to grow
from low or even nondetectable levels at the onset of fermentation to levels anywhere between 10° and
10° CFU/g, often followed by a decline toward the end of fermentation [1, 2, 4, 16, 18, 21, 22, 43, 47,
52, 53]. As an example, Nielsen et al. [2] found that AAB grew from low or nondetectable levels at
the onset of fermentation to 10’-10% CFU/g after 36 h of fermentation. Aeration of the fermenting
mass by turning has been found to positively influence AAB growth [2, 22, 49].

In general, it is believed that AAB growth requires oxygen, but some strains are seemingly capable
of growing under conditions with very low oxygen tension, as Carr and Davies [23] found that AAB
from cocoa fermentations could be isolated from plates incubated anaerobically. The ability of AAB
to spoil bottled wine further underlines their potential for growing under very limited oxygen condi-
tions [59].

The AAB metabolizes the ethanol initially formed by the yeasts to acetic acid through an exother-
mal process (496 KJ/mol) [34]. Furthermore, some AAB species are capable of completely oxidizing
acetic acid to CO, and H,O through an exothermal process [34, 60]. The AAB activity leads to a fur-
ther increase in temperature, reaching 45-50°C or even higher [2, 4, 16, 21, 22, 34, 51, 61-63]. In
general, the temperature development in the center of large heap fermentations is relatively slow the
first 3648 h of fermentation compared to the outer part of large heaps and smaller fermentations with
better aeration [2, 21, 22, 61, 64, 65].

The ethanol and acetic acid diffuse into the beans. This in combination with the heat produced by
the activities of the AAB leads to bean death and induces the biochemical changes leading to well-
fermented cocoa beans [18, 63].

The high temperatures in combination with the ethanol and acetic present are a severe stress fac-
tors, limiting the growth or killing vegetative cells of many microorganisms [18, 21, 26]. In the later
phases of fermentation, environmental conditions with increasing pH and aeration become favorable
for growth of spore-forming Bacillus spp., often reaching 108 CFU/g or more in the later stages of the
fermentation [1, 2, 4, 22, 47].
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The role of Bacillus spp. in the fermentation of cocoa has not been fully elucidated. However, due
to their high enzymatic activity and production of, for example, short-chain fatty acids, pyrazines, and
2,3-butanediol, the growth and activity of Bacillus spp. is likely to influence the final product, possi-
bly causing off-flavors [66—69], but Bacillus spp. have also been suggested to play a positive role as
producers of pectinolytic enzymes during the fermentation [70, 71]. However, as Bacillus spp. in
general are present in relatively low numbers during the first days of fermentation where pectin break-
down is most important, it can be argued that even though Bacillus spp. isolated during cocoa fermen-
tation produce pectinolytic enzymes, their actual importance for the process is negligible.

Toward the end of fermentation, filamentous fungi grow well in the cooler and more aerated parts
of the fermenting mass [26, 31]. Mold growth has been associated with internal molding of the beans
(a serious commercial defect), various off-flavors such as “moldy odor,” and increased free fatty acids
levels [72—77]. Furthermore, mold growth may lead to production of mycotoxins such as ochratoxin
A, aflatoxins, and citrinin [78, 79]. Ochratoxin A can be produced not only during the drying step but
also during the actual cocoa fermentation [14, 80, 81]. It is furthermore likely that excessive mold
growth during the later parts of fermentation will enhance mold growth and thus potential mycotoxin
production during the subsequent drying phase [5, 75, 76, 82].

Yeast Involved in Fermentation

The distinct smell of alcohol apparent during the early stages of cocoa fermentation soon led early
investigators of the cocoa fermentation to conclude that yeasts were involved in the process [45, 83—
85]. These early studies reported the occurrence of a Saccharomyces-like yeast for which Preyer-
Buitenzorg [84] and later Nicholls [45] suggested the name Saccharomyces theobromae. However, as
stated by Rombouts [85], it is most likely that Sc. theobromae was a mixture of different yeasts spe-
cies. Furthermore, a fission yeast, possibly Schizosaccharomyces pombe, and an apiculate yeast, pos-
sibly K. apiculata and Saccharomyces spp., were reported frequently [44, 45, 83-85].

The involvement of Saccharomyces spp., Schizosaccharomyces spp., and apiculate yeasts in the
fermentation of cocoa in all the important cocoa-producing regions of the world, including South
America, Indonesia, and West Africa, was confirmed by later studies [73, 86—88]. According to Knapp
[50], H.A. Dade isolated a number of yeasts from Gold Coast (Ghana) cocoa fermentations and depos-
ited these isolates at the Centralbureau voor Schimmelcultures (CBS), Holland, where they were later
identified as K. apiculata, C. krusei (P. kudriavzevii), Pichia fermentans, Candida mycoderma (now
Candida vini [89]), and Saccharomyces cerevisiae [50, 85].

Roelofsen and Giesberger [21] carried out a comprehensive study on box fermentation of cocoa in
Java (Indonesia). Unfortunately, except for the identification of a few isolates to genus level (Pichia
spp. and Saccharomyces spp.), no serious attempts were made to identify the yeasts isolated during
the study. Rombouts [47] studied box fermentations on Trinidad and found that yeasts dominated
the fermentations during the first 24 h. The isolates were not identified in the original publication,
but according to Roelofsen [5], the isolates were later identified and C. krusei was found to be the
predominating yeast. Among others, Sc. cerevisiae (then named Sc. cerevisiae var. ellipsoideus [89]),
K. apiculata, and P. membranifaciens were isolated frequently as well [5].

Studies of box and heap fermentations in Belize, Brazil, Cote d’Ivoire, The Dominican Republic, Ghana,
Malaysia, and Indonesia have confirmed that the yeast community associated with cocoa fermentations
is complex, involving a number of species with Sc. cerevisiae, K. apis, K. apiculata, P. membranifaciens,
P. fermentans, P. kudriavzevii (and the imperfect form C. krusei), and various Candida, Torulopsis,
and Schizosaccharomyces spp. being isolated frequently [1, 4, 18, 22, 23, 43, 90-94].

More recent studies have used molecular biology—based methods for accurate identification and
culture-independent characterization of the yeast communities associated with cocoa fermentation.
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Table 4.2 Composition of the yeast community sampled 15 cm from the surface (outer part) and in the center of a large
(500 kg) heap cocoa fermentation turned after 48 and 96 h

Fermentation time (hours)
0 12 24 36 48 60 72 84 96 108 120 132 144

Outer part % of yeast population

H. opuntiae“ 79 67 71
S. crataegensis 7
P. pijperi 9
C. awuaii 3
P. sporocuriosa 2
C. zemplinina 19 14

C. michaelii 3

C. diversa 9 14

P. membranifaciens Det® 100 70 50 100 100 100 90 100 100 100
C. ethanolica 15 Det. Det.

Sc. cerevisiae 15 17

Schiz. pombe 33

P. kudriavzevii 10

Central part, % of yeast population

H. opuntiae* 78 53 21 25

P. kluyveri 11

C. diversa 11 13

C. awuaii Det. 14

S. crataegensis Det.

C. zemplinina 33 57

P. membranifaciens 9 13 11 31 97 50 100 100 67 100
Sc. cerevisiae 22 91 25 89 45

P. kudriavzevii Det.

P. occidentalis Det.

C. ethanolica 13 3 50 33

T. delbreuckii 13

Schiz. pombe Det. 24

Adapted from references [90] and [2]

H. Hanseniaspora, S. Saccharomycopsis, P. Pichia, C. Candida, Sc. Saccharomyce, Schiz. Schizosaccharomyces
aReported as H. guilliermondii in [2], but later actin gene sequencing showed that the isolates are the closely related
H. opuntiae

®Detected sporadically

These studies confirmed that the yeast communities associated with cocoa fermentation are complex,
with often 3—6 different yeast species detected during the first 24 h of fermentation and members of
the Hanseniaspora guilliermondii/opuntiae complex in general being dominant (Table 4.2) [2, 15, 17,
95]. After the first 24 h of fermentation, the Hanseniaspora guilliermondii complex members in gen-
eral have been found to die out [2], which has been explained by the relatively low ethanol tolerance
of Hanseniaspora spp. and the imperfect form, Kloeckera [1, 4]. The increasing temperatures during
the fermentation probably influence the growth and death of the yeast species present during the fer-
mentation as well [1, 89]. Later in the fermentation, species such as P. kudriavzevii, S. cerevisiae, and
P. membranifaciens in general dominate the yeast flora [2, 15, 17, 89, 95] but in lower numbers than
what is seen in first phases of fermentation (see Table 4.1) [2]. In a recent study, Papalexandratou and
De Vuyst showed that members of the Hanseniaspora guilliermondii/opuntiae complex seem to be
indigenous to cocoa fermentations worldwide (South America, West Africa, and Asia) [96].
Investigation of chromosome length polymorphism (CLP) using pulsed field gel electrophoresis
(PFGE) of a number of H. guilliermondii, P. membranifaciens, P. kluyveri, Sc. cerevisiae, and
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P. kudriavzevii strains isolated during cocoa fermentations revealed that CLP was evident within all
species investigated [17]. This finding further adds to the complexity of cocoa fermentations, as not
only is a number of different species involved in the fermentation, but within the different species,
different strains are involved as well.

Lactic Acid Bacteria Involved in Fermentation

The involvement of LAB in the fermentation of cocoa was established relatively late compared to the
other major microbiological groups involved. Using microscopy, Busse et al. [88] and Ficker and von
Lilienfeld-Toal [86] both observed LAB-like microorganisms in the pulp from fermenting cocoa, but
LAB was not cultivated from fermenting cocoa until the work by Roelofsen and Giesberger [21] and
Rombouts [47], where Roelofsen and Giesberger found Lb. fermentum to dominate the LAB com-
munity during Indonesian cocoa fermentations [88].

Carr et al. [22] and Carr and Davies [23] found Lactobacillus collinoides, Lactobacillus fermen-
tum, Lactobacillus mali, and Lactobacillus plantarum to be the dominant LAB during Ghanaian heap
fermentations. However, only a limited number of isolates were fully identified [23]. Later, Ardhana
and Fleet [1] found Lactobacillus cellobiosus (later synonym of Lb. fermentum [97]) and Lb. plan-
tarum to be the dominant LAB involved in Indonesian box fermentations.

The LAB population of Brazilian and Caribbean box fermentations have been reported to be
considerably more complex involving a number of Lactobacillus, Leuconostoc, Lactococcus, and
Pediococcus species, represented by species such as Lb. fermentum, Lactobacillus brevis, Lb. plan-
tarum, Leuconostoc mesenteroides, Lactococcus lactis, and Pediococcus acidilactici [18, 24, 43,
52, 98].

Using a combination of culture-dependent and culture-independent methods and taking advantage
of modern molecular biology—based methods the LAB community associated with the fermentation
of cocoa has been established in a handful of more recent publications (Table 4.3) [2, 16, 20, 49, 53,
99-103]. Taken together, these studies show that a number of different LAB species (mainly
Lactobacillus, Weisella, Leuconostoc, and Fructobacillus spp.) are associated with the fermentation
of cocoa, but a clear pattern is also emerging, showing that Lb. plantarum and especially Lb. fermen-
tum are indigenous to the fermentation of cocoa worldwide and are likely to play important roles
during the fermentation.

Recently, successful attempts have been made to include Lb. fermentum in a starter culture consor-
tium for consistent fermentation of cocoa [55, 104].

Acetic Acid Bacteria Involved in Fermentation

The ethanol formed by the yeasts in the early phase of fermentation is metabolized to acetic acid by
AAB as mentioned previously. The smell of acetic acid associated with fermenting cocoa is easily
recognizable and soon led early investigators to conclude that acetic acid—producing microorganisms
were involved in and significant contributors to the fermentation of cocoa [44, 45, 50, 83, 105].

The first comprehensive study on AAB associated with cocoa was carried out by Eckmann [106],
who grew AAB cultures in Germany from pulp sweatings, dry beans, and fresh fruits transported from
the tropics. Eckmann [106] mainly isolated Gluconacetobacter xylinus (then named Bacterium xyli-
nus [107]), Acetobacter orleanensis (then named Bacterium orleanese [107]), and Acetobacter pas-
teurianus (then named Bacterium ascendens [107]). However, as the samples were transported for



4 The Microbiology of Cocoa Fermentation 51

Table 4.3 Composition of the lactic acid bacteria (LAB) community during a large (500 kg) heap fermentation (samples
were taken from two positions: 15 cm from the surface [outer part] and in the center of the fermenting mass), a small
(50 kg) heap fermentation (samples taken 15 cm from the surface), and a tray fermentation. The large heap fermentation
was turned after 48 and 96 h

Fermentation time (hours)
0 12 24 36 48 60 72 84 96 108 120 132 144
Large heap, outer part, % of LAB population

Lb. plantarum 60 11 5 9 9 21 85 63
Lb. fermentum 40 81 76 100 86 100 81 89 92 69 74 15 37
Lb. ghanensis 8 11 8 5

Lc. pseudoficulneum 19

Lb. Hilgardii* 5

Pd. acidilactici 31

Large heap, center, % of LAB population

Lc. cpseudomesenteroides 82

Lb. rossii® 18

Lb. fermentum 100 98 47 87 100 100 100 100 100 52 75 4
Lc. pseudoficulneum 2

Lb. plantarum 53 9 42 25 76
Lb. ghanensis 4

Pd. acidilactici 6

Lb. hilgardii® 20
Small heap, % of LAB population

Lc. pseudomesenteroides 100 83 5

Lb. fermentum 17 63 90 77 100 100 100

Lb. plantarum 2

Lc. pseudoficulneum 28

Lac. lactis 7

Pd. acidilactici 5 23

Tray, % of LAB population

Lb. plantarum 89 30 35 5 10

Lc. pseudoficulneum 11 3

Lb. fermentum 64 57 95 100 100 100 89 90

Lc. pseudomesenteroids 6 2

Lb. brevis 3

Pd. acidilactici 11

Adapted from references [2] and [102]

Lb. Lactobacillus, Lc. Leuconostoc, Pd. Pediococcus

*Isolates did not grow upon purification. Identified directly by rep-PCR grouping and 16S rRNA gene sequencing (see
reference [2] for details)

several weeks before being examined, it is impossible to conclude anything about the significance of
the isolated species on actual fermentations.

Roelofsen and Giesberger [21] found that A. pasteurianus (then named Acetobacter rancens [107])
and Gluconobacter oxydans (then named Acerobacter melanogenum [107]) were the dominant AAB
during Indonesian (Java) cocoa fermentations, and in a later study on Trinidadian box fermentations,
Ostovar and Keeney [43] found that Gluconobacter oxydans (then named Acetobacter suboxydans
[107]) was the predominant AAB during the first 24-32 h of fermentation, whereas A. pasteurianus
predominated the AAB community from 40 h of fermentation and onward.

Gluconobacter oxydans, A. aceti, and A. pasteurianus have been found to dominate the AAB com-
munity in a number of other studies on cocoa box fermentations in Malaysia, Belize, Brazil, and
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Table 4.4 Composition of the acetic acid bacteria (AAB) community during a large (500 kg) heap fermentation
(samples were taken from two positions: 15 cm from the surface [outer part] and in the center of the fermenting mass),
a small (50 kg) heap fermentation (samples taken 15 cm from the surface), and a tray fermentation. The large heap
fermentation was turned after 48 and 96 h

Fermentation time (hours)
0 12 24 36 48 60 72 84 96 108 120 132 144

Large heap, outer part, % No data

of AAB population
A. pasteurianus 100 55 22 - 62
A. syzygii 57 33 - 72
A. tropicalis 29 45 100 45 - 14 100 38 100 100 100
A. malorum 14 -
G. oxydans - 14
Large heap, center,

% of AAB population
A. pasteurianus 100 22 80 13
A. syzygii 100 45 20 34
A. tropicalis 100 33 100 100 53 100
Small heap,

% of AAB population
A. syzygii 100 83 89 100 100 22 75
A. pasteurianus 17 33 25
A. malorum 11
A. tropicalis 45

Tray, % of AAB population

A. syzygii 50 100

A. malorum 50

A. pasteurianus 73 100

A. tropicalis 27 100 100
Adapted from reference [2]

A. Acetobacter, G. Gluconobacter

Ghana [18, 22, 23, 108, 109]. More recently, Ardhana and Fleet [1] isolated A. pasteurianus and
Acetobacter aceti during Indonesian cocoa fermentations, but interestingly, no Gluconobacter spp.
were isolated in this study.

During recent years, the composition of the AAB microbiota associated with the fermentation of
cocoa worldwide has been investigated in detail in a number of studies taking advantage of modern
molecular biology—based methods, including culture-independent methods [2, 16, 20, 49, 53, 100,
101, 103]. In the study by Nielsen et al. [2], Acetobacter pasteurianus, Acetobacter syzygii, and
Acetobacter tropicalis were the dominating AAB during the fermentations, with occasionally isola-
tion of A. malorum and G. oxydans detected as well (Table 4.4) [2].

All in all recent years’ advancement of our understanding of the AAB microbiota associated with
fermentation of cocoa strongly indicates that A. pasteurianus is indigenous to cocoa fermentations
around the world. Recently, A. pasteurianus has been included in a starter culture consortium success-
fully used for controlled fermentation of cocoa [55, 104].

Bacillus spp. Involved in Fermentation

Bainbridge and Davies [44] were the first to observe growth of aerobic spore-forming bacteria during
the later stages of cocoa fermentation and identified the bacteria as being of the Bacillus subtilis type.
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Table 4.5 Composition of the Bacillus spp. community during a large (500 kg) heap fermentation and a small (50 kg)
heap fermentation. The large heap fermentation was turned after 48 and 96 h and samples were taken from two posi-
tions: 15 cm from the surface (outer part) and in the center of the fermenting mass. From the small heap fermentation,
samples were taken 15 cm from the surface

Fermentation time (hours)
0 12 24 36 48 60 72 84 9 108 120 132 144

Large heap, outer part,
% of Bacillus spp. population

B. licheniformis 100 50 100 72 96 80
B. cereus Det.

B. pumilus 18 4 11
B. megaterium 100 100 50 10

B. subtilis 9

Large heap, center,
% of Bacillus spp. population
B. licheniformis 29 35 17 68 60 34
B. pumilus Det. 22 66 32 40 66
B. megaterium 100 71
B. sphaericus 17
B. subtilis 43 Det.
Small heap,
% of Bacillus spp. population
B. megaterium 100
B. licheniformis 100 100
Adapted from reference [2]
B. Bacillus
*Detected sporadically

Later, H.A. Dade (mentioned in a private communication to Knapp, 1937) isolated Bacillus undulatus
(B. undulatus is not a validly published name; furthermore, it is not clear what the present name of
Bacillus undulates would be [107]) and Bacillus megaterium during Gold Coast (Ghana) cocoa fer-
mentations. In the studies by Carr et al. [22] and Carr and Davies [23], the Bacillus community associ-
ated with cocoa fermentation was found to be relatively simple, as all identified isolates from Ghanaian
heap fermentations were identified as B. subtilis and only Bacillus licheniformis and Bacillus subtilis
were isolated during Malaysian box fermentations. In a later study carried out in Indonesia, Ardhana
and Fleet [1] isolated Bacillus pumilus at each of three estates investigated and in general found that
the Bacillus community diversity was relatively restricted, with 2—4 different species being detected
at each of the sites investigated. On the contrary, Ostovar and Keeney [43] and Schwan et al. [68]
reported that the Bacillus community associated with box fermentations in Trinidad and Brazil was
complex, involving 8—14 different Bacillus spp.

Nielsen et al. [2] only isolated Bacillus spp. occasionally and in relatively low numbers during the
first 2-3 days of fermentation. During later stages of fermentation, Bacillus spp. were detected in higher
number (see Table 4.1), probably because Bacillus spp. are able survive the high temperatures resulting
from AAB activity and in general thrive better with the increasing oxygen availability in the later stages
of fermentation, caused by the breakdown of pulp. Bacillus licheniformis and B. megaterium were domi-
nating the Bacillus microflora in the fermentations investigated by Nielsen et al. [2] (Table 4.5).

Whether Bacillus spp. play an important role during cocoa fermentation or not remains controver-
sial. In several studies, they are not detected at all [16, 100], and in other studies, they are only
detected more occasionally and often late in the fermentation [2, 20]. On the other hand, Ouattara
et al. [70] reported that Bacillus communities were present and generally in significant numbers
throughout Ivorian box and heap fermentations. Ouattara et al. [70, 71] argue that Bacillus spp. might
play an important role due cocoa fermentation due to their production of pectinolytic enzymes.
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Fig. 4.5 Visible mold growth on the surface of an unturned Ghanaian heap fermentation (Picture courtesy of Susanne
Hgnbholt)

Other Bacteria Involved in Fermentation

A wide range of bacteria other than LAB, AAB, and Bacillus spp. have been isolated during cocoa
fermentations, but the importance of any given species is difficult to judge, as also stated by Lehrian
and Patterson [26]. However, some species are encountered frequently and probably play some role in
the fermentation. In Indonesia, Ardhana and Fleet [1] isolated Micrococcus kristinae and various
Staphyloccus spp. during cocoa fermentations carried out at three different plantations, and
Pseudomonas cepacea was isolated from two out of three fermentations. Also, Roelofesen and
Giesberger [21] and Ostovar and Keeney [43] mention the occasional isolation of Micrococcus spp.
during Indonesian and Trinidadian box fermentations.

During an investigating of cocoa box fermentations carried out at two different estates in Trinidad,
Ostovar and Keeney [43] observed that Zymomonas mobilis constituted 40-80% of the micropopu-
lation after 1648 h of fermentation in the central part of a box fermentation on an estate where
the beans were tightly packed in the boxes and the oxygen availability thus limited. On the contrary,
Z. mobilis accounted for a much smaller percentage of the microorganisms at the other estate, where
the beans were packed more loosely and the oxygen availability higher. Zymomonas mobilis grows
well under anaerobic conditions and is an efficient producer of ethanol from glucose, fructose, and
sucrose. Consequently, it has been suggested that Z. mobilis along with the yeasts play a role in con-
verting sugars to ethanol during the first days of fermentation [43, 110].

More recently, various Enterobacteriaceae, such as Tatumella saanichensis and Tatumella punc-
tata, have been detected during the first days of cocoa fermentation, and it has been suggested that
they might play a role in pectin degradation and citric acid metabolism during the early phase of fer-
mentation [100, 103].
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Molds Involved in Fermentation

Filamentous fungi can be readily observed on the surface of fermenting cocoa if left undisturbed (i.e.,
no turning) for a few days, as seen in Fig. 4.5. Fungal growth is rarely observed below the outer layers
of the fermenting mass [5, 21, 26, 31, 72, 82], with the exception of the study by Ardhana and Fleet
[1], who observed fungal growth in samples taken from the center of Indonesian box fermentations
during the first 36 h of fermentation.

According to Bunting [82] and Dade [72], the molds most frequently isolated during Gold Coast
(Ghana) cocoa heap fermentations were members of the Aspergillus fumigatus group and Mucor spp.
Maravalhas [31] observed that molds appear in succession with A. fumigatus appearing first followed
by Mortierella gamsii (then named Mortierella spinosa [111]) and later Paecilomyces variotii. In the
later stages of fermentation, the temperature of the fermenting mass decreases, and this is according
to Maravalhas [31] accompanied by growth of Penicillium citrinum and Aspergillus glaucus. The
occurrence of P. citrinum was later confirmed by Ardhana and Fleet [1], who furthermore reported
growth of Penicillium purpurogenum, Penicillium ochrochloron, Aspergillus versicolor, and
Aspergillus wentii during the fermentations.

It is of concern that mycotoxins (ochratoxin, citrinin) have been detected and mycotoxin-producing
molds such as Aspergillus carbonarius and Aspergillus niger have been isolated from fermented
cocoa in frequent numbers [14, 79, 81]. However, according to Mounjouenpou et al., ochratoxin (and
probably mycotoxins as such) contamination of cocoa beans can be avoided or at least minimized by
adhering to good cocoa-processing practices [13, 14].

Microbial Growth During Drying

The ultimate goal of the drying process is to obtain microbiologically stable cocoa beans by drying to
an extent where microbial growth becomes impossible. A water content of 7.2% has been established
as a safe limit [5, 21]. As the water availability decreases during the drying process, fewer and fewer
microorganisms are capable of growing, and a pronounced reduction in the number of viable micro-
organisms is observed [22, 24]. At the onset of drying, yeast, AAB, LAB, and Bacillus spp. were
isolated by Carr et al. [22] in Ghana. During the solar drying process, all but spore-forming Bacillus
spp. died out. A similar picture has been observed in Brazil [24].

Many molds are capable of growing at low water activities, and if the reduction in moisture content
during drying is too slow, molds will grow [5, 6]. Various Aspergillus spp., Penicillium spp., and
Mucor spp. have been frequently isolated from moldy cocoa beans. Mold growth during drying should
be avoided, because it can result in the formation of off flavors, internal molding of the beans, and
formation of mycotoxins [5, 6, 13, 14, 72, 75, 76, 82].

Use of Starter Cultures for Fermentation of Cocoa

Soon after it was realized that microorganisms were responsible for the fermentation of cocoa beans,
the first attempts of controlling the fermentation using starter cultures were made, as Preyer-Buitenzorg
[84] inoculated cocoa fermentations with his so-called Sc. theobromae (see the section Yeast Involved
in Fermentation). According to Preyer-Buitenzorg [84], the resulting cocoa was of a better quality
than cocoa fermented without the addition of Sc. theobromae. Subsequently, a number of attempts
have been made to improve or control the quality of fermented cocoa by using yeast as a starter culture
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[21, 50, 86, 94, 112, 113], and more recently, an interesting study using a hybrid Kluyveromyces
marxianus strain with increased pectinolytic activity as starter culture resulting in chocolate more
acceptable to a sensorical panel was published [114].

According to Busse et al. [88], the quality of Cameroonian cocoa suffered from being too acidic,
and it was unsuccessfully attempted to retard the growth of AAB by adding Lactobacillus delbrueckii
(then named Bacillus delbriickii [107]).

As evident from the previous sections of this chapter, cocoa fermentations are carried out by a
consortium of microorganisms, including yeast, LAB, and AAB. The first attempt at using a consor-
tium of all these groups of microorganisms for fermentation of cocoa was first published by Schwan
[109]. Schwan [109] used a defined microbial inoculum consisting of a mixture of Sc. cerevisiae,
Lb. plantarum, Lactobacillus delbrueckii subsp. lactis (then named Lactobacillus lactis [107, 115])
A. aceti, and G. oxydans. The first 2-3 days of fermentation the inoculum dominated the fermentation,
but during the later phases of fermentation, the inoculum was outgrown by naturally occurring micro-
organisms. The chocolate produced from the inoculated bean was of a quality comparable to choco-
late produced from a spontaneously inoculated control fermentation. In a couple of recent studies,
Lefeber et al. [55, 101, 104] used a systematic approach for screening isolates for interesting cocoa
fermentation starter culture properties and identified L. fermentum and A. pasteurianus as the essen-
tial bacteria for the process.

So far, the aim of the different attempts to use starter cultures for the fermentation of cocoa has
been to improve the quality of the resulting beans in terms of flavor potential, absence of excess
acidity, and/or to increase the speed of fermentation. The work of Masoud et al. and Masoud and
Kaltoft points at another potential use of artificial inoculation of cocoa fermentations, as strains of
Pichia anomala, P. kluyveri, and H. uvarum isolated from coffee fermentations have been found to
inhibit growth and ochratoxin A production by Aspergillus ochraceus [116, 117]. The primary pro-
cessing of cocoa and coffee has a number of similarities [117], and it is indeed possible that the poten-
tial of some yeasts to inhibit mold growth and mycotoxin production could be exploited in the primary
processing of cocoa as well.
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Chapter 5
Fungi and Mycotoxin Occurrence in Cocoa

Marina Venturini Copetti, Beatriz Thie lamanaka, and Marta Hiromi Taniwaki

Key Points

* Fungi can grow and produce mycotoxin during cocoa processing.

e Mycotoxins are stable to most food processing and remain in cocoa by-products and chocolate.

* There are worldwide reports of mycotoxin occurrence in cocoa products and chocolate, especially
ochratoxin A and aflatoxins.

* Ochratoxin A is nephrotoxic, while aflatoxins are hepatotoxic and hepatocarcinogenic.

* Chocolate is a minor source of ochratoxin A and aflatoxin in diet.

Keywords Fungi ® Ochratoxin A ¢ Aflatoxins ¢ Chocolate * Cocoa by-products ¢ Food safety

Introduction

Chocolate quality may be influenced by a variety of environmental, agronomic, and technological
factors to which the cocoa beans are subjected from the opening of the fruit until the end of industrial
processing. To achieve the chocolate flavor, the cocoa beans have to go through a microbial curing
process that starts at fermentation. After fermentation, beans are transferred to sun drying platforms
where a gradual reduction in moisture content occurs. When moisture content reaches values
sufficiently low to avoid microbial spoilage, beans are transferred to storage rooms, then later bagged
and marketed. At the manufacturing stage, the dried fermented cocoa beans are submitted to a similar
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treatment of roasting and grinding at the beginning and then follow two distinctive processing lines
giving as final product powdered cocoa or chocolate.

Research has shown a steady and marked participation of filamentous fungi during the fermenta-
tion process and during the drying and storage steps [1-4]. When present, they occur with higher
intensity in the last days of fermentation and are usually related to the formation of off flavors and
deterioration of cocoa beans.

Besides the deteriorative potential and consequent influence on sensorial quality of cocoa and
chocolate, the presence of fungi in food is also a public health issue owing to the possibility of myco-
toxin formation. Aspergillus, Penicillium, and Fusarium are the main genera capable of producing
toxic secondary metabolites, many of which have mutagenic, teratogenic, and carcinogenic effects on
humans and animals. Consequently, this chapter will focus mainly on the factors affecting the devel-
opment of filamentous fungi and production of mycotoxins, as well as the reports of mycotoxins in
cocoa and chocolate.

Fungi in Cocoa and Cocoa Products

Fungi are able to grow in all kinds of food, and there is general agreement that an increase in fungal
activity in food can affect both its chemical composition and nutritional value. The fungal develop-
ment can result in various forms of deterioration: loss of flavor, aroma and nutrients, toxin formation,
discoloration, decay and formation of allergenic and pathogenic propagules.

The occurrence of alterations in sensory properties of food is often due to the synthesis of exoen-
zymes during fungal growth. A large number of enzymes can be produced (e.g., lipases, proteases,
and carbohydrases), which can cause changes in protein and fat content while increasing the level of
fatty acids and nonreducing sugars. Volatile substances can also be produced (such as dimethyl
sulfides and 2-methyl-isoborneol) during fungal development, which affect the quality of food and
beverages even when present in very small amounts. However, fungal contamination in food can also
be of concern because several fungi are capable of producing a wide variety of toxic substances.

It should be noted that the presence of toxigenic fungi does not necessarily indicate the production
of mycotoxins, since there are several factors that influence the production of mycotoxins by a fungal
species. Nor does the absence of fungi ensure the absence of mycotoxins, since these toxins can per-
sist for long periods even after fungal death.

Considering the very different parameters present in the cocoa beans according to the processing
steps where the samples are collected for evaluation, a quite significant difference in the fungal spe-
cies presence is expected. Figure 5.1a—h illustrates the succession on fungal contamination during the
processing of cocoa beans, from cocoa pod to storage. Detailed studies on cocoa mycobiota were
published elsewhere [5].

Both the cocoa beans and pulp inside a not injured cocoa pod are microbiologically sterile but are
subsequently contaminated with microorganisms when the fruit is opened. These microorganisms
will contribute to the subsequent spontaneous fermentation process.

The role of filamentous fungi during cocoa fermentation is not totally understood. It is known that
these microorganisms are able to cause hydrolysis of the pulp, produce acids, off flavors, and alter the
taste of the cocoa beans [6], and it is believed that an extensive fungal development at the end of fer-
mentation causes increased deterioration in the consecutive phase of drying [7].

During the cocoa fermentation, high amounts of alcohol and lactic and acetic acid are produced by
the fermentative yeasts and bacteria. These products of metabolism acting together with other factors
such as the low pH, elevation of temperature produced by exothermic metabolic reactions, the com-
petitive environment dominated by bacteria and yeasts in high water activity substrates and the
microaerophilic conditions, will restrict the species able to develop.
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Fig. 5.1 Cocoa pod (a), fungal presence during cocoa fermentation (b), drying (c¢) and storage (d), mycological evalu-
ation of cocoa beans sampled before fermentation (e), at fermentation (f), at drying (g), and at storage (h)
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In an investigation carried out in Brazil [5], of 18 species of filamentous fungi isolated in samples
from fermentation, only three species (Monascus ruber, Penicillium paneum, and Geotrichum
candidum) were present in more than 20% of the 51 samples evaluated during this processing step.
Considering some physiologic aspects of these more prevalent fungi isolated at fermentation, Pitt and
Hocking [8] remark that G. candidum is able to grow under microaerophilic conditions and high a
and M. ruber and P. paneum are also adapted to environments of low oxygen pressure. P. paneum is a
species closely related to P. roqueforti, which has an optimum pH for growth between 4.0 and 5.0, and
tolerates high levels of CO,, as well as the organic acids commonly found in the cocoa fermentation.
Ribeiro et al. [1] also reported the presence of some acetic acid-tolerant species, P. variotii and
T. ethaceticus.

A low occurrence of potentially toxigenic isolates of A. flavus, A. parasiticus (aflatoxin producers),
A. niger, and A. carbonarius (ochratoxin producers) has been reported in samples from fermentation
[3,9, 10].

At the end of fermentation, the fermented cocoa beans are submitted to a drying step to reduce their
water activity (a ) and consequently avoid microbial spoilage at storage. This process can be carried
out in artificial driers or on sun drying platforms. Sun drying is the most common method and usually
takes 7—14 days or more, depending on weather conditions.

The a_ is one of the most important parameters regarding the control of microorganism growth.
The decrease of a  during the drying step reduces the number of competitors due to the higher
sensitivity of bacteria and yeasts to low water availability [11], so fillamentous fungi become the pre-
dominant population. In addition, the dispersal of fermented beans on wooden drying platforms facili-
tates contact with fungal spores which can act as inoculums for future developing species. This
procedure on the platform also increases the oxygen tension essential for growth of these fungi and
facilitates the volatilization of some inhibitory acids produced during the fermentation, especially the
acetic acid.

Sun drying can be considered a transition stage where the water content, competitors’ microorgan-
isms, and inhibitory substances (e.g., alcohol and acetic acid) will decrease gradually, allowing a
better development of filamentous fungi. The fungal species predominant in the first days tend to be
the ones that were more prevalent at fermentation, and in the course of time, it changes to species
adapted to intermediate moisture foods, like the genera Aspergillus and Penicillium.

An investigation carried out in Brazil [12] demonstrates a visible elevation of the occurrence of fungal
species in this phase of cocoa processing. The accentuated increase in the presence of A. flavus,
A. parasiticus, A. niger, and A. carbonarius is a cause for concern since these species are potentially
aflatoxin and ochratoxin producers, respectively. It is important to highlight that at least in part of the dry-
ing stage these species can find enough water in the substrate to allow for later mycotoxin production.

When the fermented and dried cocoa beans reach about 6-7% of humidity, they are considered
“cured” and are stored in bags at the farm until marketed. The species isolated from stored samples
tend to be similar to those present at drying, since the fungal spores can remain viable even if there is
not enough water at this stage to sustain the fungal growth. Nevertheless, an increase in the occur-
rence of xerophilic species is expected and was reported [5], especially concerning the genus Eurotium
(E. amstelodami, E. chevalieri, and E. rubrum) and A. penicillioides. These species are adapted to
grow under conditions of reduced a_ and are responsible for considerable economic losses in stored
grains, nuts, spices, and cereal products [8], although they have little importance regarding mycotoxin
production.

Even if the cocoa beans have a water content low enough to avoid any microbial growth when
bagged and stored; storage under poor conditions of high humidity can provide suitable conditions for
spore germination, fungal growth, and spoilage. Cocoa beans are hygroscopic, so when cocoa is
stored under high humidity conditions, it will absorb moisture from the environment until reaching
equilibrium. For this reason, Wood [13] recommends that the storage of cocoa in tropical countries
should not exceed 2—-3 months if not carefully carried out.
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When marketed, the cured beans are subjected to an initial cleaning at the manufacturing plant to
remove residues of fibers, insects, and stones previous to the industrial processing that starts with a
thermal treatment.

Most cocoa contaminants are present in the testa (shell), which corresponds to about 12% of a
cured cocoa bean and is almost completely removed by winnowing after the preroasting of beans.
These steps are extremely important to reduce the level of contaminants present in the beans before
the subsequent processing stages.

Roasting is essential to complete the chemical reactions responsible for development of the choco-
late flavor and at the same time reducing the microbial contaminants. Roasting (treatments of 15 min
to 2 h at 105-150°C) is considered the only step in the chocolate production allowing for complete
destruction of vegetative microorganisms [14].

After the steps of roasting and alkalization, the cocoa by-products used to be considered free of
fungi; nevertheless, some fungal species can be isolated from cocoa products [S]. These contaminants
probably originate from a postprocess contamination by microorganisms released in the previous
manufacturing procedures and which remain present in the processing equipment and environment.

Chocolate is considered a product microbiologically stable because of its low a_, that is not condu-
cive to microbial growth and spoilage. Nevertheless, there are reports of development of xerophilic
fungi such as Bettsia alvei, Chrysosporium xerophilum, and Neosartorya glabra in deteriorated choc-
olate and chocolate confetti [14, 15]. These episodes occur due to inadequate storage problems lead-
ing to the formation of an environment with increased availability of water at the interface of the
packaging and chocolate when it is stored in environments with high relative humidity.

Mycotoxins in Cocoa and Cocoa Products

Mycotoxins are substances of low molecular weight synthesized during the growth of certain fungi.
Some toxins remain restricted to the fungal mycelium while the majorities are secreted into the sub-
strate. It is known that most mycotoxins are extremely resistant to chemical and physical treatments
and, once present in a raw material, remain stable through the steps of food processing and storage.

The fungal toxins are variable in their chemical composition, biological action, and toxicological
effects. The most expressive effects are the induction of various types of tumors and immune
suppression [16]. When ingested as a contaminant of food, part can be fixed to the tissues, despite the
majority being metabolized and excreted. An important feature is their ability to affect specific organs
without causing apparent changes in the others. The severity of symptoms depends on the toxicity of
the mycotoxin; the level of exposure; age, sex, and nutritional status; and the possible synergistic
effects with other chemicals [17, 18].

Human exposure to mycotoxins through consumption of contaminated food is a public health issue
worldwide. Programs for monitoring the levels of food contamination by mycotoxins are essential for
setting priorities in health surveillance. The aflatoxins and ochratoxin A are among the most known
mycotoxins. Special attention will be given to these two toxins due to their toxicity, high presence in
the food chain, and recent reports of occurrence in cocoa and chocolate.

Ochratoxin A

Ochratoxin A (OTA) is a toxin produced by several species of Aspergillus and Penicillium. These
filamentous fungi are capable of growing in different climates and on different substrates, allowing a
worldwide contamination of food crops with OTA. There is a general consensus that ochratoxigenic
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Aspergillus species are responsible for accumulation of OTA in tropical regions, while in temperate
climates such a problem is attributed to the occurrence of Penicillium species, such as P. verrucosum
and P. nordicum [8].

The toxicology and human health risks of OTA have been assessed by the Joint FAO/WHO Expert
Committee on Food Additives (JECFA), which has established tolerable intakes of OTA from food
[19]. These tolerable intakes have been used in many countries as a basis for regulation of OTA in
some foods, and nowadays, the provisional tolerable weekly intake (PTWI) for OTA is stated at
100 ng/kg of body weight [20].

OTA is known for its carcinogenic, nephrotoxic, teratogenic, and immunotoxic effects in animal
cells [16]. The International Agency for Research on Cancer [16] has classified OTA as a possible
carcinogen to humans (Group 2B), since there are a limited number of studies. Humans are more
sensitive to the nephrotoxic effects [21], where this mycotoxin has a plasma half-life of 35 days [16].
Assuming that the period necessary to achieve the theoretical value of zero is eight times, a detectable
serum level could still be found in humans after 280 days from the first exposure [22].

The main dietary sources of OTA are cereals, followed by wine, spices, coffee, grape juice, cocoa,
beer, and dried fruits [16, 23]. OTA has an extremely high affinity for serum albumin and other blood
macromolecules, with a long half-life in mammals. Because of this, it has also been found in animal
tissues, especially in pork meat and derivatives [24].

Ochratoxin A in Cocoa and Chocolate

The occurrence of OTA in cocoa powder and chocolate has been reported around the world (Table 5.1).
It is estimated that cocoa responds to 5% of OTA intake in a diet [29]. The number of investigations
regarding the occurrence of ochratoxin A in cocoa and by-products has increased in the last decade
powered by international discussions supported by the Joint FAO/WHO Expert Committee on Food
Additives (JECFA); European Food Safety Authority (EFSA); Association of Chocolate, Biscuit and
Confectionery Industries of the European Union (CAOBISCO); European Cocoa Association (ECA);
and Federation for Cocoa Commerce (FCC). In 2011 the Codex Committee on Contaminants in Food
(CCCEF) elaborated a discussion paper on ochratoxin A in cocoa [35]. The main objective of these
studies was to try to understand the main factors involved in OTA production during the different
steps of cocoa processing at farm and the possibilities of reducing the contamination in the final prod-
ucts through technological processes. Once possessing this information, a code of practice to reduce
and manage the incidence of OTA in cocoa could be formulated.

Gilmour and Lindblom [7] carried out extensive research in an attempt to elucidate the main fac-
tors involved in the occurrence of OTA in cocoa, which was focused mainly in the Ivory Coast.
Preliminary results of this study revealed that the contamination already starts between harvest and
fermentation; damaged pods appear to be critical for OTA accumulation in cocoa.

In an investigative study carried out on Brazilian farms during the period of 2006-2008 [9], no
OTA was detected in the cocoa samples collected from the pods (previous to the beginning of fermen-
tation), and only low levels of this toxin were detected during the fermentation time. Higher numbers
of samples were detected with OTA during sun drying and storage of cocoa beans, with about 50% of
samples contaminated, although the OTA levels found in Brazilian cocoa were low (mean of 0.13 and
0.10 pg/kg at sun drying and storage, respectively). This study also correlated the occurrence of OTA
in the samples with the presence of OTA-producing species, concluding that A. carbonarius was the
main OTA-producing species involved in OTA contamination in cocoa.

Experiments carried out in Brazil [5] demonstrated the influence of fermentative practices in the
accumulation of ochratoxin A in cocoa artificially contaminated with A. carbonarius as well as
the inhibitory effect of the organic acids present in the cocoa fermentation and pH on the growth and
ochratoxin A production by A. carbonarius and A. niger, highlighting the importance of conducting an
adequate fermentation to minimize the development of ochratoxigenic fungi during the drying step.
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Table 5.1 Ochratoxin A (OTA) occurrence in chocolate worldwide

Level of OTA contamination in the samples

Number of samples ne/kg

Product Total >LOQ >2ug/kg Max. Median Mean Origin Reference
Cocoa powder 31 29 (94%) 17 (55%) 4.4 - 2.41 Various [25]
Cocoa powder 21 21(100%) - - 0.24 - Spain [26]
Cocoa powder 5 5(100%) - - 0.17 - Various [26]
Cocoa powder 1189 1094 (92%) 143 (12%) - - 1 Various [7]
Cocoa powder 18 9 (50%) 0 077 - 0.43 Italy [27]
Cocoa powder 20 19 (95%) 0 1.1 - 0.68 United Kingdom  [28]
Cocoa powder 20 20 (100%) - 2.4 - 1.67 United Kingdom  [28]
Cocoa powder 96 91 (95%) 0 1.8 - 0.38  Germany [29]
Cocoa powder 40 39 (98%) - 2.4 - 1.2 United Kingdom  [29]
Cocoa powder 40 40 (100%) 0 1.8 0.59 - Germany [30]
Cocoa powder 25  25(100%) 0 092 - 0.39 Brazil [31]
Cocoa powder 40 40 (100%) 0 1.82 - 0.55 Italy [32]
White chocolate 5  5(100%) - - 0.03 - Spain [26]
White chocolate 9 8(88%) - - 0.03 - Various [26]
White chocolate 25 23(92%) - 0.05 - 0.03  Brazil [31]
Milk chocolate 47 47 (100%) - - 0.12 - Spain [26]
Milk chocolate 122 122(100%) - - 0.1 - Spain [26]
Milk chocolate 228 52 (23%) - - 0.16 Various [7]
Milk chocolate 39 36(92%) 0 041 0.08 Germany [30]
Milk chocolate 25 25(100%) O 045 - 0.15  Brazil [31]
Milk chocolate 7 51%) 0 0.19 - 0.11 Canada [33]
Milk chocolate 78 21 (27%) 0 026 - 0.15 Italy [32]
Dark chocolate 35 52 (100%) - - 0.25 - Spain [26]
Dark chocolate 52 52 (100%) - - 0.27 - Various [26]
Dark chocolate 536 300 (60%) - - - 0.26 Various [7]
Dark chocolate 25  25(100%) O 0.87 - 0.34  Brazil [31]
Dark chocolate 14 14 (100%) 0 0.88 - 0.38 Canada [33]
Dark chocolate 120 92 (77%) 0 0.74 - 0.20  TItaly [32]
Dark/Bitter chocolate 78 78 (100%) 0 0.66 0.14 - Germany [30]
Bitter chocolate 41 27 (66%) 0 0.94 0.35 Japan [34]
Bitter chocolate 25 25 (100%) 0 0.92 0.39 Various [31]

With regard to the secondary processing steps, studies demonstrate that most OTA is concentrated
in the shell fraction and just a small part of the toxin contaminates the nibs [7, 36-38]. About 50% of
the toxin is physically removed by industrial shelling [7], while handmade shelling reduces between
50% and 100% of OTA contamination [36, 38]. In the next processing steps, the shelled cocoa (cocoa
nibs) can follow two different ways, resulting in chocolate or powdered cocoa. Investigations demon-
strate that OTA remains bound to the nonfatty fraction of cocoa (see Table 5.1), so levels found in the
butter are very low and the more cocoa solids a processing product has, the higher will be the amounts
of OTA on it [7, 25, 37].

Usually a high number of chocolate samples are positive to OTA (40—-100%), but generally the
OTA levels present in these products are low (see Table 5.1). As pointed out for cocoa products, these
values are directly related to the amount of cocoa solids used in the chocolate formulation. The low
amounts of cocoa solids used in chocolate and chocolate derivatives manufacture can explain the
low levels of OTA in these products, outlining a relatively low contribution of cocoa and chocolate for
human exposure to OTA in food intake.
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Aflatoxins B, B,, G, and G,

Aflatoxins are found as contaminants of food after the development of fungi in both pre- and posthar-
vest, the level of contamination depending on many environmental conditions and substrate factors.
Although a wide range of foods are susceptible to aflatoxin contamination, these toxins have been
most commonly associated with groundnuts and groundnut products, dried fruit, tree nuts, spices,
figs, crude vegetable oils, cocoa beans, maize, rice, cottonseed, and copra [17]. An inhibition of their
production in some substrates has been related to the presence of some food components such as caf-
feine and polyphenols [39—41].

The International Agency for Research on Cancer (IARC) has recognized the carcinogenicity of
aflatoxins since 1976 as a Group 1 carcinogen [16]. Given the proven knowledge of aflatoxin B, as a
primary carcinogen for humans, there are no recommended values of tolerable weekly intake (PTWI),
since the presence of these contaminants in the diet should be as low as possible [17].

The effects of aflatoxins are dependent on the dose and exposure time. An acute exposure results
in acute hepatotoxicity, with a mortality rate of approximately 25%. On the other hand, the occurrence
of hepatocellular carcinoma due to chronic exposure of aflatoxin has been widely documented, usu-
ally with a higher incidence in areas where infection with hepatitis B is endemic or in association with
risk factors [42, 43].

Aflatoxins in Cocoa and Chocolate

There are few data on the natural occurrence of aflatoxins in cocoa, although in the 1970s methods
were described for extraction and determination of aflatoxins in cocoa beans [44, 45].

Campbell [46] reported the presence of aflatoxins at levels up to 17 mg/kg in two of nine samples
of cocoa beans analyzed, but in general this product has been set apart from the concerns of accumu-
lation of aflatoxins because of the existing theory that caffeine inhibits the production of this myco-
toxin [47].

In an extensive study carried out in Brazil [10] despite the high number of aflatoxigenic fungi iso-
lated during processing of cocoa on the farm, fortunately the levels of aflatoxins found in the samples
evaluated were low, suggesting the existence of antitoxigenic properties in cocoa, limiting the accu-
mulation of aflatoxins in this product. This inhibition could be related to the high presence of poly-
phenols in the cocoa. The action of polyphenols on the synthesis and accumulation of aflatoxins in
food was observed by Molyneux et al. [41] in oilseeds (walnuts, almonds, and pistachios). The
researchers found up to 99.8% inhibition of the synthesis of aflatoxins induced by the presence of
these antioxidants [41].

Concerning the presence of aflatoxins in cocoa by-products, a project developed in Germany
showed that 73.5% of the 334 products examined contained traces of aflatoxins [48].

Only two reports on the presence of aflatoxins in chocolate are available on literature (Table 5.2).
The survey carried out on 42 samples of bitter chocolate in Japan [34] revealed 22 (52%) samples
contaminated with mean aflatoxin B1 concentrations of 0.18 pg/kg and a maximum of 0.6 pg/kg.
Aflatoxin contamination was also reported by Copetti et al. [31] when evaluating the co-occurrence
of ochratoxin A and aflatoxins in 125 samples of chocolate marketed in Brazil (powdered and bit-
ter, dark, milk, and white bars, 25 samples each). The analyses revealed the co-occurrence of these
two mycotoxins in 80% of the samples, with presence of aflatoxins at mean levels of 0.53, 0.66,
0.43, 0.08, and 0.01 pg/kg in 96% of powdered, 100% of bitter, 100% of dark, 72% of milk, and
20% of white chocolate samples, respectively. In the case of chocolate, besides concerns about
aflatoxins coming from cocoa fractions, an additional contamination from cocoa-butter substitutes
is possible [49].
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Table 5.2 Reports on occurrence of total aflatoxins in chocolate

Level of aflatoxin contamination in the samples

Number of samples neg/kg
Product Total >LOQ >1 ng/kg Max. Mean Origin Reference
Cocoa powder 25 24 (96%) 1 1.70 0.53 Brazil [31]
Bitter chocolate 42 22 (52%) 0 0.6 0.18 Japan [34]
Bitter chocolate 25 25 (100%) 4 1.65 0.66 Various [31]
Dark chocolate 25 25 (100%) 0 0.91 0.43 Brazil [31]
Milk chocolate 25 18 (72%) 0 0.32 0.08 Brazil [31]
White chocolate 25 5 (20%) 0 0.10 0.01 Brazil [31]

Mycotoxin Regulation in Cocoa and Cocoa By-products

Most of countries have not set regulatory limits for ochratoxin A and/or aflatoxins in cocoa beans and
cocoa products. Considering that cocoa products and chocolate are also consumed by children, and
taking into account the studies carried out by Copetti et al. [9, 10], the Brazilian Sanitary Surveillance
Agency (ANVISA) decided to set limits for cocoa beans and cocoa products in 2011. The set limits
were 10 pg/kg for cocoa beans and 5 pg/kg for cocoa products and chocolate, both for ochratoxin A,
and aflatoxins B, B,, G,, and G, [50].

Summary

The presence of the mycotoxins ochratoxin A and aflatoxin in chocolate is quite common, but fortu-
nately the levels reported in this product are low. Chocolate appears not be a major source of ochra-
toxin A and aflatoxins in the diet, although one concern is the fact that products containing chocolate
are widely consumed by children; thus, constant monitoring of their occurrence in these products is
necessary.
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Chapter 6
Nonnutritive Constituents in Chocolate and Cocoa

William I. Manton

Key Points

¢ Contaminants include the toxic metals lead, cadmium, and nickel; the pesticides; and ochratoxin
A, a mold-produced toxin.

e Lead, ochratoxin A, and probably pesticides are associated with the shells and enter cocoa and
chocolate through imperfect shell removal.

* Lead, though present in soil, is not taken up by the plant. What lead is found in cocoa and chocolate
results from beans being dried on bare soil, which adheres to the shell or from which it is absorbed
by the shell.

e Cadmium and nickel are taken up by the plant from the soil, and the concentration in the bean
depends on soil type. Fertilizer use may increase the cadmium content of the soil.

e Ochratoxin A concentration in cocoa powder is greater than expected from simple inclusion of
shell fragments, as if, like lead, it is concentrated during processing.

* Concentrations of contaminants are generally within mandated guidelines, and the fraction of
chocolate products in the diet is so small that what contaminants are present will have little effect
on overall intake.

Keywords Cocoa beans ¢ Cocoa powder ¢ Chocolate * Lead ¢ Cadmium ¢ Nickel ¢ Pesticides
* Ochratoxin A

Introduction

Having been consumed for centuries without apparent ill effect, cocoa and chocolate were until
recently subjected to little scrutiny or regulation with regard to their content of toxic metals. In 1981,
for example, the World Health Organization [1] set the standards for arsenic (As), lead (Pb), and
copper (Cu) in cocoa powder at what seem today the extraordinarily high levels of 1, 2, and 50 mg/kg,
respectively, and publications for the next 20 years were entirely restricted to reporting regional levels
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of these elements [2-5]. Even market basket surveys that showed chocolate and chocolate-containing
products to have cadmium (Cd) and Pb levels conspicuously greater than those of most foods [6, 7]
excited little interest from the viewpoint of public health. The situation changed in 1986 with the pas-
sage of California’s Safe Drinking Water and Toxic Enforcement Act, commonly referred to as
Proposition 65 [8], which allows private parties acting in the public interest to bring civil suits against
businesses that market products containing toxic substances introduced by human activity. Under this
statute, the American Environmental Institute in 2002 brought suit against the principal chocolate
manufacturers doing business in the United States on the grounds that Pb contained in chocolate was
adversely affecting children’s health [9]. Though it was later dropped, the suit drew attention to the
potential health effects of metals in cocoa, and, after a number of instances of Pb-contaminated candy
were widely reported in the press, the US Food and Drug Administration set a guideline of 0.1 mg/kg
for Pb in chocolate [10, 11]. It is important to note that they addressed only the finished product and
advised the manufacturers to “source their raw materials appropriately.” International standards for
Pb in cocoa products are still set by the United Nations Codex Alimentarius Commission. In 2000,
they proposed to reduce the standard for cocoa to 1 mg/kg and proposed applying the same value to
cocoa mass and chocolate. For cocoa butter, they proposed 0.1 mg Pb/kg and, only for chocolate,
standards of 0.5 mg As/kg and 20 mg Cu/kg [12]. None of these values has yet been formally adopted,
however. The inclusion of As and Cu is questionable as it has been many years since Pb arsenate was
last used as a pesticide and Cu is not generally considered toxic. Although concern has been expressed
over cadmium (Cd) and nickel (Ni) in cocoa, the commission has not yet addressed the question of
setting standards for them, but some countries have acted independently and set their own. Current
interest in toxic metals in cocoa and chocolate is reflected in the number of publications that have
appeared in recent years [13-21].

Quite apart from the problem of metals is that of insecticides and fungicides which make for the
never-ending experiment of adding toxic substances to the environment and finding out the rate at
which they have to be replaced either because target species become immune to them or because the
ecosystem cannot withstand them. The first insecticides to be introduced were the organochlorines
with familiar names like DDT, dieldrin, lindane, and chlordane. With generally low volatility (lin-
dane, however, is quite volatile) and chemical stability, they were both efficient and cost-effective, but
their persistence in the food chain and accumulation in higher animals brought about their ban in
developed countries. In the 1950s, they were replaced by the organophosphates, of which parathion
and malathion are the best known and by the carbamates, typified by Sevin and propoxur. As both
types are toxic to humans, they have been in part replaced by the pyrethrins which have low toxicity,
are readily metabolized, and break down in the environment. In the 1990s, neonicotinoids were intro-
duced and are favored by having lowest mammalian toxicity, but the fact that they act systemically
creates a new set of problems in that they may kill pollinators [22]. In its native environment in the
Amazon basin, the cocoa tree is not immune to pests and disease and, after having been introduced
into Africa and Asia, has been beset by species indigenous to those regions. As a consequence, it has
been and is vigorously treated with insecticides and fungicides. However, in contrast to all other major
crops, 95% of cocoa production is in the hands of smallholders living in rural areas who may apply
pesticides inconsistently or inappropriately or may use up old stocks of banned materials [22-24].
Another source of pesticides are the fumigants that have to be applied to piles of sacked beans awaiting
shipment or sprayed into containers during transport to avoid spoilage by warehouse moths and
beetles. Cocoa beans can also be contaminated by the herbicides used to control weeds in the
plantations [22].

Finally, molds growing on beans while they are drying after fermentation may produce toxic
metabolites (mycotoxins) that on a weight for weight basis are more toxic than pesticides. These
include the aflatoxins and ochratoxins, of which ochratoxin A is of most concern.
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Contaminants, Toxic Effects, and Regulatory Values

Metals

Lead

Lead occurs in house dust and soil and in the diet. It is absorbed through the gut, and upon entering
plasma, about 50% is sequestered in bone and more than 99% of the remainder becomes bound to the
red cells. Clinical Pb poisoning in adults typically manifests itself as peripheral neuropathy resulting
in wrist drop and, in children, as encephalopathy. Such cases seldom occur today thanks to vigorously
enforced regulations and overall awareness of the danger through aggressive advertising. Of interest
here is subclinical poisoning, the sequelae to sustained exposure to low levels of Pb. In children,
deficits in I1Q are well documented [25, 26], and a blood Pb concentration of 10 pg/dL is taken as the
threshold of harmful neurodevelopmental effects [27], though some would have that figure
reduced [28]. Blood Pb concentration has been shown to correlate with blood pressure in adult men
[29], in black as opposed to white men and women [30], and in perimenopausal and postmenopausal
women [31]. Lead is excreted through the kidney and follows first-order kinetics with a half-life of
about 20 days so that blood Pb concentration can be calculated for a given intake and body mass.
Difficulties arise because the absorption of Pb varies in the presence of Ca and because Pb may be
almost completely absorbed if it is ingested on an empty stomach, as happens when children mouth
soiled fingers and hands. To account for variations in day-to-day exposure, the concept of a provi-
sional tolerable weekly intake (PTWI) was introduced by the United Nations’ Joint Expert Committee
on Food Additives (JECFA) and set at 0.025 mg/kg body weight. This figure, however, has been
revoked on the grounds that it is associated with a deficit in IQ of three points in children and an
increase of 3 mmHg in systolic blood pressure in adults and so cannot be considered as health
protective [32].

Cadmium

Plants readily take up Cd that is naturally present in soil [33, 34], rendering exposure universal
whether through the diet or through smoking. Absorbed through the gut, it is detoxified by binding to
the cysteine-rich protein metallothionein, which is synthesized de novo in the liver, and is ultimately
stored in the cortex of the kidney where it has a half-life of about 15 years. Occupational exposure
may produce renal tubular damage usually monitored by the excretion of the low-molecular-weight
protein 32 microglobulin. There is evidence, however, that low-level environmental exposures dam-
age the kidney [35-37] and cause bone loss in women [38, 39] and possibly also breast cancer [40].
In view of the long half-life of Cd in the body, JECFA proposed that exposure should be averaged over
a period of at least a month and implemented a provisional tolerable monthly intake (PTMI) of
0.025 mg/kg body weight [32], superceding the PTWI of 0.007 mg/kg body weight. In an independent
review, the European Food Safety Authority concurred with this figure [41].

Nickel

The diet contains large amounts of Ni which plants take up to different degrees from the soil.
Gastrointestinal absorption is low at about 1%. The principal health effect of nickel is allergy which
affects 10-20% of the population. Sensitized individuals will develop a skin rash after contact with
nickel or nickel-plated objects such as buttons or jewelry. Occasionally ingestion of food items such
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as chocolate with a high nickel content results in eczema [42, 43]. There is no PTWI for nickel, only
a tolerable daily intake (TDI) of 0.012 mg/kg body weight [44].

Pesticides

Urban dwellers encounter agricultural pesticides as residues in food, and most have detectable quanti-
ties of the environmentally more persistent varieties in their adipose tissue. The organochlorines are
of particular concern in that they are potential endocrine disruptors and carcinogens [45]. That they
might cause breast cancer has been examined by several groups over the period 1995-2005 without
any clear-cut positive correlation being found [46-52]. On the other hand, an association has been
found with non-Hodgkin’s lymphoma and the organochlorine heptachlor epoxide and, at the highest
concentrations in adipose tissue, with dieldrin and chlordane [53]. Blood serum levels of 3 hexachlo-
rocyclohexane (beta-HCH), which constituted 5-14% of technical grade lindane, have been found
associated with Parkinson’s disease [54, 55]. Up to this point, the residues of a few pesticides in cocoa
beans have been regulated. The Codex Alimentarius set maximum residue limits (MRLSs) of 0.2 mg/
kg for endosulphan (an organochlorine insecticide) and metalaxyl (a systemic fungicide) and 0.01 mg/
kg for the fumigant phosphine (hydrogen phosphide) [56]. The US Food and Drug Administration
placed an action level of 1 mg/kg for DDT, TDE, and DDE and 0.5 mg/kg for benzene hexachloride
and lindane [57]. Most recently, the European Union has published MRLs for a large number of pes-
ticides in fermented cocoa beans [58], a decision that has caused some concern in the cocoa industry
[22]. The US EPA lists tolerances for some substances in cocoa beans and cocoa products [59]. These
include pyriproxyfen (0.02 mg/kg), a pesticide that acts on larvae, pyrethrins (1 mg/kg), and the newly
introduced insecticide chlorantraniliprole (0.08 mg/kg) [60]. It lists tolerances for several herbicides
including glyphosate (0.2 mg/kg) and paraquat (0.05 mg/kg), for the fungicide chlorothalonil (0.05 mg/
kg), and for residues of the fumigants phosphine (0.1 mg/kg) and sulfuryl fluoride (0.2 mg/kg). It
should be mentioned that Bateman [22] does not record pyriproxyfen, chlorantraniliprole, or chloro-
thalonil as being used on African plantations but notes that the herbicide 2,4-D, which for cocoa is
omitted from the EPA list, is widely used.

Mpycotoxins

Aflatoxins

Having caused widespread poultry poisoning in the 1960s through consumption of contaminated feed
[61], the aflatoxins have been scrutinized for their potential of causing human disease, chiefly through
the consumption of maize and peanuts. Although in large doses they cause liver cancer in rats, they
have not been conclusively shown to be carcinogenic in humans [62]. During the fermentation, dry-
ing, and storage of cocoa, the mycotoxin-producing Aspergillus species flourish, but for reasons not
clearly understood, little aflatoxin is produced [63].

Ochratoxin A

Ochratoxin A, which is also produced by Aspergillus species, is of widespread occurrence in
grains and nuts and, if contaminating animal feed, in meat and milk and thus also in breast milk.
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It is primarily nephrotoxic to all species and in animals has been shown be teratogenic and
carcinogenic, inducing renal tumors [64, 65]. It has been suggested that it may be a factor in testicular
cancer [66], the incidence of which has been increasing in Europe [67, 68], and exposure to chocolate
in utero and in early life has been put forward as a factor [69]. The PTWTI is set at 100 ng/kg bw/week
[70], but it has been proposed that this is too high by a factor of 10 and that a virtually safe dose of
1.8 ng/kg bw/day should be adopted [65].

Agricultural Practices and Cocoa Bean Processing

Growing and Harvesting

Distribution

Cocoa is a subtropical crop that is grown across the world in regions within 10° of the equator.
Production is dominated by the African countries of Ivory Coast and Ghana which together produced
about 59% of that grown in 2005/2006. Indonesia, principally the island of Sulawesi, was second with
13%. The remaining production comes from the African countries of Nigeria, Cameroon, and
Madagascar; Malaysia and various Pacific Islands like New Britain, Papua New Guinea, Vanuatu, and
Hawaii; Central and South American countries including Mexico, Ecuador, Venezuela, Panama, Peru,
and Brazil; and the Caribbean islands of Grenada and Hispaniola. Thus, cocoa is grown on soils ulti-
mately derived from a variety of igneous rock types: granites in the case of the African countries,
Brazil, Peru, and Venezuela and basaltic to andesitic lavas in the Pacific Islands and the Caribbean.
Each soil will have a different content of trace elements.

Fertilizing

To obtain maximum production, both shade and nutrition must be managed [71]. For mature plant-
ings, nutrition requirements are 438 kg/ha for nitrogen, 48 for phosphorus, and 633 for potassium.
The need for phosphorus often exceeds its availability in soil despite the fact that about 50% is returned
through leaf litter and, if yields are to be increased, it is found that nitrogen applications must be
accompanied by phosphorus.

Diseases

Cocoa is affected by a number of diseases including those caused by fungi — black pod rot which is
found worldwide [72], witches’ broom and frosty pod rot which are restricted to the Americas [73],
and vascular streak dieback restricted to SE Asia [74]. Quarantine of young plants, sanitation, shade
reduction, and canopy management help reduce the incidence of infection, and applications of Cu as
oxide or hydroxide or of metalaxyl are the most commonly used treatments. Fungal diseases cause
the greatest crop losses. Next are losses caused by insects, in particular the sap-sucking capsids or
mirids found in all growing countries and the cocoa pod borer restricted to SE Asia. These have been
treated in the past by the whole spectrum of insecticides. Other diseases include swollen shoot virus
which is restricted to W Africa. Being transmitted by mealy bugs [75], it is also controllable by
insecticides.



78 W.I. Manton

Harvesting

Pods grow on the trunk and branches of the tree. When ripe, they are harvested with machetes and are
cut open. The beans, covered by a white pulp or mucilage, are then scooped out, pooled, and fer-
mented. Smaller growers do this in the field by piling the beans into heaps which they then cover with
banana or plantain leaves. Others may use baskets. Larger growers will use wooden boxes. During
fermentation, bacteria consume the glucose- and fructose-rich pulp and raise the temperature of the
mass to 50°C. The process produces watery fluids or sweatings that soak the shells. The beans must
then be dried and again the procedure varies. In the simplest case, they are spread out on the ground
or on mats to dry in the sun. More elaborate is to place them on wooden racks. In climates with an
insufficient number of sunny days, they may be force-dried by heated air. To prevent damage by mold
or moths, piles of sacks or containers must be fumigated. Some processing may be done in the country
of origin because partially processed material is cheaper to ship, being lighter than whole beans of
which about 10% may be shell.

Processing

Upon arrival at the processing plant, unwanted debris are removed by means of vibrating screens, and
the beans are washed to remove any soil particles. High-velocity impaction against steel plates is used
to break the shells free from the kernels or nibs as they are known in the industry. Shell fragments are
separated from the nibs by winnowing. Total separation is unachievable, and up to 1.7% of shell mate-
rial may legally be processed with the nibs but, in practice, 1% is usually achieved. Nibs are then
ground to less than 30 um at which point the fat-containing vesicles rupture and a viscous fluid vari-
ously called cocoa mass or cocoa liquor is produced. At some point, the material is sterilized by roast-
ing. This may be done at the beginning before removal of the shells or after production of the liquor.
The liquor may be retained for chocolate manufacture or be hydraulically pressed to remove the fat or
cocoa butter, leaving behind a solid mass termed cocoa cake. At some point, either the nibs or the cake
may be treated with alkali to develop color or reduce acidity. Grinding of the cake produces cocoa
powder which is used in baked products or chocolate-flavored drinks. In the manufacture of choco-
late, the liquor is further ground to the point where the surface area of the solid material has reached
the point where it can no longer be coated by the available fat and the material becomes powdery.
Cocoa butter and sugar are added to make dark chocolate and these ingredients plus milk powder to
make milk chocolate. All must be ground to less than 30 um and thoroughly mixed in a process called
conching to ensure even coating of the ingredients with fat. The liquid mixture is then poured into
molds where it solidifies at room temperature. Detailed descriptions of the chocolate making process
can be found in Beckett et al. [76].

Contamination Pathways

Metals

Potential sources of metal contamination are physiological uptake from the soil, airborne fallout on
beans while drying or being transported, adsorption of ions on to shell from soil while drying, adhesion
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of soil to beans, incorporation of shell fragments into cocoa liquor, contamination from grinding
equipment, and airborne contamination of chocolate during processing.

Physiological Uptake

While plants naturally take up Cd and Ni from the soil and translocate them to their tissues [33,
34], whatever Pb may be taken up tends to stay in the roots [77]. This is true for cocoa, because
the Pb content of the shells and nibs of freshly harvested and conservatory grown beans are about
1 pg/kg [15, 19]. The Cd content of cocoa is reported to vary according where it is grown,
Mounicou et al. [13] stating that South American varieties except Brazil have higher contents than
those from West Africa and Malaysia. In geological terms, this implies that cocoa grown on the
volcanic rocks of the Andes has a higher Cd content than that grown on the Precambrian granites
of Brazil and West Africa. The Malaysian samples referred to above may have been derived from
granitic soils of eastern Peninsular Malaysia [78] because the soils in the principal growing region
of Tawau in northern Borneo are volcanic [79] and cocoa grown on them has a high Cd content [5].
Tropical soils are typically acid, resulting in aluminum toxicity, and are leached of nutrients. They
are usually remediated by liming and fertilization [80]. Fertilizers derived from rock phosphate
typically have high Cd contents and their use can increase the Cd content of crops including
cocoa [81, 82].

Airborne Fallout

Phase out of leaded gasoline began in the United States in 1975 and was completed in 1996 as was the
case for most countries of Europe. The rest of the world followed more slowly. and a compilation
made in 2005 indicated that 81 countries had not banned its use, including the cocoa producers of
Cameroon, Indonesia, Ivory Coast, Madagascar, Sao Tome and Principe, Vanuatu, and Venezuela.
Peru had banned it the year earlier. In 2011 the list had fallen to six, none of which are cocoa produc-
ers [83]. Contamination of beans could occur during drying by direct atmospheric fallout or from
contact with previously contaminated soil.

Ion Adsorption

In common with other biomass, cocoa shells have the ability to adsorb metal ions from solution.
Meunier et al. [84] state that from strongly acid solutions, the adsorption for the metals of interest is
Pb>Cd=Cu>Ni. Thus, if adsorption occurs at neutral pH, it is possible that the shells will take up
these metals while drying on the soil [19]. In the case of Pb, both naturally occurring and contaminant
Pb may be simultaneously adsorbed. Soil Cd, whether natural or from fertilizer, and Ni may likewise
be adsorbed and increase the amount naturally present in the shell.

Contamination by Soil

If wet beans are dried on bare earth, soil particles will stick to the shells. Beans are washed at the
processing plant, but it is possible that some soil particles will not be removed and act as a source of
trace metals. The content of ash insoluble in HCl in cocoa is permitted to be 0.3% or 3 g/kg and may
have been put in place to limit the quantity of soil.
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Shell Fragments

The winnowing process is about 99% efficient in separating shells from nibs, and some shell material
is inevitably ground with the nibs. Industry standards allow 1.7% of shell material in cocoa liquor.
The shells are the principal source of Pb in cocoa products, but it is unclear how much of the metal is
bound to the shell and how much is merely in soil adhering to the shell [19]. The extent to which the
presence of shell affects the concentration of Cd and Ni in cocoa depends on the relative concentration
in the shell and the nib.

Contamination by Grinding Equipment

Nibs are ground to size in a series of mills, usually first an impact mill followed by either ball or disc
mills. The materials used, hardened steel, or silicon carbide should add no more contaminants than are
found in other mechanically ground foods.

Contamination During Chocolate Manufacture

In chocolate manufacture sugar — and milk powder if milk chocolate is to be made — is ground and
added to cocoa mass and cocoa butter. Then follows the mixing process of conching. Today, this is
done in enclosed rotary conches but in the past was carried out in so-called long conches, which could
be open or partially open vessels into which ingredients were shoveled manually. Under such condi-
tions, it would seem there was much opportunity for contamination by airborne particulate, especially
as conching could take 72 h.

Pesticides

Pesticides historically used on cocoa were applied topically and killed the target pest by direct or
secondary contact or through ingestion [22]. Experiments with radiolabeled propoxur showed that
penetration from the surface of the pod to the beans does not occur [85], raising the question of how
beans become contaminated if they are not directly sprayed. To answer this, it seems inevitable that
when handling pods, which are not washed, workers’ hands will become contaminated by pesticide
residues that they will transfer to the beans when scooping them out of the pods. Organochlorines
have very low solubilities in water and tend to bind to soil particles where they persist for long periods
even in subtropical climates [86]. Thus, if beans are set out to dry on bare earth, it is likely that they
will also acquire pesticides from the soil that inevitably sticks to them. Another possible route is from
pallets that may have been vigorously treated against termites [22].

Mycotoxins

The development of molds and concomitant production of ochratoxin A in cocoa is greatest if broken
pods have been stored before being fermented [87], but only about half of the beans that are fermented
are affected [88]. Ochratoxin A is located on the shells of the beans [89]. It is stable with a half-life of
200 min at 150°C [90] and will largely survive the cocoa roasting process which is carried out between
110°C and 140°C for up to 45 min and 1 h [76].
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Current Status of Contaminants

Metals

Lead

Recent studies [15, 19] have demonstrated that the shells of cocoa beans may contain between 0.9 and
3 mg/kg of Pb, while the nib contains about 1 pg/kg. With such a disparity, it is near impossible to
prepare a nib sample that has not been to some extent contaminated by the shell, and it is not surpris-
ing that earlier studies reported nib concentrations too high by factors of 10—1,000 [2, 4]. The incor-
poration of up to 1.7% of shell material in cocoa mass, though small, will greatly increase the Pb
content over that in the nibs alone, and concentrations in cocoa powder ranging from 0.03 to 0.65 mg/
kg have been reported [15, 19]. Even so, the actual content of Pb in cocoa powder is possibly as much
as 10 times higher than expected, leading Manton [19] to propose that during winnowing, a metal-rich
dust is formed that contaminates the surfaces of the nibs. The origin of the Pb on the shell has been
disputed. Rankine et al. [15] postulated it was entirely the result of contamination by leaded gasoline
during harvesting and transportation. Manton [19], on the other hand, showed that the shells also
contained the nonessential lanthanide elements neodymium (Nd) and samarium (Sm), which, taken
with the presence of insoluble silicate mineral residues, implied that the Pb at least in part was derived
from that naturally present in soil. From the apparent age of the soil protolith (determined from
Sm-Nd isotope systematics), it was possible to identify where the cocoa was grown, and it turned out
that cocoa originating from Sulawesi had on average twice the Pb content of that from Africa. From
Pb isotope systematics, it could then be shown that the Pb in the Sulawesi samples was an equal mix-
ture of natural Pb and Australian Pb, which was probably derived from gasoline, as Indonesia was one
of the last countries to phase out leaded fuel. In contrast, the Pb contained in African cocoa appeared
entirely derived from that naturally present in soil.

In reporting the Pb content of chocolate, it is conservative to report that of dark chocolate which
may contain up to 70% cacao rather than milk chocolate which is diluted by powdered milk and sugar.
For US-produced chocolate, concentrations between 0.012 and 0.275 mg/kg have been reported
[11, 15, 19] and for Europe a range of 0.017 to 0.510 mg/kg [19]. Concentrations that are similar to
US values are reported from Saudi Arabia [20], but from other countries, much higher concentrations
have recently appeared in the literature. For example, Dahiya et al. [14] found dark chocolate sold in
Mumbiai to contain between 0.24 and 8.0 mgPb/kg, and from Pakistan, Jalbani et al. [18] report choc-
olate containing 1.11-48 mg Pb/kg. In Turkey Duran et al. [17] report concentrations between 0.84
and 2.06 mgPb/kg in “cocoa-based candies,” while Iwegbue [21] reports Nigerian chocolate having
concentrations from less than 0.4 to 2.3 mg/kg with a mean value of 0.8 mg Pb/kg.

Cadmium

The Cd content of cocoa varies greatly, Mounicou et al. [13] reporting a 20-fold range from 0.094 to
1.83 mg/kg. A similar variability occurs in chocolate. Srogi [16] reported a range from 0.01 to 0.05 mg/
kg for Polish chocolate, and Iwegbue [21], a mean value of 0.07 mg/kg for Nigeria. These values are
similar to the 0.028 mg/kg obtained for milk chocolate analyzed in recent US total diet surveys [91].
Higher values are reported from other countries. For example, from Mumbai, Dahiya et al. [14] report
a mean of 0.24 mg/kg; from Turkey Duran et al., a mean of 0.24 mg/kg [17]; from Malaysia Lee and
Low [3], a mean of 0.32 mg/kg; and from Pakistan Jalbani et al. [18], a mean of 0.35 mg/kg.
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The reason for the variation is usually ascribed to andesites having a higher Cd content than other
igneous rocks, but there are too few published analyses to say whether this is generally true. In
Malaysia, however, where Fauziah et al. [S] carried out a detailed study of the distribution of Cd, Cu,
Ni, and Zn in tissues of the cocoa tree, it is well established that soil developed on andesite contains
far more Cd than the median concentration of 0.06 mg/kg reported for world soils [92]. Working with
alluvial and volcanic soils that ranged in Cd content from 0.3 to 1.9 mg/kg, they found that the uptake
of Zn and Cu did not vary with soil content but that of Cd did. Furthermore, extractable Zn and Cd
correlated with available P, indicating that those elements had been added by fertilizer derived from
rock phosphate.

Nickel

Nickel concentrations have been reported only from chocolate, and, while there may be a large range
from sample to sample, average values for different countries differ by a factor of 5. The lowest of
1.05 mg/kg is reported by Duran et al. [17] from Turkey followed by Scrogi et al.’s [16] values of
1.-2.2 mg/kg from Poland. These are similar to the US milk chocolate value of 1.0 mg/kg [91]. Means
of samples in Mumbai, Pakistan, and Nigeria were, respectively, 2.8, 4.3, and 5.4 mg/kg [14, 18, 21].
The last is unexpected because the Ni content of granite is one-tenth that of basalt [93] and the
Nigerian samples, grown on granite, should be among the lowest. Fauziah et al. [5] reported concen-
trations of both Cd and Ni in cocoa, and if their measurements are plotted, a straight line passing
through the origin results. The slope of the line is ten which is similar to the Ni/Cd ratios of chocolates
from Mumbai and Pakistan and may indicate that they were made from Malaysian beans.

Pesticides

The content of pesticides has become tightly regulated with the implementation of Regulation (EC) No
396/2005 of the European Parliament [94] and the US Food Safety Modernization Act [95], which was
enacted into law early in 2011. The European law sets out maximum residue limits (MRLs) for pesti-
cides in foods imported into the European Union. The US law is far reaching and calls for inspections
of foreign facilities where fumigation is carried out, places responsibility upon importers for certifying
that foods they import are safe, and requires traceability and extensive record keeping. Though pesti-
cides residues are of great concern, it is difficult to find published studies beyond the listing for milk
chocolate in the USFDA total diet survey where lindane was found present in all 44 samples analyzed
in concentrations ranging from 0.1 to 6.0 pg/kg with a mean value of 1.7 pg/kg [96]. Other pesticides
appeared in less than half the samples and maximum concentrations were generally less than 10 p(mu)
g/kg. The figure for lindane should be viewed in the light of the MRL of 1 mg/kg in the European
Union database [58] and 0.5 mg/kg for the USFDA action level [57]. In FY 2006, the FDA reports that
for 20 samples of imported “candy, chocolate, and cocoa products,” none was out of compliance [97].
If pesticides are associated with the shells, the level in cocoa can be expected to be low.

Fumigation of stored cocoa is necessary to avoid infestations of pests like warehouse moths and
beetles, and in the past, methyl bromide and phosphine have been used. Both are highly toxic gases,
and the first was banned in developed countries in 2004 under the Montreal Protocol for its potential
damage to the ozone layer. However, the US EPA is withdrawing its replacement sulfuryl fluoride,
which it approved in 2004, on the grounds of children’s heath, because the residues could result in
excessive exposures to fluoride [98].
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Ochratoxin A

Serra Bonvehi [99] carried out an industrial scale experiment examining the distribution of ochratoxin
A in the various products of processing. The highest mean concentration of 11 pg/kg was found in
roasted shell, while those in nibs and cocoa butter were below the detection limit of 0.10 pg/kg. The
mean concentration in cocoa powder was 2.41 pg/kg which is at least ten times greater than would be
expected if the powder contained 1% by weight of shell. The situation is thus similar to that reported
for Pb [19].

The regulation proposed by the European Union to set maximum levels of ochratoxin A in imported
cocoaand chocolate, respectively, at2 and 1 pg/kg would have caused about 40% of imported cocoa cake
to be rejected [99], and these levels have since been withdrawn. The proposed regulation did stimu-
late interest in the problem, and ochratoxin A concentrations in cocoa and chocolate have been pub-
lished for Canada [100] and Italy [101]. For Canada, most samples analyzed fell below the limits
originally proposed, and in the case of Italy, all did. On average, alkalized Canadian cocoa had a
higher ochratoxin A concentration than untreated powder, an observation for which there is no ready
explanation.

Strategies to Reduce Contaminants

Lead contamination and soilborne pesticide contamination can be essentially reduced to zero if
beans are not placed on bare earth to dry. Drying on tarpaulins or plastic sheets may have the advan-
tage of reducing ochratoxin A since it is known that wooden racks tend to harbor Aspergillus spe-
cies, and if coffee is any guide, drying on tarpaulins with frequent raking will reduce production of
the toxin [102]. The use of galvanized wire racks is probably inadvisable as the shells may take up
Pb and Cd from them. As there seems to be an unintended amplification of Pb and ochratoxin A dur-
ing processing (and probably also pesticides), it is desirable to keep contamination of the shell as
low as possible. Contamination with Cd and Ni is unavoidable as they are naturally taken up from
the soil. If soil derived from andesitic lavas is avoided, Cd contents can be minimized but the use of
phosphate fertilizer will add Cd to the soil. The work of Lee and Low [3] indicates that the Cd con-
tent of nibs is half that of the shells. In view of this, drying beans on the ground will probably have
little effect on the Cd content of cocoa. As granite contains little Ni, cocoa from Africa and Brazil is
expected to be lower than that from other regions, and cocoa grown on basalt or serpentine will be
the highest. Modern processing equipment will add little in the way of contamination, but there may
be countries where the old-fashioned long conches are still used. If so, there would be a possibility
of contamination from airborne Pb. Enough seems to be known of the level of Pb that can be acquired
during harvesting that the levels of Pb recently reported in chocolate from India, Turkey, and Pakistan
[14, 17, 18] must be ascribed to post-harvesting sources. The problem of residues from chemical
fumigation could be solved by turning to physical techniques. Finkelman et al. [103], for example,
showed that after 3 days storage at 100 mmHg and 30°C, eggs of moths and beetles were no longer
viable.

In the final analysis, it must be remembered that chocolate products constitute a minor part of the
diet. In the European diet, they total 4% of the total weekly dietary intake [101], and in the US diet,
the characteristic Pb isotopic signature of cocoa and chocolate is overwhelmed by those from other
sources [19]. On the other hand, chocolate products are the major source of some flavonoids which
may reduce the chance of heart disease [104].



84

W.I. Manton

References

12.

13.

15.

16.

18.

19.

20.

21.

22.

23.

24.

25.

. FAO/WHO. Codex Alimentarius. Current Food Standards. Codex Stan 105-1981. Codex standard for cocoa pow-

ders (cocoas) and dry cocoa-sugar mixtures. http://www.codexalimentarius.net/web/standard_list.jsp. Accessed
11 Aug 2011.

. Knesevic G von. Schwermetalle in lebensmitteln. 2. Mitteilung: Uber den Gehalt an Blei in Rohkakao und in

Kakao-Halb- und Fertigprodukten. (Heavy metals in food. Part 2. Lead content in unrefined cocoa and in semi-
finished and finished cocoa products.) Deut Lebensm-Rundsch.1982;78:178-80.

. Lee CK, Low KS. Determination of cadmium, lead, copper and arsenic in raw cocoa, semifinished and finished

chocolate products. Pertanika. 1985;8:243-8.

. Prugarovd A, Kovic M. Lead and cadmium content in cocoa beans. Nahrung. 1987;31:635-6.
. Fauziah CI, Rozita O, Zauyah S, et al. Heavy metals content in soils of peninsular Malaysia grown with cocoa

and cocoa tissues. Malaysian J Soil Sci. 2001;5:47-58.

. U.S. Department Health and Human Services. Food and drug administration. Total diet study-analytical results.

Summary of toxic and nutritional elements found in TDS foods: 1991-2005. http://www.fda.gov/Food/
FoodSafety/FoodContaminantsAdulteration/TotalDietStudy/ucm184293.htm. Accessed 4 Aug 2011.

. Pedersen GA, Mortensen GK, Larsen EH. Beverages as a source of toxic trace element intake. Food Addit

Contam. 1994;11:351-63.

. Ca.Gov. Office of Environmental Health Hazard Assessment. Safe drinking water and toxic enforcement Act of

1986. http://www.oehha.org/prop65/law/p65.html. Accessed 4 Aug 2011.

. American Environmental Safety Institute. Lead in chocolate: the impact on children’s health. Fact Sheet-May

2002. www.wcaslab.com/tech/FactSheet. Accessed 4 Aug 2011.

. U.S. Department Health and Human Services. Food and drug administration. Lead in candy likely to be consumed

frequently by small children: recommended maximum level and enforcement policy. http://www.fda.gov/Food/
GuidanceComplianceRegulatoryInformation/GuidanceDocuments/ChemicalContaminantsandPesticides/
ucm077904.htm. Accessed 11 Aug 2011.

. U.S. Department Health and Human Services. Food and drug administration. Supporting document for recom-

mended maximum level for lead in candy likely to be consumed frequently by small children. Docket No. 2005D-
0481. http://www.fda.gov/Food/FoodSafety/FoodContaminantsAdulteration/Metals/Lead/ucm172050.htm.
Accessed 11 Aug 2011.

FAO/WHO Food Standards Programme. Codex Alimentarius Commission. Report of the eighteenth session of
the Codex Committee on cocoa products and chocolate. Fribourg, Switzerland, 2—4 Nov 2000. Appendices II-V.
http://www.fao.org/docrep/meeting/005/x8943e/x8943e00.htm#Contents. Accessed 5 Aug 2011.

Mounicou S, Szpunar J, Andrey D, et al. Concentrations and bioavailability of cadmium and lead in cocoa powder
and related products. Food Addit Contam. 2003;20:343-52.

. Dahiya S, Karpe R, Hegde AG, et al. Lead, cadmium and nickel in chocolates and candies from suburban areas

of Mumbeai, India. J Food Comp Anal. 2005;18:517-22.

Rankin CW, Nriagu JO, Aggarwal JK, et al. Lead contamination in cocoa and cocoa products: isotopic evidence
of global contamination. Environ Health Perspect. 2005;113:1344-8.

Srogi K. Assessment of selected heavy metal contents in medicinal plants, tea leaves and chocolate using atomic
absorption spectrometry. Acta Toxicol. 2006;14:117-28.

. Duran A, Tuzen M, Soylak M. Trace metal contents in chewing gums and candies marketed in Turkey. Environ

Monit Assess. 2009;149:283-9.

Jalbani N, Kazi TG, Hassan I, et al. Determination of toxic metals in different brand of chocolates and candies,
marketed in Pakistan. Pak J Anal Environ Chem. 2009;10:48-52.

Manton WI. Determination of the provenance of cocoa by soil protolith ages and assessment of anthropogenic
lead contamination by Pb/Nd and lead isotope ratios. J Agric Food Chem. 2010;58:713-21.

Al Othman ZA. Lead contamination in selected foods from Riyadh City market and estimation of the daily intake.
Molecules. 2010;5:7482-97.

Iwegbue CMA. Concentrations of selected metals in candies and chocolates consumed in southern Nigeria. Food
Addit Contam: Part B: Surveillance. 2011;4:22-7.

Bateman RP. Pesticide use in cocoa. A guide for training administrative and research staff. 2nd Ed 2009 7.
http://www.icco.org/sps/manual.asp. Accessed 11 Aug 2011.

Clarke EEK, Levy LS, Spurgeon A, et al. The problems associated with pesticide use by irrigation workers in
Ghana. Occup Med. 1997;47:301-8.

Tutu AS, Yeboah PO, Golow AA, et al. Organochlorine pesticides residues in the breast milk of some primiparae
mothers in La community, Accra, Ghana. Res J Environ Earth Sci. 2011;3:153-9.

Pocock SJ, Smith M, Baghurst P. Environmental lead and children’s intelligence: a systematic review of the epi-
demiological evidence. Br Med J. 1994;309:1189-97.


http://www.codexalimentarius.net/web/standard_list.jsp
http://www.fda.gov/Food/FoodSafety/FoodContaminantsAdulteration/TotalDietStudy/ucm184293.htm
http://www.fda.gov/Food/FoodSafety/FoodContaminantsAdulteration/TotalDietStudy/ucm184293.htm
http://www.oehha.org/prop65/law/p65.html
http://www.wcaslab.com/tech/FactSheet
http://www.fda.gov/Food/GuidanceComplianceRegulatoryInformation/GuidanceDocuments/ChemicalContaminantsandPesticides/ucm077904.htm
http://www.fda.gov/Food/GuidanceComplianceRegulatoryInformation/GuidanceDocuments/ChemicalContaminantsandPesticides/ucm077904.htm
http://www.fda.gov/Food/GuidanceComplianceRegulatoryInformation/GuidanceDocuments/ChemicalContaminantsandPesticides/ucm077904.htm
http://www.fda.gov/Food/FoodSafety/FoodContaminantsAdulteration/Metals/Lead/ucm172050.htm
http://www.fao.org/docrep/meeting/005/x8943e/x8943e00.htm#Contents
http://www.icco.org/sps/manual.asp

6 Nonnutritive Constituents in Chocolate and Cocoa 85

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Schwartz J. Low-level lead exposure and children’s IQ: a meta-analysis and search for a threshold. Environ Res.
1994;65:42-55.

U.S. Department of Health and Human Services, Public Health Service, Centers for Disease Control. Preventing
lead poisoning in young children. Publication date: 10/01/1991. http://wonder.cdc.gov/wonder/prevguid/
p0000029/p0000029.asp. Accessed 11 Aug 2011.

Canfield RL, Henderson CR, Cory-Slechta DA, et al. Intellectual impairment in children with blood lead concen-
trations below 10 24 ng per deciliter. N Engl J Med. 2003;348:1517-26.

Hu H, Aro A, Payton M, et al. The relationship of bone and blood lead to hypertension. The Normative Aging
Study JAMA. 1996;275:1171-6.

Vupputuri S, He J, Muntner P, et al. Blood lead level is associated with elevated blood pressure in blacks.
Hypertension. 2003;41:463-8.

Nash D, Magder L, Lustberg M, et al. Blood lead, blood pressure, and hypertension in perimenopausal and post-
menopausal women. JAMA. 2003;289:1523-32.

FAO/WHO, Joint FAO/WHO Expert Committee on food additives, seventy-third meeting. summary and conclu-
sions. Geneva, Switzerland, 2010, pp. 12-13. www.fao.org/ag/agn/agns/.../JECFA73%20Summary%?20
Report%20Final.p... Accessed Augl1 2011.

Smolders E. Cadmium uptake by plants. Int J Occup Med Environ Health. 2001;14:177-83.

Luo J, Zhang H, Zhao F-J, et al. Distinguishing diffusional and plant control of Cd and Ni uptake by hyperac-
cumulator and nonhyperaccumulator plants. Environ Sci Technol. 2010;44:6636—41.

Jarup L, Hellstrom L, Alfvén T, et al. Low level exposure to cadmium and early kidney damage. Occup Environ
Med. 2000;57:668-72.

Satarug S, Haswell-Elkins MR, Moore MR. Safe levels of cadmium intake to prevent renal toxicity in human
subjects. Br J Nutr. 2000;84:791-802.

Jirup L, Akesson A. Current status of cadmium as an environmental health problem. Toxicol Appl Pharmacol.
2009;238:201-8.

Alfvén T, Elinder C-G, Carlson MD, et al. Low-level cadmium exposure and osteoporosis. J Bone Miner Res.
2000;15:1579-86.

Schutte R, Nawrot TS, Richart T, et al. Bone resorption and environmental exposure to cadmium in women: a
population study. Environ Health Perspect. 2008;116:777-83.

Gallagher CM, Chen JJ, Kovach JS. Environmental cadmium and breast cancer risk. Aging (Albany NY).
2010;2:804-14.

EFSA Panel on Contaminants in the Food Chain (CONTAM); Scientific Opinion on tolerable weekly intake for
cadmium. EFSA Journal 2011;9(2):1975. [p 19] doi:10.2903/j.efsa.2011.1975. Available online: http://www.efsa.
europa.eu/cs/Satellite. Accessed Aug 11 2011.

Sharma AD. Relationship between nickel allergy and diet. Indian J Dermatol Venereol Leprol. 2007;
73:307-12.

Krecisz B, Chomiczewska D, Kiec-Swierczynska M, et al. Systemic contact dermatitis to nickel present in cocoa
in 14-year-old boy. Pediatr Dermatol. 2011;28:335-6.

World Health Organization. Nickel in drinking-water. Background document for preparation of WHO Guidelines
for drinking-water quality. Geneva: world health organization (WHO/SDE/WSH/04.08/55); 2004.

Longnecker MP, Rogan WJ, Lucier G. The human health effects of DDT (dichlorodiphenyltrichloroethane) and
PCBs (polychlorinated biphenyls) and an overview of organochlorines in public health. Annu Rev Public Health.
1997;18:211-44.

Adami HO, Lipworth L, Titus-Ernstoff L, et al. Organochlorine compounds and estrogen-related cancers in
women. Cancer Causes Control. 1995;6:551-66.

Ahlborg UG, Lipworth L, Titus-Ernstoff L, et al. Organochlorine compounds in relation to breast cancer, endo-
metrial cancer, and endometriosis: an assessment of the biological and epidemiological evidence. Crit Rev
Toxicol. 1995;25:463-531.

Safe SH, Zacharewski T. Organochlorine exposure and risk for breast cancer. Prog Clin Biol Res. 1997;396:
133-45.

Hgyer AP, Jgrgensen T, Rank F, et al. Organochlorine exposures influence on breast cancer risk and survival
according to estrogen receptor status: a Danish cohort-nested case-control study. BMC Cancer. 2001;1:8.

Zheng T, Holford TR, Mayne ST, et al. Risk of female breast cancer associated with serum polychlorinated biphe-
nyls and 1,1-dichloro-2,2’-bis(p-chlorophenyl)ethylene. Cancer Epidemiol Biomarkers Prev. 2000;9:167-74.
Laden F, Collman G, Iwamoto K, et al. 1,1-Dichloro-2,2-bis(p-chlorophenyl)ethylene and polychlorinated biphe-
nyls and breast cancer: combined analysis of five U.S. studies. J Natl Cancer Inst. 2001;93:768-76.
Raaschou-Nielsen O, Pavuk M, Leblanc A, et al. Adipose organochlorine concentrations and risk of breast cancer
among postmenopausal Danish women. Cancer Epidemiol Biomarkers Prev. 2005;14:67-74.

Quintana PJE, Delfino RJ, Korrick S, et al. Adipose tissue levels of organochlorine pesticides and polychlorinated
biphenyls and risk of non-Hodgkin’s lymphoma. Environ Health Perspect. 2004;112:854-61.


http://wonder.cdc.gov/wonder/prevguid/p0000029/p0000029.asp
http://wonder.cdc.gov/wonder/prevguid/p0000029/p0000029.asp
http://www.fao.org/ag/agn/agns/�/JECFA73%20Summary%20Report%20Final.p
http://www.fao.org/ag/agn/agns/�/JECFA73%20Summary%20Report%20Final.p
http://dx.doi.org/10.2903/j.efsa.2011.1975
http://www.efsa.europa.eu/cs/Satellite
http://www.efsa.europa.eu/cs/Satellite

86

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.
65.

66.
67.

68.

69.

70.

71.

72.
73.

74.

75.
76.

7.

78.

79.

80.

81.

82.

83.

84.

W.I. Manton

Richardson JR, Shalat SL, Buckley B, et al. Elevated serum pesticide levels and risk of Parkinson disease. Arch
Neurol. 2009;66:870-5.

Richardson JR, Roy A, Shalat SL, et al. -Hexachlorocyclohexane levels in serum and risk of Parkinson’s disease.
Neurotoxicology. 2011;32(5):640-5.

FAO/WHO Food Standards, Pesticide Residues in Food. Maximum residue limits; extraneous maximum residue
limits. http://www.codexalimentarius.net/mrls/pestdes/jsp/pest_q-e.jsp. Accessed Aug 11 2011.

US Food and Drug Administration. Inspections, compliance, enforcement, and criminal investigations. CPG Sec.
575.100 Pesticide residues in food and feed — enforcement criteria. 1995: http://www.fda.gov/iceci/compliance-
manuals/compliancepolicyguidancemanual/ucm123236.htm. Accessed Aug 11 2011.

European Union Pesticides Database. Available online: http://ec.europa.eu/sanco_pesticides/public/index.
cfm?event=commodity.resultat. Accessed Aug 11 2011.

Code of Federal Regulations. Title 40, Part 180.Tolerances and exemptions for pesticide chemical residues in
food. Electronic code of federal regulations. http://ecfr.gpoaccess.gov/cgi/t/text/text-idx ?c=ecfr&tpl=/ecfrbrowse/
Title40/40cfr180_main_02.tpl. Accessed Aug 11 2011.

Lahm GP, Cordova D, Barry JD. New and selective ryanodine receptor activators for insect control. Bioorg Med
Chem. 2009;17:4127-33.

Kotsonis FN, Burdock GA, Flamm WG. Food toxicology. In: Claasen CD, editor. Casarett and Doull’s toxicol-
ogy: the basic science of poisons. 6th ed. New York: McGraw-Hill; 2001. p. 1049-88.

World Health Organization. International agency for research on cancer. Some traditional herbal medicines, some
mycotoxins, naphthalene and styrene. IARC Monogr Eval Carcinog Risks Hum. 2002;82:1-556.

Copetti MV, Iamanaka BT, Pereira JL, et al. Aflatoxigenic fungi and aflatoxin in cocoa. Int J Food Microbiol.
2011;148:141-4.

O’Brien E, Dietrich DR. Ochratoxin A: the continuing enigma. Crit Rev Toxicol. 2005;35:33-60.
Pfohl-Leszkowicz A, Manderville RA. Ochratoxin A: an overview on toxicity and carcinogenicity in animals and
humans. Mol Nutr Food Res. 2007;51:61-99.

Schwartz GG. Hypothesis: does ochratoxin A cause testicular cancer? Cancer Causes Control. 2001;13:91-100.
Huyghe E, Matsuda T, Thonneau P. Increasing incidence of testicular cancer worldwide: a review. J Urol.
2003;170:5-11.

Huyghe E, Plante P, Thonneau PE. Testicular cancer variations in time and space in Europe. Eur Urol. 2007;
51:621-8.

Giannandrea F. Correlation analysis of cocoa consumption data with worldwide incidence rates of testicular can-
cer and hypospadias. Int J Environ Res Public Health. 2009;6:568-78.

WHO/FAO. Evaluation of certain food additives and contaminants. Sixty-eighth report of the joint FAO/WHO
expert committee on food additives. WHO technical report series No. 947. Geneva, Switzerland, 2007.

Wessel M. Shade and nutrition. In: Wood GAR, Lass RA, editors. Cocoa. 4th ed. Oxford: Blackwell Science;
1985. p. 166-94.

Evans HC. Cacao diseases-the trilogy revisited. Phytopathology. 2007;97:1460-3.

Aime MC, Phillips-Mora W. The causal agents of witches’ broom and frosty pod rot of cacao (chocolate,
Theobroma cacao) form a new lineage of Marasmiaceae. Mycologia. 2005;97:1012-22.

Guest D, Keane P. Vascular-streak dieback: a new encounter disease of cacao in Papua New Guinea and Southeast
Asia caused by the obligate basidiomycete Oncobasidium theobromae. Phytopathology. 2007;97:1654-7.
Dongo LN, Orisajo SB. Status of cocoa swollen shoot virus disease in Nigeria. Afr J Biotech. 2007;6:2054-61.
Beckett ST, Harding J, Freeman B. The science of chocolate. 2nd ed. Cambridge: The Royal Society of Chemistry;
2008.

Pourrut B, Shahid M, Dumat C, et al. Lead uptake, toxicity, and detoxification in plants. Rev Environ Contam
Toxicol. 2011;213:113-36.

Ng SK, Thamboo S, Cheah TE. Soil and leaf nutritional status of cacao on the east and west coasts of Malaya.
Malaysian Agric J. 1970;47:390—-408.

Musta B, Hennie FW, Soehady E, et al. Geochemical characterization of volcanic soils from Tawau, Sabah. Geol
Soc Malaysia. 2008;54:33-36.

Baligar VC, Fageria NK. Soil aluminum effects on growth and nutrition of cacao. Soil Sci Plant Nutr.
2005;51:709-13.

Syers JK, Mackay AD, Brown MW, et al. Chemical and physical characteristics of phosphate rock materials of
varying reactivity. J Sci Food Agric. 1986;37:1057-64.

Lugon-Moulina N, Ryan L, Doninia P, et al. Cadmium content of phosphate fertilizers used for tobacco produc-
tion. Agron Sustain Dev. 2006;26:151-5.

Taylor R, Gethin-Damon Z. Countries where leaded petrol is possibly still sold for road use as at 17th June 2011.
The Lead Group Inc. Available at http://www.lead.org.au/fs/fst27.html. Accessed Aug 11 2011.

Meunier N, Laroulandie J, Blais JF, et al. Cocoa shells for heavy metal removal from acidic solutions. Bioresource
Technol. 2003;90:255-63.


http://www.codexalimentarius.net/mrls/pestdes/jsp/pest_q-e.jsp
http://www.fda.gov/iceci/compliancemanuals/compliancepolicyguidancemanual/ucm123236.htm
http://www.fda.gov/iceci/compliancemanuals/compliancepolicyguidancemanual/ucm123236.htm
http://ec.europa.eu/sanco_pesticides/public/index.cfm?event=commodity.resultat
http://ec.europa.eu/sanco_pesticides/public/index.cfm?event=commodity.resultat
http://ecfr.gpoaccess.gov/cgi/t/text/text-idx?c=ecfr&tpl=/ecfrbrowse/Title40/40cfr180_main_02.tpl
http://ecfr.gpoaccess.gov/cgi/t/text/text-idx?c=ecfr&tpl=/ecfrbrowse/Title40/40cfr180_main_02.tpl
http://www.lead.org.au/fs/fst27.html

6 Nonnutritive Constituents in Chocolate and Cocoa 87

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Adomako D, Owusu-Manu E. Propoxur residues in cocoa beans. In: Radiotracer studies of pesticide
residues in edible oil seeds and related products. Vienna: IAEA; 1979: 51-57. www.iaea.org/inis/collection/
NCLCollectionStore/_Public/.../10455193.pdf.

Samuel T, Agarwal HC, Pillai MKK. Persistence and binding of DDT and gamma-HCH in a sandy loam soil
under field conditions in Delhi, India. Pest Sci. 1988;22:1-15.

Mounjouenpou P, Gueule D, Fontana-Tachon A, et al. Filamentous fungi producing ochratoxin A during cocoa
processing in Cameroon. Int J Food Microbiol. 2008;121:234-41.

Copetti MV, Pereira JL, lamanaka BT, et al. Ochratoxigenic fungi and ochratoxin A in cocoa during farm process-
ing. Int J Food Microbiol. 2010;143:67-70.

Amézqueta S, Gonzélez-Pefias E, Murillo M, et al. Occurrence of ochratoxin A in cocoa beans: effect of shelling.
Food Addit Contam. 2005;22:590-6.

Boudra H, Le Bars P, Le Bars J. Thermostability of ochratoxin A in wheat under two moisture conditions. Appl
Environ Microbiol. 1995;61:1156-8.

U.S. Department Health and Human Services. Food and drug administration. Total diet study-analytical results.
Summary of toxic and nutritional elements found in TDS foods: 2006-2008. http://www.fda.gov/Food/
FoodSafety/FoodContaminantsAdulteration/TotalDietStudy/ucm184293.htm. Accessed Aug 6 2011.

Helmke PA. The chemical composition of soils. In: Sumner ME, editor. Handbook of soil science. Boca Raton:
CRC Press; 2000. p. B3-24.

Callender E. Heavy metals in the environment — historical trends. In: Sherwood Lollar B, editor. Environmental
geochemistry, Treatise on geochemistry, vol. 9. Oxford: Elsevier; 2005. p. 67-105.

Europa. EUR-lex. Regulation (EC) No 396/2005 of the European Parliament and of the Council of 23 Feb 2005
on maximum residue levels of pesticides in or on food and feed of plant and animal origin and amending Council
Directive 91/414/EECText with EEA relevance. http://eurlex.europa.eu/LexUriServ/LexUriServ.
do?uri=CELEX:32005R0396:EN:NOT. Accessed 6 Aug 2011.

U.S. Department Health and Human Services. Food and drug administration. The new FDA food safety modern-
ization Act (FSMA). http://www.fda.gov/food/foodsafety/fsma/default.htm. Accessed 6 Aug 2011.

U.S. Department Health and Human Services. Food and drug administration. Total diet study-analytical results.
Summary of pesticide residues and industrial chemicals found in TDS foods: sorted by food. http://www.fda.gov/
Food/FoodSafety/FoodContaminantsAdulteration/TotalDietStudy/ucm184293.htm. Accessed 6 Aug 2011.

U.S. Department Health and Human Services. Food and drug administration. Pesticide residue monitoring pro-
gram results and discussion FY 2006 http://www.fda.gov/Food/FoodSafety/FoodContaminantsAdulteration/
Pesticides/ResidueMonitoringReports/ucm125187.htm. Accessed 11 Aug 2011.

U.S. Environmental Protection Agency. Pesticides: registration review. EPA proposes to withdraw sulfuryl
fluoride tolerances. http://www.epa.gov/pesticides/sulfuryl-fluoride/evaluations.html. Accessed 11 Aug 2011.
Serra Bonvehi J. Occurrence of ochratoxin A in cocoa products and chocolate. J Agric Food Chem. 2004;
52:6347-52.

Turcotte A-M, Scott PM. Ochratoxin A in cocoa and chocolate sampled in Canada. Food Add Contam. 2011;
28:762-6.

Brera C, Debegnach F, De Santis B, et al. Ochratoxin A in cocoa and chocolate products from the Italian market:
occurrence and exposure assessment. Food Control. 2011;22:1663-7.

Velmourougane K, Bhat R, Gopinandhan TN. Impact of drying surface and raking frequencies on mold incidence,
ochratoxin A contamination, and cup quality during preparation of arabica and robusta cherries at the farm level.
Foodborne Pathog Dis. 2010;7:1435-40.

Finkelman S, Navarro S, Rindner M, et al. Effect of low pressures on the survival of three cocoa pests at 30°C.
J Stored Prod Res. 2004;40:499-506.

Ding DL, Hutfless SM, Ding X, et al. Chocolate and prevention of cardiovascular disease: a systematic review.
Nutr Metab (Lond). 2006;3:2. Published online 3 Jan 2006. doi: 10.1186/1743-7075-3-2


http://www.iaea.org/inis/collection/NCLCollectionStore/_Public/�/10455193.pdf
http://www.iaea.org/inis/collection/NCLCollectionStore/_Public/�/10455193.pdf
http://www.fda.gov/Food/FoodSafety/FoodContaminantsAdulteration/TotalDietStudy/ucm184293.htm
http://www.fda.gov/Food/FoodSafety/FoodContaminantsAdulteration/TotalDietStudy/ucm184293.htm
http://eurlex.europa.eu/LexUriServ/LexUriServ.do?uri=CELEX:32005R0396:EN:NOT
http://eurlex.europa.eu/LexUriServ/LexUriServ.do?uri=CELEX:32005R0396:EN:NOT
http://www.fda.gov/food/foodsafety/fsma/default.htm
http://www.fda.gov/Food/FoodSafety/FoodContaminantsAdulteration/TotalDietStudy/ucm184293.htm
http://www.fda.gov/Food/FoodSafety/FoodContaminantsAdulteration/TotalDietStudy/ucm184293.htm
http://www.fda.gov/Food/FoodSafety/FoodContaminantsAdulteration/Pesticides/ResidueMonitoringReports/ucm125187.htm
http://www.fda.gov/Food/FoodSafety/FoodContaminantsAdulteration/Pesticides/ResidueMonitoringReports/ucm125187.htm
http://www.epa.gov/pesticides/sulfuryl-fluoride/evaluations.html
http://dx.doi.org/10.1186/1743-7075-3-2

Chapter 7
Chocolate and Cocoa Aroma

Jiirgen Voigt

Key Points

* Chocolate- and cocoa-specific aroma is formed during roasting of fermented, but not of unfermented,
cocoa beans.

* Essential components of the chocolate- and cocoa-specific aroma are generated by heat-induced
Maillard reactions of free amino acids and peptides with reducing sugars.

* Essential aroma precursors are derived from the vicilin (7S)-class globular storage protein of the
cocoa beans by acid-induced successive degradation by endogenous aspartic endoprotease and
carboxypeptidase activities.

o Effects of the time course of acidification and the final pH values of cocoa fermentations on the
aroma potential of the resulting raw cocoa are due to the differential pH optima of the aspartic
endoprotease and the carboxypeptidase of the cocoa beans.

* Genotype-dependent differences in the aroma potential of cocoa clones are at least partly due to
varying contents of the vicilin (7S)-class globular storage protein and/or the amounts and activities
of the aspartic endoprotease and carboxypeptidase of the cocoa beans.

Keywords Aroma components ® Aspartic endoprotease ¢ Carboxypeptidase ¢ Cocoa beans ¢ Free
amino acids ¢ Maillard reactions * Peptides * Storage protein * Vicilin (7S)-class globulin

Introduction

Chocolate has a distinctive aroma character that is strongly dependent on its proportion of cocoa
powder and the quality of raw cocoa used for its production. The aroma quality of raw cocoa is deter-
mined by bean genotype, growth conditions, and processing factors [1-3]. Fermentation is a key
processing stage that causes the death of the beans and facilitates the removal of the pulp and subse-
quent drying. During this stage, there is initiation of aroma formation, color development, and a
significant reduction in bitterness. Essential precursors of the chocolate- and cocoa-specific aroma
notes are generated during this stage by acid-induced proteolysis of the vicilin-type (7S) globular
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storage protein of the cocoa beans [4, 5]. During roasting of the fermented cocoa beans, the typical
aroma notes of chocolate and cocoa are formed by heat-induced chemical reactions of these proteolysis
products with reducing sugars, including Maillard reactions [4]. These cocoa-specific aroma notes,
which become volatile at temperatures around 30°C, are predominant in dark, bitter-tasting chocolate,
less pronounced in fine chocolates, almost absent in milk chocolates, and completely absent in white
chocolate [6]. The specific aroma notes of fine chocolates are formed in the pulp and are taken up by
the beans during fermentation [5].

Cocoa-Specific Aroma Components of Dark Chocolates and Cocoa Powder

The typical chocolate aroma is characteristic for dark, bitter-tasting chocolate and depends on its high
proportion of cocoa powder. Dark chocolate and cocoa powder contain several hundred volatile con-
stituents, including pyrazines, thiazoles, oxazoles, pyrrole derivatives, pyridines, and furans [6-8], and
it is still difficult to assess which components really contribute to the specific chocolate aroma.
Candidates are those compounds which are more or less prominent in both cocoa powder and dark
chocolate but are considerably less prominent in the volatile fraction of milk chocolate. Key aroma
compounds have been identified in milk and dark chocolates as well as in cocoa powder using GC—mass
spectrometry and GC—olfactometry [9—16]. Aroma extract dilution analysis of the volatile fractions of
dark chocolate revealed that three constituents had a strong chocolate aroma: 2-methylpropanal,
2-methylbutanal, and 3-methylbutanal (Table 7.1). Many other components of the volatile fractions of

Table 7.1 Aroma components with cocoa- and chocolate-related sensorial attributes detected in raw
cocoa or dark chocolate

Compound? Sensorial attribute Reference
Aldehydes

2-Methylpropanal Chocolate [12, 16]
2-Methylbutanal Chocolate [12, 16]
3-Methylbutanal Chocolate [12, 16]
2-Phenyl-2-butenal Cocoa, roasted [12, 16]
4-Methyl-2-phenyl-2-pentenal Cocoa [8]
5-Methyl-2-phenyl-2-hexenal Cocoa [8]
Pyrazines

2-Methylpyrazine Nutty, cocoa [8]
2-Ethyl-5-methylpyrazine Cocoa, roasted [16]
2,3-Dimethylpyrazine Caramel, cocoa [8]
2,3-Dimethyl-5-ethylpyrazine Cocoa, chocolate [16]
2,5-Dimethylpyrazine Cocoa, roasted nuts [8]
3,5-Dimethyl-2-ethylpyrazine Cocoa, chocolate [16]
2,3,5-Trimethylpyrazine Cocoa, nutty [8, 12, 16]
2,3,5,6-Tetramethylpyrazine Cocoa, coffee [8]
3,5-Diethyl-2-methylpyrazine Cocoa, chocolate [16]
Furans

3-Phenylfuran Cocoa, green, mint [12, 16]
Pyrroles

1-(2-Furanylmethyl)-1 H-pyrrole Roasted, chocolate, green [12, 16]
2,3-Dimethyl-1 H-pyrrole Cocoa, chocolate [16]
3-Ethyl-2,5-dimethyl-1 H-pyrrole Cocoa, hazelnut, coffee [12, 16]

*After vacuum distillation and liquid—liquid extraction, the volatile fractions of cocoa powder [8] or
dark chocolates [12, 16] were analyzed by gas chromatography—olfactometry and gas chromatogra-
phy—mass spectrometry. Only those compounds are listed which revealed chocolate- or cocoa-related

sensorial attributes
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dark chocolate and cocoa mass were characterized by cocoa/nutty/roasted/coffee notes like several
pyrazines and some pyrrole derivatives (see Table 7.1). However, other authors have reported different
aroma notes for these components [17, 18]. Some additional compounds with cocoa-like aroma char-
acters have been found, whose chemical nature is still unknown [12]. All these cocoa- and chocolate-
specific aroma compounds are largely missing in the volatile fractions of milk chocolates [6, 11]. In
roasted fine cocoa (Criollo), which usually has a rather low cocoa-typical aroma but instead contains
some special aroma notes [3, 6], at least some of the cocoa- and chocolate-related aroma components
of dark chocolate have been detected: 2-methylbutanal, 3-methylbutanal, 3,5 dimethyl-2-ethylpyrazine,
and 2,3,5-trimethylpyrazine [17].

The characteristic cocoa and chocolate aroma notes are generated during the roasting process by
Maillard or nonenzymatic browning reactions, which involve the reactions of free amino groups of
amino acids and/or peptides with reducing sugars [6, 10, 11, 19]. Such reactions also occur during
roasting of meat and other foods [20]. Some of the pyrazine derivatives occurring in dark chocolates
with cocoa-related sensory attributes (see Table 7.1) are also formed in roasted beef [9], posing the
question as to which these particular compounds are really characteristic for chocolate and cocoa
aroma.

Fermentation of Cocoa Beans Is Required for the Formation
of Cocoa-Specific Aroma Precursors

The typical cocoa aroma is formed during roasting of fermented but not of unfermented cocoa beans
[4,21]. Therefore, essential aroma precursors are generated during the fermentation process (Fig. 7.1).
During fermentation, sugars in the pulp are transformed to acetic and lactic acid by environmental
microorganisms, causing acidification of the cocoa beans [22]. This acidification, but not the presence
of microorganisms, is required for the formation of the cocoa-specific flavor precursors as revealed
by bean incubations under aseptic conditions [23]. Therefore, raw cocoa quality is strongly dependent

Cocoa beans

! !

Fermentation Fermentation
atpH4.5-4.0 atpH5.5-5.0
Drying Drying Drying
Roasting Roasting Roasting
NO WEAK STRONG
COCOA-SPECIFIC COCOA-SPECIFIC COCOA-SPECIFIC
AROMA AROMA AROMA

Fig. 7.1 Cocoa- and chocolate-specific aroma precursors are generated during fermentation (Adapted from Botanica
Acta, 108, J. Voigt, B. Biehl, Precursors of the cocoa-specific aroma components are derived from the vicilin-class (7 S)
globulin of the cocoa seeds by proteolytic processing, 283, Copyright 1995, with permission from Wiley-Blackwell)
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on the degree and time course of acidification of the cotyledons during the fermentation process as
well as on the duration of the fermentation process and the final pH [4, 6, 24].

Fine cocoas (Arriba, Criollo, National, Trinitario) contain additional aroma notes (floral, fruity,
nutty, spicy, winy), which originate from the pulp and are strongly influenced by the genotype and
growth conditions [6]. In fine cocoas, the level of basic cocoa- and chocolate-specific aroma compo-
nents is usually low due to a rather short fermentation duration (2—4 days) as compared to bulk cocoa
(5-7 days).

Essential Precursors of Cocoa-Specific Aroma Notes Are Generated
by Acid-Induced Proteolytic Processes in Cocoa Beans

The level of free amino acids is considerably higher in fermented than in unfermented cocoa beans
[23, 25-27]. Together with reducing sugars, amino acids are important precursors of Maillard reac-
tions, leading to various aroma components [6, 9-11, 19]. Liberation of free amino acids was not only
observed after fermentation of cocoa beans but also after fermentation-like incubations of cocoa beans
under axenic, moderate acidic conditions [25, 26] and after autolysis of acetone-dry powder prepared
from unfermented cocoa beans [28]. Hydrophobic amino acids were predominantly accumulated
under all these conditions, and essentially, no differences in the patterns of free amino acids liberated
under these different conditions were observed (Fig. 7.2). These findings clearly show that the libera-
tion of predominantly hydrophobic amino acids during cocoa fermentation is due to an acid-induced

1000

900 4
800 4
700 4

600 - ’

! B Acetone-dry powder pH 3.5

| m Acetone-dry powder pH 5.2

| @ Purified vicilin | cocoa proteases pH 5.2
B Curmmntect bears |

500 -
400 4

300 1

200 - ‘

100 { ] |

N
¥ N

9‘0

nmol amino acids released / mg protein

M.M
i

-\1} {‘??' Q?y va
© el A
" il S

&
&

<

Fig. 7.2 Free amino acids accumulated in fermented cocoa beans and during in vitro proteolysis of beans proteins.
FAA, free amino acids; acid FAA, Asp+ Asn+ Glu; hydrophobic FAA, Ala+Ile+Leu+Phe +Tyr+ Val; other FAA, Ar
g+Gly +Lys+Met+Ser+Thr; dark gray bars, amino acids released during autolysis at pH 3.5 of acetone-dry powder
prepared from unfermented cocoa beans; black bars, amino acids released during autolysis at pH 5.2 of acetone-dry
powder prepared from unfermented cocoa beans; light gray bars, amino acids released during incubation of purified
cocoa vicilin (7)-class globulin with cocoa proteases at pH 5.2; white bars, fermented cocoa beans (This figure is based
on results published in references [28] and [50])
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Table 7.2 Aroma notes detected upon in vitro roasting of cocoa proteolysis products in the presence of reducing sugars®®

Sample Aroma notes®

Precursor extract from fermented beans? Cocoa, chocolate

Acdp® autolysis products (pH 5.2) Cocoa, chocolate

Acdpe® autolysis products (pH 3.5) Acid, herbaceous, vegetable
Acdp® autolysis products (pH 3.5) plus mixture of free amino acid Herbaceous, floral, acid
Mixture of free amino acids’ Cereal, floral

Acdp* autolysis products (pH 3.5) posttreated with carboxypeptidase A Cocoa, chocolate

aData obtained from reference [28]

*Mixture of 0.13 g of glucose and 0.37 g of fructose dissolved/suspended in 0.15 ml distilled water was added to
0.25 g of precursor sample and ground in a mortar and pestle with 2.5 g of deodorized cocoa butter and 1.0 g silicate.
The mixture was transferred to a glass Petri dish and heated for 10 min at 130°C

¢Aroma notes were determined by sniffing of the roasted samples preheated to 37-40°C

4 Aroma precursors were extracted with 70% (v/v) aqueous methanol. After evaporation of the solvent, the residue was
suspended in water and freeze-dried

¢AcDP, acetone-dry powder of cocoa seeds prepared by thorough extraction with aqueous acetone of the defatted seed
powder

"Mixture of free amino acids adjusted to the composition of the free amino acids of fermented cocoa beans (see
Fig. 7.2)

proteolysis of bean proteins by endogenous proteases. During fermentation, these proteolytic
processes start after 1-3 days, when the beans are killed by testa opening at the micropyle caused by
acidification of the pulp and increased temperature. This aperture of the testa enables the penetration
of the nib by acetic and lactic acid [5]. In the case of bulk cocoa, when a strong cocoa-specific roasting
aroma is desired, fermentation is usually stopped after 5-7 days [6, 24]. In the case of fine cocoas,
however, fermentation is stopped earlier to avoid masking of the particular aroma notes by the typical
cocoa-specific roasting aroma [5].

Questions arose about whether the generation of the chocolate- and cocoa-specific aroma compo-
nents during roasting of the fermented cocoa beans is merely dependent on the particular pattern of
free amino acids released during the fermentation process (see Fig. 7.2) or whether specific peptides
are also required, as suggested by Mohr and coworkers [29]. A suitable experimental approach to
verify this question was the in vitro formation and subsequent organoleptic analysis of the aroma
notes [28]. It has been shown that cocoa-specific aroma precursors are generated in vitro when poly-
phenol-free acetone-dry powder prepared from unfermented cocoa beans was subjected to autolysis
at pH 5.2, i.e. under conditions of optimal fermentation (Table 7.2). The proteolysis products obtained
under these conditions consisted of hydrophilic peptides and hydrophobic free amino acids [28].
When the same material was incubated at pH 3.5, no cocoa-specific aroma precursors were formed
(see Table 7.2). Under the latter conditions, rather low amounts of liberated free amino acids were
observed, and hydrophobic instead of hydrophilic peptides were detected in the autolysis products
generated by the action of endoprotease activities [28]. These hydrophobic peptides could be trans-
formed to hydrophilic peptides by treatment with commercial carboxypeptidase A at pH 5.2 accom-
panied by liberation of hydrophobic free amino acids [28]. This mixture of hydrophilic peptides and
hydrophobic free amino acids revealed typical cocoa aroma when roasted in the presence of reducing
sugars and deodorized cocoa butter (see Table 7.2). No typical cocoa or chocolate aroma was obtained,
however, when synthetic amino acid mixtures adapted to the spectrum of free amino acids present in
fermented cocoa seeds (see Fig. 7.2) were roasted in the presence of reducing sugars (see Table 7.2).
The latter findings are in agreement with earlier observations of Mohr and coworkers [29] that, in
addition to free amino acids, an oligopeptide fraction isolated from fermented and air-dried cocoa
beans is absolutely required to obtain cocoa and chocolate aroma upon roasting.
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Proteases of Cocoa Beans

Aspartic endoprotease, carboxypeptidase, and aminopeptidase activities have been found in
ungerminated cocoa beans [28, 30]. For the aspartic endoprotease (EC 3.4.23) partially purified from
cocoa beans, activity optima were measured at 55°C and pH 3.5 [30]. Two cocoa cDNA species,
TcAP1 and TcAP2, respectively, encoding different polypeptides of the plant aspartic endoprotease
family, have been cloned and sequenced [31]. Both genes are induced early in seed development and
show decreased expression as the beans reach maturity [31]. These data are in agreement with the
results of protein blot analyses, indicating an accumulation of aspartic endoprotease protein during
seed development up to an optimum level reached after ripening [32]. Cocoa beans have unusually
high levels of such aspartic endoprotease activity as compared to seeds of other plants [33]. Guilloteau
et al. [34] assume that physical and biochemical properties of the active cocoa TcAP2 aspartic
endoprotease complex are novel, suggesting the highly expressed gene product may represent a previ-
ously unknown activity. A purified TcAP2 gene product efficiently degrades cocoa seed vicilin into
low molecular products including di- and tripeptides, implying that this gene product may play an
important role during fermentation.

Aspartic endoproteases like pepsin and renin cleave protein substrates preferentially at hydrophobic
amino acid residues. This holds true also for the aspartic endoprotease of ungerminated cocoa beans,
although its exact cleavage specificity has not yet been characterized. However, it has been reported
that this particular protease generates peptides with hydrophobic amino acid residues at their
C-terminal ends, which can be cleaved off by commercial carboxypeptidase A [28].

As described above, cocoa-specific aroma precursors can be generated in vitro from acetone-dry
powder prepared from unfermented cocoa beans by either autolysis at pH 5.2 or by posttreatment with
commercial carboxypeptidase A of the mixture of hydrophobic peptides formed at pH 3.5 (see
Table 7.2). Under both conditions, essentially, the same mixture of free amino acids was obtained
[28]. These findings show that the cocoa-specific aroma precursors are generated by cooperation of
the aspartic endoprotease and the carboxypeptidase of the cocoa beans [28, 35, 36].

The carboxypeptidase present in ungerminated cocoa beans preferentially liberates hydrophobic
amino acids, whereas acid amino acids are released very slowly [37]. Peptides with carboxyterminal
arginine, lysine, or proline residues are resistant to degradation by this carboxypeptidase [37]. The
rate of hydrolysis is not only dependent on the carboxyterminal but also affected by the neighboring
amino acid residue as also reported for the carboxypeptidases from other organisms [38—40]. The
carboxypeptidase of the cocoa beans has a pH optimum between pH 4.8 and 5.8, depending on the
substrate [28, 30, 37].

Proteolytic Precursors of Chocolate- and Cocoa-Specific Aroma Components
Originate from the Globular Storage Protein of Cocoa Beans

Cocoa beans contain two predominant storage proteins: a 21-kDa albumin with homology to the Kunitz
trypsin inhibitors [41—45] and a vicilin (7S)-class globulin [43, 46—48]. It has been shown that under
optimal fermentation conditions, some predominant polypeptides of the cocoa beans are selectively
degraded [49]. These selectively degraded polypeptides have been later identified as the polypeptide
subunits of the vicilin (7S)-class globulin of the cocoa beans [43, 50]. Typical cocoa and chocolate
aroma was obtained when the vicilin (7S)-class globulin was successively degraded by the cocoa
aspartic endoprotease and carboxypeptidase activities and the resulting proteolysis products subse-
quently roasted in the presence of reducing sugars and deodorized cocoa butter (Table 7.3; see Voigt,
Heinrichs, Voigt, et al. [50]). No cocoa-specific aroma precursors were obtained when the 21-kDa
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Table 7.3 Proteolytic formation of the essential precursors of the cocoa- and chocolate-specific aroma notes depends
on the structure of the globular storage protein of the cocoa beans®®

Sample Aroma notes®
Precursor extract from fermented beans? Cocoa, chocolate
In vitro proteolysis products of cocoa albumin with proteases from cocoa beans (pH 5.2) Cereal, herbaceous
In vitro proteolysis products of cocoa globulin with proteases from cocoa beans (pH 5.2) Cocoa, chocolate
In vitro proteolysis products of coconut globulin with proteases from cocoa beans (pH 5.2) Herbaceous, cereal
In vitro proteolysis products of hazelnut globulin with proteases from cocoa beans (pH 5.2) Cereal, nutty

In vitro proteolysis products of sunflower seed globulin with proteases from cocoa beans (pH 5.2)  Cereal, herbaceous

2Data obtained from reference [51]

PProteolysis products were formulated with reducing sugars and deodorized cocoa butter and roasted as described in the
legend of Table 7.2

¢Aroma notes were determined by sniffing of the roasted samples preheated to 37-40°C

4Aroma precursors were extracted with 70% (v/v) aqueous methanol. After evaporation of the solvent, the residue was
suspended in water and freeze-dried

Fig. 7.3 Proteolytic
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albumin was degraded by the same proteolytic enzymes. When the cocoa vicilin(7S)-class globulin
was merely incubated with the aspartic endoprotease purified from ungerminated cocoa beans, a mix-
ture of more or less hydrophobic peptides was obtained (Fig. 7.3; see Heinzler and Eichner [58]).
These particular hydrophobic peptides did not reveal cocoa- or chocolate-specific aroma upon roasting
in the presence of reducing sugars even in the presence of a mixture of free amino acids adapted to the
pattern of free amino acids detected in well-fermented cocoa beans [50]. These hydrophobic peptides
were transformed to hydrophilic peptides and hydrophobic free amino acids rather similar to the
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pattern of proteolysis products found in fermented cocoa beans [28, 50]. These data indicate that the
cocoa-specific aroma precursors are derived from the vicilin (7S)-class globulin by the cooperative
action of the aspartic endoprotease and the carboxypeptidase present in ungerminated, ripe cocoa
beans (see Fig. 7.3). In the first step, the vicilin (7S)-class globulin is degraded by the aspartic endo-
protease, which generates a complex mixture of more or less hydrophobic oligopeptides, as judged by
reversed-phase HPLC. By the action of the carboxypeptidase, these hydrophobic oligopeptides are
transformed to a mixture of hydrophilic peptides and hydrophobic free amino acids containing the
essential precursors of the typical components of the cocoa and chocolate flavor (see Fig. 7.3).
Therefore, the hydrophobic properties of the oligopeptides generated by the aspartic endoprotease are
largely due to the hydrophobic amino acid residues at their carboxyterminal ends.

When the globulins isolated from cocoa beans, coconuts, hazelnuts, and sunflower seeds were
successively degraded with the aspartic endoprotease and the carboxypeptidase partially purified
from ripe, ungerminated cocoa beans and the obtained proteolysis products subsequently roasted in
the presence of reducing sugars and deodorized cocoa butter, the typical cocoa- and chocolate-specific
aroma was obtained exclusively in the case of the cocoa globulin (see Table 7.3; see Voigt, Wrann,
Heinrichs, et al. [51]). The globular fraction of coconuts only contain a vicilin (7S)-class globulin as
the cocoa beans [51], and those from hazelnuts and sunflower seeds largely consist of legumin
(11S)-class globulin [51, 52]. The amino acid sequences of legumin (11S)-class and vicilin (7S)-class
globulins are rather different [53]. Comparative analyses of the free amino acids released from all
these globular storage proteins by the action of aspartic endoprotease and carboxypeptidase from
cocoa beans revealed a preferential liberation of the hydrophobic amino acids Ala, Leu, Phe, Tyr, and
Val in all the samples [51]. However, the relative proportions of these amino acids were rather different
depending on the protein substrate. Furthermore, different peptide patterns were obtained by succes-
sive treatment with aspartic endoprotease and carboxypeptidase of the globulins from cocoa beans,
coconuts, hazelnuts, and sunflower seeds, respectively, as revealed by comparative reversed-phase
HPLC analyses [51]. Therefore, it has to be concluded that the proteolytic formation of essential
cocoa-specific aroma precursors depends on particular amino acid sequences of the vicilin (7S)-class
globulin of the cocoa beans lacking in the globular storage proteins of coconuts, hazelnuts, and
sunflower seeds [51].

Structure of the Vicilin (7S)-Class Globulin of Cocoa Beans

The cocoa vicilin (7S)-class globulin consists of overlapping polypeptides with apparent molecular
masses of 47 kDa, 31 kDa, and 14.5 kDa [28, 46, 47]. These polypeptide subunits are generated by
differential proteolytic processing of a common 66-kDa precursor, whose amino acid sequence was
derived from the nucleotide sequences of the corresponding cDNA [47] and gene [48]. Localization
of the cocoa vicilin subunits on their common precursor by N-terminal sequencing was, however,
impossible because all these subunits were found to be resistant against Edman degradation, presum-
ably due to N-terminal protection. MALDI-ReTOF-MS analyses of the tryptic fragments of the
purified 47-kDa subunit revealed that this particular subunit was derived from the C-terminal domain
of the 66-kDa precursor [54]. By the same approach, the other constituents of the mature cocoa vicilin-
class globulin were localized in the same precursor region. The results were further corroborated
by epitope mapping of polyclonal antibodies raised against the particular polypeptide subunits using
185 overlapping pentadecapeptides covering the whole sequence of the precursor [54].
Two-dimensional gel electrophoresis of cocoa seed proteins revealed heterogeneities in the
patterns of the vicilin (7S)-class globulin subunits [54, 55]. The same patterns of globular storage
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proteins were found in cocoa cotyledons from various genetic origins both after SDS-PAGE and
2D-electrophoresis, respectively [55]. By IEF, the 47-kDa subunit was split into six spots with iso-
electric points (IEPs) between 5.2 and 6.4 [54]. The 31-kDa and 28-kDa components were split into
several spots with IEPs between 6.1 and 7.3. These heterogeneities could be either due to specific
posttranslational modifications of particular amino acid residues or to the existence of a gene family
generated by gene duplications followed by mutations of the individual members of this hypothetic
gene family. In both cases, the formation of additional tryptic peptide fragments is expected, whose
amino acid sequence differs from the sequence of the 66-kDa precursor. The lack of such additional
fragments in the MALDI-ReTOF spectra clearly showed that despite the heterogeneities with respect
to their isoelectric points, all the components of the vicilin (7S)-class globulin of the cocoa beans are
encoded by a single gene and that there is no specific posttranslational modification of specific amino
acid residues [54]. Calculation of the theoretical isoelectric points of the 47-kDa and 31-kDa subunits
revealed values that roughly corresponded to those experimentally determined by two-dimensional
electrophoresis for the corresponding subspecies with highest pI values [54]. The occurrence of sub-
species with lower pl values could be explained by statistical transformation of Asn or Gln to Asp or
Glu residues, respectively, due to the action of a protein deaminase during maturation. Such an enzyme
was found in germinating wheat grains [56].

Particular Cleavage Specificity of the Cocoa Aspartic Endoprotease
Is Essential for Generation of Cocoa-Specific Aroma Precursors

Apart from the particular amino acid sequence of the vicilin (7S)-class globulin of the cocoa beans,
the formation of the cocoa- and chocolate-specific aroma precursors is also strongly dependent on the
substrate and cleavage specificities of the aspartic endoprotease of the ripe, ungerminated cocoa
beans, which is not sufficiently studied to date. Presently, it is only known that this particular enzyme
cleaves protein substrates at hydrophobic amino acid residues to produce oligopeptides with hydro-
phobic amino acid residues at their carboxyterminal ends [28]. Similar substrate and cleavage
specificities have been reported for chymotrypsin and pepsin. The cocoa bean globulin was efficiently
degraded not only by the aspartic endoprotease from ripe, ungerminated cocoa beans but also by chy-
motrypsin and pepsin. As revealed by reversed-phase HPLC analysis, similarities were observed for
the oligopeptide patterns generated by pepsin and cocoa aspartic endoproteinase, whereas the pattern
of chymotryptic peptides was completely different [57]. After posttreatment with carboxypeptidase,
pepsin revealed similar patterns of free amino acids and oligopeptides as the cocoa aspartic endopro-
tease. Indeed, after roasting in the presence of reducing sugars, a weak cocoa and chocolate flavor was
observed in the case of the proteolysis products of cocoa vicilin (7S)-class globulin generated by
pepsin and carboxypeptidase, but not for the proteolysis products obtained by successive treatments
with chymotrypsin and carboxypeptidase [57]. These findings indicate that the particular specificity
of the cocoa aspartic endoprotease is important for the formation of the cocoa-specific aroma precursors
[57], in addition to the amino acid sequence of the protein substrate.

Summary

Chocolate- and cocoa-specific aroma is obtained by roasting of fermented, but not of unfermented,
cocoa beans (see Fig. 7.1). Therefore, essential precursors are generated during fermentation, which
are transformed to the chocolate- and cocoa-specific aroma components during the roasting process
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by complex Maillard or nonenzymatic browning reactions. These are initiated by reactions of free
amino groups of amino acids or peptides with the carbonyl groups of reducing sugars [9, 10, 58—60].
Indeed, accumulation of free amino acids has been observed both during fermentation and fermentation-
like incubations of cocoa beans under moderate acidic conditions [23, 25-27]. During the fermenta-
tion process, the cocoa pulp is degraded by various microorganisms accompanied by the accumulation
of acetic and lactic acid [22, 24]. This acidification causes the death of the beans as well as acid-
induced proteolysis of bean proteins [23, 25-27]. It is well known that fermentations accompanied by
a strong acidification of the cotyledons (pH <5.0) result in poor aroma potential of the resulting raw
cocoa (see Fig. 7.1). This fact is obviously due to the pH dependency of the carboxypeptidase, whose
activity is optimal around pH 5.5 and strongly decreases at pH values below 5.0 [28, 30, 37]. At pH values
greater than 5.5, the aspartic endoprotease is inactive [28, 30]. These findings provide an explanation
for the dependency of the aroma formation on the degree of acidification of the cocoa beans during
the fermentation process (see Fig. 7.1).

The specific mixture of free amino acids and peptides present in well-fermented cocoa beans and
required for the formation of the cocoa-typical aroma notes during roasting depends on both the par-
ticular cleavage specificity of the aspartic endoprotease and the amino acid sequence of the vicilin
(7S)-class globular storage protein of the cocoa beans (see Fig. 7.3) [50, 51, 57]. The aspartic endo-
protease of the cocoa beans cleaves its protein substrate preferentially at hydrophobic amino acid
residues [50, 51]. However, its exact cleavage specificity is still unknown and has to be analyzed in
the future. The pattern of free amino acids liberated from cocoa vicilin (7S)-class globulin by the
cooperation of the aspartic endoprotease and the carboxypeptidase is characteristic for well-fermented
cocoa beans (see Fig. 7.2). However, this particular mixture of free amino acids is not sufficient for
the formation of the typical cocoa-specific aroma during roasting in the presence of reducing sugars
(see Table 7.2). Both free amino acids and hydrophilic peptides proteolytically derived from the cocoa
vicilin (7S)-class globulin are essential for the formation of the cocoa-specific aroma components
during the roasting process (see Table 7.2 and Fig. 7.3). These peptides exclusively occur in the pro-
teolysis products of the cocoa vicilin (7S)-class globulin (see Table 7.3). Their amino acid sequences
are predetermined by both the amino acid sequence of the cocoa vicilin (7S)-class globulin [54, 61]
and the particular cleavage specificity of the cocoa aspartic endoprotease. However, their number and
particular amino acid sequences are still unknown and have to be analyzed in the future.

Another important aspect is the ensuring of raw cocoa quality in the future. In recent years, raw
cocoa production has been threatened by diverse cocoa diseases caused by different fungal pathogens
and by certain mirids (Heteroptera; Miridae), particularly by the cocoa pod borer, Conopomorpha
cramerella, in Asia [62]. Most of these biotic constraints are presently restricted to certain geographic
areas. All together, they reduce yields by about 20% [62] but could cause far greater losses if certain
highly damaging pathogens were to become more widely distributed. This risk is increased by mon-
ocultures of pathogen-susceptible clones. Therefore, national and international breeding programs are
presently underway to improve resistance of cocoa trees to various biotic constraints. In the past,
traditional cocoa breeding was not very efficient owing to the long generation time of the trees.
However, application of modern molecular genetic techniques like marker-assisted selection to cocoa
breeding are expected to greatly improve the rate of the genetic gain and result in the selection of
numerous new, productive, disease-resistant cultivars [63, 64]. Such breeding programs could result
in cocoa clones with successively decreasing aroma potential when selection is restricted to pathogen
resistance and yield. This undesirable effect is well known from breeding of other crops. Genotype
influences both aroma quality and intensity [13, 14, 65, 66] likely by determining the quantities of
precursors and the activities of enzymes involved in the formation of aroma components and aroma
precursors, respectively. Reineccius [15] concluded that the known varietal differences are primarily
due to quantitative rather than to qualitative differences in the aroma precursor and polyphenol
contents. A comparative study of cocoa beans of various clones revealed relevant differences both
in the contents of the vicilin (7S)-class globulin and the aroma potential [67]. Furthermore, a strict
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correlation of cocoa aroma with the amount of vicilin (7S)-class globulin in the beans was observed
[67]. These findings show that comparative analysis of the new, pathogen-resistant clones for the
levels of both this particular globular storage protein and the proteolytic enzymes involved in aroma
precursor formation is requested for ensuring the aroma potential of raw cocoas.

Apart from the basic cocoa- and chocolate-specific aroma notes, cocoa and chocolate quality is
also influenced by other aroma compounds, part of which (like linalool) are generated in the pulp and
enter the nib during cocoa fermentation after opening of the testa caused by acidification and swelling
of the beans [5, 68]. Both the patterns and amounts of the latter aroma components are also dependent
on the genetic background and can be strongly changed in new clones selected for pathogen resistance
and yield. Linalool content in both the pulp and in the fermented beans is a suitable marker for some
flavor grade cocoas [69].
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Chapter 8
Composition of Cacao Beans

Antonella Bertazzo, Stefano Comai, Francesca Mangiarini, and Su Chen

Key Points

* The physics and chemistry of cocoa beans are very complex and change throughout the life of the
bean, mainly depending on the processing it receives and on geographical origin.

* The main component of cocoa beans is lipid fraction, approximately 50%, mainly constituted by
neutral lipids, with a predominant fraction of triglyceride molecules.

* Protein fraction constitutes 10—15% of the dry weight of cocoa seeds, and it is composed of 52%
and 43% of albumin and globulin fractions, respectively. Other proteins, such as glutelins and
prolamins, are present in lower concentrations.

* Cocoa beans contain stimulant substances, such as theobromine, caffeine, and theophylline, named
purinic alkaloids, which affect the central nervous system.

* Various bioactive compounds with vasoactive effects have also been reported in cocoa beans.
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Introduction

Cacao beans are derived from the tropical tree Theobroma cacao L (Sterculiaceae family).

It originated in Central and South America, and it is cultivated extensively for its seeds, which are
the source of cocoa, chocolate, and cocoa butter.

The cacao tree is a wide-branched evergreen and currently grows within 20°C latitude of the equa-
tor. Being a tropical species, it lives in regions characterized by warm temperature (18/21-30/32°C),
high humidity (70-100%), and at elevations up to 600 m. Trees are planted under the shade of taller
trees because of their sensitivity to sun and wind. The standard height of the cocoa tree is kept at
2-5 m on plantations, and it bears seedpods, named cabosse, up to 30 cm long and 10 cm wide. The
fruit is harvested twice a year, before and after the rainy seasons. Cocoa pods have different shapes
and sizes. Pods contain 20-50 almond-sized seeds that are about 2 cm long and 1 cm wide and are
surrounded by mucilaginous pulp. The cocoa bean weighs around 1 g after drying and is composed of
an inner nib portion covered by an outer shell (Fig. 8.1) [1].

Three important varieties of cocoa exist: Criollo, Forastero, and Trinitario. Criollo trees provide
highly aromatic cocoa beans but are more sensitive to climatic changes. For this reason, the Criollo
can be attacked by diseases and pests and are lower in yield, compared with Forastero trees.
Approximately 95% of the world’s cocoa product is made of the Forastero, owing to its disease resis-
tance and high productivity. However, its organoleptic qualities are not as highly regarded as the
Criollo variety. Trinitario is a crossbreed among Criollo and Forastero, and it displays characteristics
of both varieties.

At harvest, the fully ripe pods are opened and the seeds with surrounding pulp are removed. The
seeds are usually subjected to fermentation for 2—8 days, leading to a moisture content of about 6-8%
after drying. After this step, they are called cocoa beans, which can be exported as raw materials for
the production of cocoa derivatives. Further processing is usually performed by consuming countries
(i.e., roasting at 120—130°C but not exceeding 150°C, for 10-35 min). Roasting parameters depend on
variety, moisture content, ripening, and measure of cacao beans. In this phase, the humidity is lowered
down to 2% or 3%. It results in further oxidation of phenolic compounds and the removal of acetic
acid, volatile esters, and other undesirable aroma components. During drying and roasting, peptides
and free amino acids, together with reducing sugars also present in fermented cocoa beans, undergo a
Maillard reaction, which is responsible for the typical cocoa aroma. This complex and multistep pro-
cess, referred to as nonenzymatic browning reaction [2], is subdivided into three main phases. The
first one, called the initial phase, is partly reversible and produces compounds that later react, giving
rise to additional products; in the second phase, a variety of highly reactive carbonyl compounds,
which are responsible for color formation and flavor development, are formed; and in the final phase,
the production of a heterogenous group of substances (e.g., melanoidins) occurs that determines the
deep-brown color.

Chemical Compositions of Cocoa Beans

The physics and chemistry of cocoa beans are very complex and change throughout the life of the
bean, mainly depending on the processing it receives. The chemical composition of cocoa beans also
differs according to varieties, as indicated in Table 8.1.
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Fig. 8.1 Cocoa pods and beans
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Table 8.1 Composition (%) of cacao beans of various geographical origin®

Constituent Trinidad Giava Arriba Caracas
Moisture 6.34 5.12 5.90 6.63
Lipids 43.66 45.50 43.31 36.81
Cellulose 13.01 13.85 14.07 16.35
Pigments 8.31 8.90 9.00 12.72
Albumin 11.90 9.25 10.14 11.09
Starch 4.98 5.17 6.37 3.81
Glucose 1.38 1.23 0.42 2.76
Sucrose 0.32 0.51 1.58 1.56
Theobromine 0.85 1.16 0.86 1.13
Ash 3.60 3.31 8.73 4.36

2Adapted with permission from reference Arlorio [31]

Protein and Amino Acids

Proteins represent about 60% of the total nitrogen content of fermented beans and constitute 10-15%
of the dry weight of cocoa seeds, which are the second most abundant constituent after the cocoa fat.

The nonprotein nitrogen of fermented beans is found in the form of amino acids; about 0.3% pres-
ents in amide form and 0.02% as ammonia, which is formed during fermentation of the beans and
methylxanthines such as theobromine and caffeine.

In the fresh cacao beans, a lot of enzymes can be detected, but most of them are inactivated as a
result of the production process. They include (beta)B-glucosidase, (beta)B-fructosidase, (alpha)a-
amylase, (beta)p-gactosidase, proteinase, alkaline and acid phosphatases, lipase, polyphenol oxidase,
pectinesterase, catalase, and peroxidase.

Cocoa cotyledon proteins can be fractioned into albumin (water soluble), globulins (salt soluble),
glutelins (soluble in dilute acids and alkali), and prolamins (alcohol soluble) [3].

Voigt et al. [4] suggested that the total seed protein content is composed of 52% and 43% of albu-
min and globulin fractions, respectively. The former is described as a 21-kDa storage protein with
trypsin inhibitory properties [5], whereas the latter is referred as a vicilin-like globular storage pro-
tein, consisting of three subunits with molecular weights around 47, 31, and 15 kDa [4, 6], which are
derived from a common precursor with 66 kDa.

Glutelins and prolamins are present in a lower concentration; the former representing 5% and the
latter being about 1%. Fermentation process affects the alteration of protein concentrations (as
reported in Table 8.2), leading to the increase of albumin and glutelin from 52% to 79% and the
decrease of globulins level from 43% to 8.3%.

Cocoa albumin, amino acid content, and their nutritional values are all highly affected by the extent
of roasting [7]. Globulins also undergo extensive degradation already during fermentation [8], leading
to the production of hydrophobic amino acids and peptides, considered cocoa-specific flavor precur-
sors [9]. The increase of hydrophobic free amino acids concentrations, such as leucine, alanine, phe-
nylalanine, and tyrosine, is explained by the activity of two cocoa proteases: the aspartic endoprotease,
which attacks the proteins preferentially at sites of hydrophobic amino acids, and the carboxypepti-
dase, which releases single hydrophobic amino acids [9, 10].

The content and distribution of free amino acids in fermented cocoa beans from different origins
vary greatly (5-25 mg/g fat-free dry matter), and in some cases, geographical region-specific differ-
ences were apparent (Table 8.3) [11, 12].

Thus, fermentation, roasting, and drying, as well as type of soil, climate, and harvest conditions,
greatly affect cocoa characteristics. In particular, fermentation involves microbiological and enzymatic
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Table 8.2 Proportions of the different solubility classes of seed proteins in
unfermented and fermented cocoa seeds®

Seed protein fraction (%) Unfermented seeds Fermented seeds
Albumin 52+3.3 79+10.1
Globulin 43+3.1 8.3+3.7
Prolamin <1 <1

Glutelin 5+1.0 12.8+3.7

“Reprinted from reference Voigt et al. [4], Copyright 1993, with permission
from Elsevier

Table 8.3 Amino acid profiles (mg/g crude protein) of unfermented and fermented cocoa seeds®

Amino acid Unfermented nibs Fermented nibs Mean SD CV%
Lys® 42.0+0.02 52.6+0.02 47.3 7.50 15.9
His® 20.0+0.00 23.3+0.02 21.7 2.33 10.7
Arg® 43.6+0.01 51.4+0.20 47.5 5.52 11.6
Asp 100£0.10 82.5+0.11 91.3 12.4 13.6
Thr® 29.9+0.03 23.3+0.10 26.6 4.67 17.6
Ser 23.7+0.01 32.6+0.03 28.2 6.29 22.3
Glu 128 +0.20 153+0.40 141 17.7 12.6
Pro 12.5+0.02 12.5+0.03 12.5 0.00 -
Gly 20.5+0.01 32.0+0.02 26.3 8.13 30.9
Ala 29.8+0.20 40.1+£0.03 35.0 7.28 20.8
Cys 7.8+0.01 6.9+0.02 7.35 0.64 8.71
Val® 32.1+0.10 35.1+£0.02 33.6 2.12 6.31
Met® 9.9+0.01 8.0+0.00 8.95 1.34 15.0
Tle® 21.4+0.02 29.3+0.20 25.4 5.59 22.0
Leu® 72.2+0.30 62.4+0.20 67.3 6.93 10.3
Tyr 18.6+0.02 27.0+0.01 22.8 5.94 26.1
Phe® 28.6+0.01 36.3+0.02 32.5 5.44 16.7
Try® _c _ _ _ _
Crude protein (g/100 g) 13.6+0.30 15.2+0.21

*Adapted from reference Adeyeye et al. [13], Copyright 2010, with permission from Elsevier
"Essential amino acids
°Not determined

reactions that lead to extensive breakdown of the cocoa proteins with an improvement of free amino
acids concentration that, together with oligopeptides and reducing sugars, are considered cocoa aroma
precursors [13].

Lipid Content

The total fat content of the whole cocoa bean on a dry basis is approximate 50%. The composition of
total lipid extract from the cocoa beans was 98% of neutral lipids and 2% of polar lipids [14]. Of the
neutral lipids [15], it is composed of predominantly over 75% of triglyceride molecular species with
oleic acid esterified at the sn-2 position [16]. Among the polar lipids [14], phospholipids and glyco-
lipids contain approximately 30% and 70%, respectively. Both triglycerides and phospholipids are the
major lipids in the cocoa bean and that will be discussed in this chapter.
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Table 8.4 Percentage of triglyceride molecular species from raw cocoa beans®
Geographical origin  LOO PLO PLP OOO SLO POO PLS POP POP SLS SOP SOS Other

Ivory Coast 073 094 233 0.61 058 247 323 155 371 154 377 272 420
Nigeria 034 058 192 045 039 256 303 161 32 141 397 275 282
Brazil (Bahia) 094 1.66 235 123 1.16 593 331 149 785 147 344 227 2.0
Brazil (Rd) 034 058 1.84 061 051 272 299 167 381 133 389 259 3.77
Brazil (Pard) 057 069 1.73 085 0.63 481 32 161 658 157 364 237 3.17
Ecuador (Guayaquil) 042 096 189 0.58 0.68 434 335 156 6.1 1.27 363 250 351
Indonesia 022 042 181 037 034 19 307 157 382 159 393 284 3.06
Malaysia 0.14 036 144 022 028 18 263 143 325 127 400 31.0 331
Guinea 030 091 208 052 0.81 389 348 153 582 1.73 373 254 246

P palmitic acid, S stearic acid, O oleic acid, L linoleic acid
2Adapted from reference Hernandez et al. [15]

Molecular Species of Triglycerides

Triglycerides have a glycerol backbone to which three fatty acids are esterified. Mono- or diglycerides
are closely related to this structure but contain only one or two fatty acids. Triglycerides, diglycerides,
and monoglycerides consist of a variety of molecular species. A molecular species of triglycerides
contains three saturated and/or unsaturated fatty acids that are esterified at the sn-1, the sn-2, and the
sn-3 positions of the glycerol backbone. Therefore, a molecular species of diglycerides is based on
the two saturated/unsaturated fatty acids, which are esterified either at the sn-1/the sn-3 positions
(or the sn-3/the sn-1) or the sn-I/the sn-2 (or the sn-2/the sn-3). Monoglycerides contain only one satu-
rated or unsaturated fatty acid that is linked to either at the sn-1 (or the sn-3) or the sn-2 position of
the glycerol backbone.

The percentage of molecular species of the triglycerides extracted from cocoa beans from different
geographical origins was analyzed by a reversed-phase HPLC method. The environmental tempera-
ture, climate, rainfall, and sunshine during the growth and ripening of cocoa fruit, genetics of the
cocoa tree, and post-harvesting and processing conditions can affect the lipid composition of cocoa
[17-19]. Table 8.4 shows the molecular species percentage of triglycerides in cocoa beans from Ivory
Coast, Nigeria, Brazil, Ecuador, Indonesia, Malaysia, and Guinea [15]. The major fatty acids in
molecular species of the triglycerides are palmitic acid (16:0; P), stearic acid (18:0; S), oleic acid
(18:1; O), and linoleic acid (18:2; L). There is no study, so far, regarding the presence of ether linkage
triglyceride molecular species in cocoa beans (Table 8.4).

Structures and Percentages of Phospholipids

A phospholipid class, such as lecithin or phosphatidylcholine, also consists of a mixture of molecular
species. Their structural diversity is due to (1) a variety of fatty acid chains esterified at the sn-/ and
the sn-2 positions of the glycerol backbone; (2) locations of the double bond(s) (between 1 and 6) with
unsaturated fatty acids, which are usually located at the sn-2 position, with a number of carbon atoms
(between 16 and 22); and (3) a polar head carried at the sn-3 position, such as phosphocholine, phos-
phoethanolamine, phosphoinositol, phosphoserine, phosphatidic acid, phosphoglycerol, as well as
related lysophospholipids. Figure 8.2 shows phospholipid classes extracted in cocoa beans from dif-
ferent places [14].

So far, the molecular species of cocoa bean phospholipids have not been reported. Furthermore,
there is no study regarding the presence of ether linkage molecular species of phospholipids in cocoa
beans.
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Accra Arriba Bahia
Phosphatidylcholine 36+0.4 40+1 36+1.3
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Phosphatidylethanolamine 14+0.3 11£0.7 19+1.3
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phospholipids 2 4.2 0.7

®Quantitatively analyzed by TLC.

Fig. 8.2 Structures and percentage of phospholipids from raw cocoa beans. (Adapted from Parsons et al. [14], with
permission of John Wiley and Sons)

Carbohydrates

In cocoa beans, mono-, oligo-, and polysaccharides are present. Starch is the major digestible
polysaccharide, ranging from 3% to 7%. Cellulose is about 12% in fermented/dried cocoa beans, and
it is one of the predominant components of the cell wall polysaccharides, together with pectic poly-
saccharides that are made up of a heterogeneous mixture of rhamnogalacturonans with variable
degrees of branching. Lesser amounts of hemicellulose, which consists of a mixture of a fucosylated
xyloglucan, galactomannans, and glucuronoarabinoxylan, are also isolated from cocoa shells [20].
The soluble carbohydrates found in fermented cacao beans are glucose, sucrose, raffinose, fructose,
stachyose, and verbascose, and they range from 0.39% to 3.48% [21]. Major sugars are fructose and
sucrose [22]. The variable concentration of the two sugars is probably caused by different conditions
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Table 8.5 Changes to monosaccharides and oligosaccharides during roasting of cocoa beans?

Glucose Fructose Sucrose Raffinose Stachyose Verbascose
(mg/20 g) (mg/20 g) (mg/20 g) (mg/20 g) (mg/20 g) (mg/20 g)
Ghana
Non-roasted 124 83.6 31.6 4.0 15.1 1.9
Roasted 0.9 11.9 28.2 5.4 10.6 1.3
Ivory Coast
Non-roasted 15.9 56.0 31.0 3.0 12.2 0.9
Roasted 1.0 8.7 40.5 5.5 14.4 0.9
Ecuador
Non-roasted 16.8 344 96.6 12.2 20.1 0.8
Roasted 2.1 12.1 124.8 14.9 222 0.9

*Adapted from reference Redgwell et al. [21], Copyright 2003, with permission from Elsevier

of the fermentation that markedly affect the amount of sucrose in cocoa beans. Sucrose hydrolysis,
which occurs during fermentation of the beans, provides the reducing sugar pool important for aroma
formation during roasting process. While fermentation is essential to the formation of flavor precur-
sors, the typical aroma of chocolate does not develop until the cocoa beans have been roasted. Indeed,
a nearly complete destruction of reducing sugars occurs during the roasting process (Table 8.5) since
they are involved in the formation of volatile compounds from nonenzymatic browning reactions. On
the contrary, there are no decreases in the concentration of nonreducing sugars, sucrose, raffinose,
stachyose, and verbascose, as they are unable to undergo Maillard reaction.

Polyphenols

The stringent phenolic compounds contained in the pigment cells of cocoa cotyledons are defensive
protections that the plant uses to repel animals and microbes. However, these compounds are respon-
sible for the bitter and astringent taste of cocoa developed during the processing steps, such as fermen-
tation. In the unfermented cocoa beans the amount of polyphenols is around 2 wt.% [23], whereas
fermented cocoa beans contain 6% of phenolic compounds.

Among the polyphenols, the main compounds are catechins (e.g., (—)-epicatechin, (+)-catechin,
(+)-gallocatechin, and (—)-epigallocatechin), anthocyanins (e.g., cyanidin-3-(alpha)o-L-arabinoside
and cyanidin-3- (beta)B-D-galactoside), and proanthocyanidins (e.g., flavan-3,4-diols). In particular,
the latter can form oligomers via condensation with the carbons C-4 and C-8 or C-4 and C-6 (Fig. 8.3).
Moreover, some hydroxybenzoic and hydroxycinnamic acids are present in cocoa beans, and their
concentration depends on the temperature reached during the roasting step. In the final product, choco-
late, the amount of polyphenols depends on the percentage of nonfat cocoa solids [24]. Indeed,
polyphenols are present in high concentrations in dark chocolates, in which the content of cocoa solid
is higher than in milk chocolate.

The amount of polyphenolic compounds also depends on the provenience of the cocoa beans and
can vary dramatically from region to region. However, during fermentation, the content of polyphenols
is greatly modified. In fact, polyphenols diffuse in the cells, and they are degraded by polyphenol oxi-
dase, with a consequent decrease of the amount of flavonoids. Moreover, the degradation of anthocya-
nins during the fermentation modifies the color of the beans, which is initially purple and then becomes
brown. The amount of phenols also decreases with roasting steps at high temperature and long times.
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Organic Acids

The kind and amount of organic acids contained in cocoa beans depend on the maturation and fermen-
tation stages. Also, geographical origin is another important factor to determine a total and/or single
acid composition of the beans (Table 8.6).

The most common organic acids are citric, oxalic, malic, acetic, and formic. The most important is
acetic acid because of its influence on the taste of cocoa (Fig. 8.4). Indeed, fermentation and drying
duration affect the amount of acetic acid, which is produced by the fermentation of lactic acid and
ethanol. During this step, acetic acid destroys the cells of the cotyledons and diffuses into the beans,
making possible the reactions between phenolic compounds, proteins, and oxygen, which lead to less
bitter complexes and develop the flavor of cocoa [25].

However, organic acids represent the antinutritional compounds contained in cocoa, and, accord-
ing to their quantity, they may have adverse health effects.

The amount of phytic acid is reduced during the processing of cocoa, and its concentration depends
on the type of cocoa and the strength of the roasting step. Phytic acid may have effects at the intestinal
level, where it forms insoluble complexes with Ca?*, preventing its absorption. On the other hand,
oxalic acid (0.3-0.5% in cocoa powder) produces insoluble oxalates that bind to calcium and, as a
consequence, inhibits its absorption.

Table 8.6 Organic acids levels in cocoa beans from different geographic regions*®

Acetic acid Citric acid Lactic acid Oxalic acid Total acid
Origin (g/kg) (g/kg) (g/kg) (g/kg) (g/kg)
West Africa 3.0 6.1 1.2 4.5 14.8
Indonesia 5.9 4.6 3.6 3.5 17.6
Philippines 6.2 7.2 4.6 3.8 21.8
Malaysia 6.6 5.8 4.6 4.3 21.4
South Pacific 7.1 4.7 23.0 2.3 17.7
Papua New Guinea (plantation) 8.3 3.0 5.7 4.8 333
Papua New Guinea (smallholder) 7.1 3.6 4.0 4.9 18.1

*Adapted from reference Holm et al. [25], with permission from John Wiley and Sons
"For each region, values are the means from samples collected in different locations within the area
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Fig. 8.4 Structures of organic acids present in cocoa
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Table 8.7 Amount of caffeic, chlorogenic, and vanillic acids in different varieties of cocoa®

Variety Caffeic acid (mg/kg) Chlorogenic acid (mg/kg) Vanillic acid (mg/kg)

Arriba 109.5 8.80 4.14
Avorio 13.92 17.47 0.98
Ghana 27.03 14.38 10.57

*Adapted with permission from reference Arlorio [31]
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Fig. 8.5 Structures of purinic alkaloids

Chlorogenic acid (5-caffeoil-quinic acid) contained in cocoa beans varies from 8.8 to 17.5 mg/kg,
according to the origin of cocoa. Its quantity decreases with the roasting step due to thermal degrada-
tion (Table 8.7). In water solution, chlorogenic acid liberates caffeic acid and quinic acid since it reacts
with quinines and proteins, limiting, as a consequence, the bioavailability of amino acids and enzymes.
In particular, caffeic acid inhibits the activity of thiamine (vitamin B1) and thus its absorption.

Purinic Alkaloids

Cocoa beans contain stimulant substances, purinic alkaloids, such as caffeine, theobromine, and theo-
phylline (Fig. 8.5). While theobromine (whose name derives from Theobroma cacao) is present in a
concentration between 2% and 3%, cocoa contains quantities of caffeine lower than coffee (<1%).
However, theobromine has a weaker effect on the nervous system compared to caffeine. In general,
the effects of these substances on the nervous system include increased concentration and attention
and vasodilatation with consequent increase in diuresis [26].

Biogenic Amines

2-Phenylethylamine, tryptamine, and tyramine are the most common amines in cocoa (Fig. 8.6). Their
concentration increases after roasting step, probably due to thermal decarboxylation of free amino
acids. In general, they derive from microbial decarboxylation of amino acids (phenylalanine, trypto-
phan, and tyrosine, respectively) via decarboxylase-positive bacteria. Biogenic amines are vasoactive
compounds that, if taken at appropriate doses, especially in susceptible persons, can provoke blushing,
headaches, and blood pressure variation up to fatal effects, such as cardiovascular shock. These effects
are due to the inhibition of enzymes in the human body, which catabolize biogenic amines such as the
monoamine oxidase (MAO) and diaminoxidase (DAO). For this reason, foods containing these bio-
genic amines should be avoided for patients with the treatment of MAO and DAO inhibitors.
2-Phenylethylamine, a molecule with a structure similar to the one of amphetamines, is found in
cocoa in discrete quantities. Due to this structural similarity, it can activate brain receptors of dopamine
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and noradrenalin (e.g., in delaying the appearance of fatigue). Moreover, 2-phenylethylamine is con-
sidered to be the bioactive compound responsible of chocolate craving [27, 28]. The quantity of the
amine in cocoa is quite contradictory since concentrations between 1.8 and 22.0 mg/kg have been
reported. But some authors were not able to detect this amine in cocoa. The sense of euphoria and
satisfaction consequent to chocolate consumption derives from anandamide, an endogenous fat that
can bind to the receptor of cannabinoids [29].

Another class of important compounds present in cocoa beans are tetrahydro-beta-carboline deriv-
atives (0.18 ng/g) (see Fig. 8.6), indolic natural alkaloids produced by condensation of indolamine
and aldehydes. Serotonin (1.25 pg/g) and tryptamine (0.69 pg/g) are also present in cocoa and are the
precursors of tetrahydro-beta-carboline alkaloids [30]. These compounds appear to have neurologi-
cally active roles since they can bind to the receptor of benzodiazepines and modulate the uptake and
release of serotonin, thus inhibiting MAOs.

Antioxidants, such as clovamide (see Fig. 8.6), have also been found in cocoa liquor. They are
molecules analogous of rosmarinic acid, and they have an antioxidant effect similar to that of ascor-
bic acid.
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Chapter 9
Industrial and Home Processing of Cocoa Polyphenols

Rosa M. Lamuela-Raventos, Maria Izquierdo-Pulido, and Ramoén Estruch

Key Points

* Cocoa and chocolate increase flow-mediated dilatation.

* Fermentation and roasting decrease phenol bioavailability.

e Milk may drive the phase II generation of sulfated metabolites.

* Milk does not appear to exert the same effect in beverage matrices as in confections.

* Flavonoids that have not been absorbed in the small intestine and reach the colon intact could also
suffer metabolization.

Keywords Bioavailability ® Cocoa ® Processing ® Polyphenols ¢ Flavonoids milk effect  Fermentation
* Roasting

Introduction

Since the discovery, 15 years ago, by Waterhouse [1] that cocoa can inhibit LDL oxidation, many
studies have reported the health benefits of cocoa polyphenols for humans [2—5], and nowadays, the
consumption of dark cocoa is recommended by dietitians and nutritionists as an polyphenol-rich food.
In chronic studies, chocolate and cocoa have been found to increase flow-mediated dilatation (FMD)
by 1.45% (95% CI: 0.62%, 2.28%; 2 studies) and to reduce both systolic (by 5.88 mmHg; 95% CI:
_9.55,_2.21; 5 studies; P for heterogeneity _ 0.0003, 12 _ 81%) and diastolic (by 3.30 mmHg; 95% CI:
_5.77, _0.83; 4 studies; P for heterogeneity _ 0.009, 12 _ 70%) blood pressure. In acute studies, only
chocolate or cocoa significantly improved FMD (3.99%; 95% CI: 2.86, 5.12; 6 studies, P for hetero-
geneity _ 0.1, 12 _ 46%; 70-177 mg epicatechin/d, at 90—149 min), compared with wine or tea [6].
Cocoa is very rich in polyphenols, mainly flavan-3-ols. Phenolic compounds comprise 12—18% of
the total weight of dried cocoa nibs [7]. Approximately 35% of the total content of polyphenols in
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Table 9.1 Levels Cocoa nibs

gf ﬂavonoi.ds found Compound (mg/100 g)

in cocoa nibs Catechin 72.4
Epicatechin 328.1
Procyanidin B1 16.6
Procyanidin B2 92.1
Quercetin 2.5
Isoquercitrin 11.0
Hyperoside 9.0
Quercetin 3-O-arabinoside 16.5
Apigenin 0.5
Vitexin 0.4
Isovitexin 0.4
Luteolin 0.5
Luteolin-7-O-glucoside 1.2

non-fermented cocoa nibs belonging to the Forastero variety is epicatechin (Table 9.1). The epicate-
chin content in non-fermented cocoa nibs of different varieties ranges between 34.65 and 43.27 mg/g
(defatted samples). Compared with other flavonoid-rich food sources, such as green and black tea, red
wine, and so forth, flavonoids from chocolate or cocoa seem to be more active in reducing cardiovas-
cular risk factors [6].

Effect of Fermentation and Roasting

Fermentation results in a substantial loss of flavonoids (80-94%), depending on its duration [8, 9]. To
evaluate the effect of fermentation and roasting on the bioavailability of phenolic compounds, Tomas-
Barberdn et al. [10] performed a randomized double-blind crossover study with six volunteers, in
which they compared unfermented and unroasted cocoa, treated thermally by blanching with water at
an internal temperature of 95°C for 5 min (to inactivate oxidative enzymes such as polyphenol oxi-
dase), with regular cocoa. Unfermented cocoa contained eight times more epicatechin and procyanidin
B2 than conventional powder. Upon consumption of unfermented cocoa, the content of epicatechin
glucuronide in plasma was five times higher, and levels of methyl epicatechin sulfate in urine were
also two- to twelve-fold higher, depending on the metabolite, than after ingestion of regular cocoa.
However, microbiota metabolites were not evaluated in this study. Strategies that increase polypheno-
lic or counteract processing effects on polyphenol bioavailability are needed in developing-country
settings.

Biological Properties of Cocoa Flavonoids Are Conditioned
by Their Bioavailability

Different studies have proven the absorption of catechin, epicatechin, and dimeric procyanidins after
the intake of different cocoa by-products by animals and humans by reporting an increase in their
plasmatic concentrations [11-15]. The absorption of these flavonoids across the human intestinal
epithelial membrane varies between aglycones and polymeric forms. However, in contrast to what
was initially thought, neither dimeric nor polymeric forms (procyanidins) are hydrolyzed at a gastric
level, thus arriving intact to the small intestine [16]. The aglycones, using the Caco-2 cellular model
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Fig. 9.1 Bioavailability of cocoa flavonoids in the human body

of human intestinal absorption, pass through the intestinal cells by means of a multispecific organic
anion transporter [17]. Procyanidin absorption depends on its molecular weight. Dimers and probably
trimers are absorbed in the small intestine, although less efficiently (under 0.5%) than epicatechin and
catechin monomers, whose absorption level is in the 22-55% range [11-13, 18]. Epicatechin is much
more efficiently absorbed than catechin [4], possibily due to sterochemical differences that result in
varying hydrophobicity [15]. Data on oral absorption percentages of these compounds are very lim-
ited. Added to this great interindividual variability, polyphenol-containing diet constituents and their
interaction in the food matrix can also have an important effect on their oral bioavailability. In con-
trast, polymeric procyanidins, given their high molecular weight, are scarcely absorbed. However,
results for cocoa procyanidin activity in in vitro assays, especially the data obtained with long-chain
oligomers, should be treated carefully, because their potential activity in vivo is conditioned by poor
bioavailability; however, these procyanidins are metabolized by microbiota and absorbed in the form
of small molecules that may be biologically active.

Aglycones are extensively metabolized during their movement through the epithelial cells of the
small intestine, resulting in the appearance of glucuronide conjugates (mainly), sulfate conjugates,
sulfoglucuronide conjugates, and methylated conjugates of corresponding aglycones [13, 19-21].
These metabolites could be responsible, at least in part, for the effects observed on the central nervous
system after cocoa and chocolate consumption. Specifically, this has been seen in laboratory animals
where epicatechin metabolites (glucuronide and 3-O-methylglucuronide) can cross the blood—brain
barrier and act at a cerebral level (Fig. 9.1) [22].

Cocoa and its by-products are usually consumed with milk. Studies on the overall bioavailability
of (+) and (-) -catechin and (—)-epicatechin from chocolate in human subjects report conflicting
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results regarding the influence of food matrix factors such as milk protein and carbohydrate (sucrose
and starch). Serafini et al. [23] observed that the (—)-epicatechin area under the plasma pharmacoki-
netic curve (AUC) was lower for a milk chocolate confection compared to a dark chocolate confec-
tion, whereas when the dark chocolate was ingested with 200 mL milk, the AUC value was intermediate.
They hypothesized that proteins in the milk bind to flavan-3-ols and limit their absorption from the
gastrointestinal tract, suggesting that milk may reduce the protective effects of cocoa products.
However, other authors [24, 25] reported no statistical difference between the AUC of (—)-epicatechin
from cocoa beverages consumed with water or milk. Interestingly, a parallel debate has arisen amid
seemingly conflicting reports about the effect of milk on plasma flavan-3-ol associated with the con-
sumption of black tea.

A recent study with Sprague-Dawley rats has found a significantly lower AUC from the milk
formulations (high sucrose chocolate confection>high milk protein chocolate confection) for total
polyphenol species analyzed, as well as the three (—)-epicatechin metabolites detected [26]. It should
be noted that the authors of this last study analyzed confections, as did Serafini et al. [23], while the
studies demonstrating no difference between milk and control [21, 27, 28] used cocoa beverages.
Another recent study of confections and beverages ingested by human subjects [26] observed that the
AUC of (—)-epicatechin from a high milk protein chocolate confection was lower than from a
high sucrose chocolate confection and dark chocolate confection (control). However, the highest
AUC and Cmax values were observed from milk-containing beverage forms of these chocolate
formulations.

Taken together, these studies suggest that milk and sucrose appear to modulate the pharmacokinet-
ics of (—)-epicatechin and the formation of predominant catechin/epicatechin phase II metabolites
from confections. The presence of milk protein also appears to exert a suppressive effect on the
bioavailability of these compounds from confections. In fact, milk may drive the phase II generation
of sulfated metabolites [20], which are rapidly excreted to urine, thus reducing the formation of
glucuronides and O-Me glucuronides. In another study, milk markedly reduced the concentration
of cocoa flavan-3-o0l metabolites appearing in urine but did not affect either gastric emptying or the
time for the passage of the meal through the gastrointestinal tract. Thus, the effect of the milk is more
likely to be a consequence of the binding of its components directly to flavan-3-ols or to an interfer-
ence with the mechanism involved in their transport through the wall of the small intestine into the
portal vein. However, milk does not appear to exert these effects to the same extent in beverage matri-
ces as in confections.

The flavonoids that are not absorbed through the gut barrier (mainly long-chain procyanidins) or
that are excreted in the bile reach the colon where they can interact with the existing microbiota. Gut
microflora catalyze the breakdown into smaller molecules, producing phenolic acids, which have
been described as microbial degradation products of flavanols [29-33].

This metabolization has already been seen in vitro [34]. Regarding the organisms responsible for
this conversion, Schneider et al. [35] identified two types of bacteria in human feces capable of
metabolizing these compounds: Enterococcus casseliflavus, which would only react with the sugar
molecule, and Eubacterium ramulus, which is capable of degrading the aromatic ring, thus trans-
forming flavonoids into lower molecular weight phenols such as hydroxyphenylacetic acids. This
implies that monomeric flavonoids that have not been absorbed in the small intestine and reach the
colon intact could also suffer metabolization. All these phenolic acids of low molecular weight,
and with antioxidant activity could also have biological activity, have a local effect in the colon
or be absorbed, thus contributing to the biological effects observed after the consumption of
cocoa and its derivatives. The main microbial-derived metabolites of flavanols, such as
5-(dihydroxyphenyl)-(gamma)y-valerolactone and 5-(hydroxymethoxyphenyl)-(gamma)y-valerolac-
tone, were also detected in their glucuronide and sulfate forms after cocoa intake [30].
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Chapter 10
Methods in Chocolate Analysis: Use of Atomic
Spectrometric Techniques

Denise Bohrer and Carine Viana Silva Ieggli

Key Points

e Chocolate analysis for metal determination is an analytical challenge owing to matrix
characteristics.

e Sample pretreatment is an important step for successful chocolate analysis.

e Atomic spectrometric techniques enable one to determine major and minor metallic elements in
chocolate samples.

Keywords Metal determination ® Atomic spectrometry ¢ Sample pretreatment * Chocolate * Cocoa
beverages

Chocolate is consumed all over the world in all segments of society and by people of all ages.
Nowadays, the consumer is more and more concerned with the nutritional status of foodstuff, and
considering that chocolate may be an extremely rich source of many essential minerals, it can contrib-
ute to a healthy diet. Nevertheless, the evaluation of nutrient ingestion is a very complex task [1].

The determination of metals in food has become an important field in food analysis. However, the
accurate determination of metals in chocolate is still an analytical challenge owing to difficulties aris-
ing from matrix characteristics. Because chocolate is a complex matrix and metallic constituents are
present in ppm (mg/kg) or ppb (ng/kg) range, a successful determination of elements is a commitment
between both the technique for sample decomposition and for metal measurement.

Official methods of analysis are designed for groups of samples classified according to their nature
or for a specific analyte [2-6]. Among them, those for solid samples and metal determination using
atomic spectrometric techniques that could be used for chocolate analysis are listed in Table 10.1. All
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Table 10.2 Performance parameters of flame atomic absorption spectrometry, graphite furnace atomic absorption
spectrometry, and inductively coupled plasma atomic emission spectrometry*

Parameter FAAS GFAAS ICP-AES
Linear range One order of magnitude One order of magnitude More than one order
of magnitude
Concentration range mg/L ng/L mg/L
Typical detection limit 0.1 mg/L 0.1-10 pg/L 0.1 mg/L
Precision (relative standard 12% 1-5% <1%
deviation)
Interferences Not a problem Need to be corrected Need to be corrected
Sample volume 1-10 mL 10-100 pL 1-10 mL
Multielement analysis Sequential Sequential Simultaneous
Time required for one run <1 min 2-5 min <1 min
(one measurement)
Operating skills Low High High
Maintenance Low cost Expensive Expensive

“Data collected from reference [7]

methods require sample decomposition, and the reagents are selected depending on the metal and
spectrometric technique used.

Some features of the atomic techniques are displayed in Table 10.2. Flame atomic absorption
spectrometry (FAAS) is a simple and powerful detection technique for determining metallic elements.
The sample is aspirated into a flame (temperature about 2,300-2,700°C) where the element to be
determined is atomized. As the radiation of the wavelength that the atoms are able to absorb is sup-
plied through the flame, the absorbed radiation is proportional to the number of atoms of the element
present in the flame. Although FAAS is a powerful technique, only about 5% of the aspirated sample
solution reaches the flame, which reduces the sensitivity allowing measurements in the mg/L range.
The advantages of FAAS include well-characterized interferences, low operator skill required for
operation, and comparatively low cost of instrumentation and maintenance. In the graphite furnace
atomic absorption spectrometry (GFAAS) technique, the sample is introduced in discrete amounts
into a small graphite tube, which is heated to a determined temperature to ensure the atomization of
the element to be determined. As in FAAS, radiation of adequate wavelength crosses the tube and is
absorbed by the atoms of the element of interest atomized inside the tube. Because the atoms have a
longer residence time in the optical path (radiation path) than in the flame, a higher peak concentration
of atoms is obtained and, therefore, enhanced sensitivity. Detection capability of GFAAS is in the
range of ug/L [8].

Techniques using atomic emission spectrometry (AES), also called optical emission spectrometry
(OES), use an inductively coupled plasma (ICP) to produce excited atoms and ions that emit electro-
magnetic radiation at wavelengths characteristic of a particular element. The wavelength of the atomic
spectral line gives the identity of the element, while the intensity of the emitted light is proportional
to the number of atoms of the element. Advantages of ICP-AES are excellent limit of detection, wide
linear dynamic range, and multielement capability. On the other hand, owing to the multielement
detection, it is possible that spectral interferences (due to the existence of several emission lines) can
occur [9].

The literature reports methods for chocolate sample treatment involving mostly wet digestion, as
described in EPA 3050 method (see Table 10.1). The procedures listed in Table 10.3 include conven-
tional and microwave heating and high-pressure systems for wet digestion. In all cases, nitric acid is
used, combined either with acids such as perchloric acid or hydrogen peroxide. Wet digestion allows
for the subsequent metal measurement by flame, graphite furnace, and atomic emission
spectrometry.
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Another conventional sample treatment is dry ashing, which was employed by Onianwa et al. [14]
for the determination of several metallic elements in cocoa beverages and by Sepe et al. [15] for the
determination of Al in different types of chocolate. In these procedures, after ashing, the residue is
dissolved in diluted nitric acid and the elements measured by either FAAS or GFAAS.

Nonconventional treatments applied to chocolate samples include slurry sampling, cloud point
extraction, and emulsification.

Slurry sampling coupled to FAAS or GFAAS has been employed for powdered chocolate analysis.
In a common sense, slurry is a thick, stable suspension of a solid in a liquid phase. From the analytical
point of view of sample preparation, slurry is a dispersion thin enough to ensure its transportation as
a solution, that is, to be pipetted or aspirated from one reservoir into another. Slurry sampling offers
potential advantages in analytical speed compared with wet digestion because the solid sample does
not need to be decomposed by the action of acids or other oxidizing agents. The solid sample, in the
form of a fine powder, is only suspended in a solvent. Important attributes that contribute to slurry
stability are particle size, solvent, stabilizing agent, and solid mass to total slurry volume [22].
Nevertheless, drawbacks associated with slurry sampling arise from weighing small amounts of sam-
ple, instrument calibration, and slurry inhomogeneity. Therefore, the main difficulties for slurry sam-
pling are to find (1) optimal mixture for slurry preparation, (2) instrumental parameters for AAS
determination, and (3) conditions for calibration. Features of slurry sampling methods for the analysis
of chocolate and chocolate-related products are listed in Table 10.3.

A general problem associated with the measurement of slurries by GFAAS is the production of a
carbonaceous residue into the tube. Karadjova et al. [16] observed that hydrogen peroxide used for
slurry preparation assists in the decomposition of organic matrix by converting the charring step into
an oxidative decomposition process. They observed that a concentration of 0.1-0.2 mol/L hydrogen
peroxide in the slurry is able to prevent the buildup of carbonaceous residues.

Another approach for sample pretreatment was proposed by Ferreira et al. [19] using cloud point
extraction (CPE) for pre-concentration of copper and zinc from powdered chocolate with subsequent
determination by FAAS. Cloud point extraction is a separation technique based on the phenomenon
in which an aqueous solution of surfactant becomes turbid (cloud point) at a specific temperature,
with the following separation of two distinct phases: one rich in surfactant containing the metallic
ions and the other with the aqueous matrix. In order to be extracted into the micellar phase (surfac-
tant), metallic species should be in the form of hydrophobic chelates [23]. Nevertheless, because CPE
is a separation technique that requires the analyte to be in solution, chocolate samples must be digested
prior to separation. This approach allowed for enhancement factors of 36 and 32 for Cu and Zn,
respectively; therefore, lower limits of detection than obtained with direct FAAS measurement could
be attained [19].

Direct emulsification with surfactants is another procedure for sample preparation that does not
require destruction of the organic matrix [24]. It simply reduces the viscosity and the organic content
of the sample, making the properties of the chocolate sample close to those capable of being analyzed
by any spectrometric technique, while maintaining the system homogeneity and stability.

Emulsions and microemulsions are thermodynamically stable systems composed of water, oil, and
surfactant. They differ in appearance, with the former usually being milky white and the latter being
transparent. Both emulsion types, however, are obtained by the dispersion of two immiscible liquids
with the concomitant fragmentation of one phase into the other with the aid of emulsifiers to enhance
the stability of the emulsion [25].

To utilize micellar media (as an emulsion or microemulsion) in the sample preparation for AAS
measurements, some criteria should be taken into account: (1) the media should contain only the mini-
mum components necessary to stabilize the sample (i.e., sample, surfactant, and water), (2) the emul-
sion stability should be maintained for a time interval long enough to complete the analysis, (3) the
media should have low viscosity to allow correct sample aspiration, and (4) all components should
have low metal contamination and low background during the AAS measurement.
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Table 10.4 Summarized results of elements in chocolate- and cocoa-derived products
Element Sample Amount (ng/g) range Measurement Reference
Aluminum White chocolate 10.6 21.0 GFAAS [20]
White chocolate 1.2 1.9 GFAAS [15]
Milk chocolate 17.1 22.7 GFAAS [20]
Milk chocolate 4.1 8.5 GFAAS [15]
Dark chocolate 27.2 92.1 GFAAS [20]
Dark chocolate 9.9 30.1 GFAAS [15]
Cocoa powder 24.9 89.0 GFAAS [15]
Arsenium Chocolate with pistachio 0.004 0.02 GFAAS [12]
Cadmium Chocolate with pistachio 0.01 0.03 GFAAS [12]
Cocoa-based chocolate 0.01 2.73 GFAAS [10]
Milk-based chocolate 0.01 0.85 GFAAS [10]
Calcium ‘White chocolate 3,203.4 4,533.7 FAAS [21]
Milk chocolate 1,546.2 2,523.3 FAAS [21]
Dark chocolate 3244 2,069.5 FAAS [21]
Chocolate beverages 116 2,540 ICP-OES [11]
Powdered cocoa 149 5723 FAAS [13]
beverages
Copper White chocolate <LOD 0.2 GFAAS [25]
Milk chocolate 1.5 2.3 GFAAS [25]
Dark chocolate 4.3 12.4 GFAAS [25]
Powdered chocolate 26.6 31.5 FAAS [24]
Chocolate with pistachio 9.15 10.61 FAAS [20]
Chocolate beverages 2.6 6.6 ICP-OES [19]
Powdered cocoa 3.9 25.8 FAAS [21]
beverages
Powdered chocolate 3.3 +0.1* FAAS [13]
Chromium Chocolate beverages <LOD 0.8 ICP-OES [11]
Powdered cocoa <LOD 32 FAAS [13]
beverages
Iron White chocolate 1.2 3.0 FAAS [21]
Milk chocolate 14.7 27.4 FAAS [21]
Dark chocolate 35.8 140.8 FAAS [21]
Chocolate with pistachio 2.31 3.67 FAAS [12]
Chocolate beverages 44.3 93 ICP-OES [11]
Powdered cocoa 95 652 FAAS [13]
beverages
Lead Chocolate with pistachio 0.001 0.04 GFAAS [12]
Cocoa-based chocolate 0.236 8.04 GFAAS [10]
Milk-based chocolate 0.234 2.62 GFAAS [10]
Powdered cocoa 0.8 3.8 FAAS [13]
beverages
Magnesium White chocolate 325.7 496.8 FAAS [21]
Milk chocolate 1,546.2 2,523.3 FAAS [21]
Dark chocolate 3244 2,069.5 FAAS [21]
Chocolate beverages 363 1,090 ICP-OES [11]
Manganese White chocolate 0.8 2.7 GFAAS [20]
Milk chocolate 3.6 5.2 GFAAS [20]
Dark chocolate 8.4 17.3 GFAAS [20]
Powdered chocolate 42.8 52.7 FAAS [17]
Chocolate beverages 2.4 35.9 ICP-OES [11]
Mercury Chocolate with pistachio 0.008 0.02 FAAS [12]
Molybdenum Chocolate beverages 0.3 2.6 ICP-OES [11]

(continued)
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Table 10.4 (continued)

Element Sample Amount (pg/g) range Measurement Reference
Nickel Chocolate with pistachio 0.33 1.52 GFAAS [12]
Cocoa-based chocolate 0.049 8.29 GFAAS [10]
Milk-based chocolate 0.137 8.288 GFAAS [10]
Phosphorus Chocolate beverages 517 2950 ICP-OES [11]
Potassium ‘White chocolate 2,745.3 3,952.1 FAAS [21]
Milk chocolate 2,595.6 3,671.5 FAAS [21]
Dark chocolate 3,653.9 6,361.6 FAAS [21]
Chocolate beverages 1,340 6,620 ICP-OES [11]
Selenium Chocolate beverages 3.1 7.6 ICP-OES [11]
Sodium White chocolate 921.0 1,411.2 FAAS [21]
Milk chocolate 450.1 932.2 FAAS [21]
Dark chocolate 59.8 509.8 FAAS [21]
Chocolate beverages 49 1,770 ICP-OES [11]
Sulfur Chocolate beverages 198 2,480 ICP-OES [11]
Zinc White chocolate 10.3 13.5 FAAS [21]
Milk chocolate 7.5 10.7 FAAS [21]
Dark chocolate 12.1 23.3 FAAS [21]
Powdered chocolate 88.6 102.4 FS-FAAS [17]
Chocolate with pistachio 14.05 16.68 FAAS [12]
Chocolate beverages 3.9 119 ICP-OES [11]
Powdered chocolate 9.0 +0.1* FAAS [19]

“Mean + standard deviation

Spontaneous formation/stabilization of emulsions or microemulsions rarely occurs because this
process requires a sequence of steps. The formation of droplets of the internal phase must occur first
and be followed by the stabilization of these droplets in the external phase. These two steps should
occur before the internal phase begins to coalesce and generally requires heating and mechanical stir-
ring. Stabilization and the coalescence speed depend mainly on the stirring time and on the tempera-
ture, thereby requiring optimal parameters for the formation of a stable microemulsion [26].

An increased temperature reduces interfacial tension but can also favor the separation of the phases
due to the increased kinetic energy of the droplets. The emulsification temperature as well as cloud
point is a characteristic of each surfactant. By the addition of other substances, this temperature can
be increased or reduced; thus, for each sample/emulsifier combination, an optimization of the tem-
perature is required. In general, emulsions are prepared at temperatures between 70°C and 80°C. In
the initial period of stirring, the droplets necessary for emulsification are formed. If the stirring exceeds
the necessary period for ideal stability, adhesion can take place due to droplet collisions. This period
of time is usually determined empirically.

Table 10.4 summarizes the results found in the studies listed in Table 10.3. Differences between the
levels found for some elements are probably correlated to sample composition, which varies from one
sample to another. Among the elements recorded in Table 10.4 are essential and those considered
toxic for humans. Although some toxic elements are present in chocolate- or cocoa-derived samples,
their levels are in ng/g, whereas the essential elements are in the range of mg/kg.
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Chapter 11
The Effects of Chocolate and Chocolate by-product
Consumption on Wild and Domestic Animals

Brett David Gartrell and Wendi Dianne Roe

Key Points

e Modern, high-yield cocoa plantations have a negative impact on biodiversity, and there is a press-
ing need for financial incentives to encourage use of less destructive farming systems.

e The use of low-value cocoa by-products, particularly cocoa husk, in animal feed has potential
economic benefits for many cocoa-producing countries.

* Inclusion of chocolate and its by-products in animal feed has led to fatal toxicity in pigs, poultry,
cattle, and horses.

e Theobromine is the main toxin responsible for accidental poisoning in domestic and wild animals.
Horses, pigs, chickens, and dogs are particularly sensitive.

e Chocolate is one of the most common causes of accidental poisoning in dogs.

e Chocolate toxicity is rarely encountered in wildlife, but it does occur. Chocolate has been used to
poison coyotes.

Keywords Cocoa by-products ® Toxicity ® Theobromine ® Animal feed ¢ Chocolate poisoning

Introduction

In this chapter we present an overview of the effects of chocolate on animals, starting with the effects
of cacao plantations on biodiversity, the use of cocoa by-products in domestic animal husbandry, and
the reported and varied toxicity of chocolate in both domestic and wild animals.
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Cacao Plantations and Biodiversity

Cocoa is a crop from the cacao tree Theobroma cacao, which is produced in lowland tropical areas
such as western Africa (Céte d’Ivoire and Ghana), South and Latin America, and Indonesia [1]. These
areas are also regions of high biodiversity, and tropical forest loss to agriculture is occurring at alarm-
ing rates [2]. The current protection for natural forest in these areas is inadequate to protect their
biodiversity; increasingly, conservationists are looking for ways to include the adjacent agricultural
areas in the conservation of the natural resources of the tropical forests [3]. Shaded cacao plantations
have been held up as an example of how agroforestry practices can be integrated with conservation [2].
It is widely acknowledged that shaded plantation systems contain more biodiversity than monocul-
tures or alternative land uses [1, 2, 4-6]. However, recent trends in cacao farming practices and wider
studies of the impact of these farms on biodiversity suggest that integrating conservation and farming
may not be as simple as first thought [3, 7].

A range of farming systems are used for farming cocoa. Traditionally, in a rustic cacao system,
small-scale producers clear the understory and plant cacao beneath thinned primary or old secondary
forest. These systems require low input, with limited use of chemicals, but are very low yield [2]. At
the other end of the management spectrum, some farms clear-fell and burn the forest before planting
either a managed variety of shade trees or, more recently, modern varieties of cacao that produce
higher yields without shade trees and are managed as monocultures. These systems require higher
input in both labor and chemicals but produce higher yields [3]. There are dramatic reductions in
biodiversity of plants and animals in these systems.

Rustic cacao systems occupy large areas of the lowland agroforests — for example, 40% of remain-
ing Atlantic Forest in Brazil [8]. While these farming systems contain more biodiversity than other
land uses, they are still heavily modified landscapes that have much lower biodiversity than native
forests, including large-bodied mammals, primates, bats, reptiles, and birds [2, 3, 6-11]. Biodiversity
in shade farms also dramatically declines when they are distant from natural forest remnants, suggest-
ing that they cannot be considered the sole answer to conservation in these regions [ 10]. Conservationists
currently suggest that there need to be market incentives for the use of shade systems of farming over
more managed, higher-production systems.

Finally, cacao farming is globally affected by boom and bust cycles. In times of poor prices, many
farms are left fallow or converted to pasture. In times of high demand, natural forest remnants are
cleared and converted to cacao [1]. Improved sustainability of farming systems and conservation solu-
tions that better address the needs of local farmers and global markets are urgently needed.

The Use of Cocoa By-Products in Animal Feed

The manufacture of chocolate results in several by-products that are of low economic value, and some
of these have been used, both historically and more recently, in animal feed. During processing, cocoa
beans are roasted, fermented, and ground to form a mixture that can then be pressed to separate out
the cocoa oils. The remaining residue is known as press cake, and it can be ground to form cocoa
powder. Cocoa shell, the thin outer layer of the bean, is usually removed before pressing and is a waste
product of cocoa bean processing. While cocoa shell and cocoa meal (surplus press cake) are potential
feed components that are produced in countries where cocoa beans are processed, cocoa-growing
countries have access to a further by-product that has been found to be a useful animal feed. This
product is cocoa husk, the fibrous outer layer of the cocoa pod that encloses the cocoa beans embed-
ded in a mucilaginous pulp. In many cocoa-growing countries, cocoa husks are removed on site
during harvesting, and were previously left to rot. In countries such as sub-Saharan Africa and
the Pacific Islands, however, where animal feed can be costly or seasonally scarce, cocoa husk can
provide a low-cost, locally produced source of feed for livestock [12—-14]. Although they are
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comparatively low in energy and protein content, husks can be dried and ground to provide a high-
fiber compound that can be safely used in ruminant and rabbit feed at up to 45% of total diet without
adversely affecting digestibility or palatability [13, 15, 16].

Transport of cocoa husk to other countries is not economically viable, but in Europe, the outbreak
of World War 1II led to an increased demand for cheap livestock feed components. During this time,
there was a high demand for production of cocoa butter, generating large amounts of cocoa shell by-
product as well as a surplus of cocoa cake [17]. These products began to be incorporated into animal
feed in the early 1940s [18], and while this initially seemed to be a cost-effective means of supple-
menting animal feed rations, it was not long until problems with palatability and toxicity began to be
reported [17—19]. In fact, deaths in horses fed on cocoa shell had first been described in 1919, and
decreased weight gain and food intake had been demonstrated in pigs, cattle, and chickens fed on
various cocoa by-products [17]. Theobromine was identified as the toxic principle present, and horses,
poultry, and swine were identified as being particularly susceptible to poisoning by this alkaloid [17].

Subsequent studies have shown that theobromine levels vary between cocoa genotypes as well as
between parts of the fruit itself, resulting in wide variations in concentration for various by-products.
Theobromine levels are higher in African cocoa plants [20] and are much higher in the kernel than in
other parts of the unfermented bean [21]. During fermenting and roasting, however, theobromine
leaches from the kernel into the shell [18], and potentially toxic levels can be reached in shells that are
removed after these processes are completed.

In general, theobromine levels in cocoa husk are comparatively low, and the low economic value of
this waste product has made it an appealing option for use in animal feeds in cocoa-growing developing
countries. Husks are low in protein, but high in fiber, and have been suggested to be similar in nutritive
value to grass hay [22, 23]. Several studies have shown no loss in production parameters when husks
are incorporated in feeds at low rates, although higher rates tend to result in decreased digestibility of
nutrients or decreased food intake due to low palatability [12—-16, 22]. Interestingly, in 1978 an applica-
tion was lodged at the United States patent office to use cocoa products as an appetite stimulant in
ruminants, with the applicants citing a stimulatory effect on food intake for lambs and rats [24, 25].

Toxicity is more likely to be encountered when products containing higher levels of theobromine,
such as cocoa meal and cocoa shell, are included in the diet. Alexander et al. [26] reviewed the litera-
ture on adverse effects of theobromine in feed and found that decreased food intake and decreased
production (reduced milk yield or reduced weight gain) were the earliest observed effects and occurred
at low concentrations in pigs, poultry, and horses, and at higher levels in ruminants and rabbits. More
dramatic clinical signs of toxicity, including sudden deaths, have been reported in pigs, poultry, and
horses that were given feed containing cocoa shell or meal [17, 18].

Chocolate in Feed

While the use of by-products from growing and processing cocoa beans in animal feed has obvious
economic advantages, a less obvious source of theobromine is the incorporation of waste chocolate
into feed rations. Cramshaw [27] estimated that approximately 20,000 T of chocolate is fed to animals
in the United Kingdom each year. The majority of this chocolate is sourced from rejected product that
fails to meet quality-control standards or following seasonal overproduction of chocolates at Easter
and Christmas time. This chocolate can be incorporated into feed in solid form for use in ruminants
and pigs or supplied in a comparatively concentrated liquid form for feeding to pigs.

The theobromine content of feed containing chocolate depends on the ratio of chocolate to
other components as well as on the nature of the chocolate used (dark, milk, solid vs soft-centered
chocolate). Several cases of poisoning resulting from inclusion of chocolate in the feed ration have
been reported and are typified by the following report. In 1971 a veterinarian was called to examine a
group of six calves that were showing signs of excitability and seizures, were sweating, and had rapid
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respiratory and heart rates. One calf died during a seizure. Investigation of the feeding history found
that the calves were being fed a ration containing waste chocolate. Once this was removed from the
diet, the remaining five calves recovered uneventfully [28].

The incorporation of chocolate in feed has also had unanticipated effects in the horse-racing indus-
try. Theobromine, caffeine, and theophylline, all of which are found in chocolate, are included in the
list of substances banned from use in racehorses owing to their ability to artificially enhance perfor-
mance through increased heart rate and respiratory rate. In order to police this ban, urine or serum
from a randomly selected sample of horses is tested after racing, and assays are performed to detect
the presence of banned substances. High levels of theobromine were commonly found in the urine of
horses up until the 1980s and were due to the inclusion of cocoa shell and cocoa meal in pelleted horse
feed. Because of this, urinary theobromine levels of up to 300 ppm were considered legal in Europe for
over 50 years. In 1979, however, a diuretic containing theobromine was released for medical use in
horses, and numerous positive urine tests were found to be due to use of this drug. The acceptable
urinary concentration of theobromine was subsequently lowered to 2 pg/mL [29, 30]. A number of
high-profile cases of apparently accidental positive tests have occurred since this time, including one
case of a horse being fed a Mars bar, several that had been given chocolate peanuts as treats, and a
horse that had been fed pelleted feed containing bakery waste that included chocolate [31, 32].

Chocolate Toxicity in Dogs and Cats

Dogs are well known as being fairly indiscriminate and opportunistic eaters, and chocolate is a ubiq-
uitous compound in households, so one might expect that the two would often “meet.” In 1983, how-
ever, Glauber and Blumenthal [33] reported a case of fatal chocolate toxicity in a dog and noted that
there were very few similar reports in the literature. While chocolate poisoning of dogs does not seem
common based on the lack of case reports in the veterinary literature, the picture is slightly different
when information from animal poison control centers and veterinary emergency centers is taken into
account [34, 35]. The ASPCA center in Illinois, for example, found that chocolate toxicity was the
second most common animal toxicosis, based on the number of calls they received from veterinarians
and dog owners between 2001 and 2005 [35]. The Dove-Lewis Emergency Center in Portland, Oregon,
found that chocolate poisoning accounted for 25% of their poisoning admissions and was by far the
most commonly diagnosed toxin [36]. In contract, no cases of toxicity have been reported in cats,
which tend to be more discerning in their eating habits.

Chocolate toxicity can occur when owners feed chocolate to their dogs as treats or when dogs help
themselves to chocolate they find around the house. Poisoning has also been reported in dogs that
have eaten organic garden mulch made from cocoa beans and shells [37-39]. Gans et al. [40] undertook
toxicity studies in crossbred dogs and found that the earliest signs of poisoning were restlessness,
panting, and muscle tremors. Further reported clinical signs include vomiting, diarrhea, seizures,
coma, and sudden death [33, 39, 41, 42]. Although theobromine is believed to be the most important
toxin in chocolate poisoning, caffeine may also contribute to the clinical signs, and vomiting and diar-
rhea have been attributed to the fat present in ingested chocolate products [43].

The severity of the clinical signs depends on the type and amount of chocolate ingested and the
size of the dog. Gans et al. [40] also found that there was some individual variation in response to
doses of theobromine. Most chocolate products contain far higher levels of theobromine than caf-
feine, with unsweetened dark chocolate having the highest levels and white chocolate the lowest.
Cocoa powder, which has been reported as causing the death of two dogs who shared a 225-g tin
between them [42], also has high levels of theobromine [40]. As a general rule, as little as 125 g of
unsweetened baking chocolate is potentially fatal for a 20-kg dog.

Although there is no specific antidote for methylxanthine poisoning, if chocolate toxicity is diag-
nosed early, it can be successfully treated. In cases where dogs are observed to eat chocolate,
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Gwaltney-Brant [43] recommends calculating the likely total methylxanthine intake by adding the
amount of theobromine and caffeine ingested using known values for various types of chocolate.
When the exact nature of the chocolate is not known, it is safest to use a worst-case-scenario approach
by assuming the highest theobromine concentration (unsweetened chocolate). Mild signs of toxicosis
are expected at levels of 20 mg/kg, severe signs at 40-50 mg/kg, and seizures at 60 mg/kg. Induction
of vomiting can decrease absorption of toxins if done within 1-4 h of ingestion, and veterinary atten-
tion should be sought promptly.

Chocolate Toxicity in Birds

The reports of chocolate toxicity in captive birds are sketchy and anecdotal and much less frequent
than in dogs. It has been suggested that birds are less likely to eat toxic amounts of chocolate but that
they may be more sensitive to its effects, as all reported clinical cases have resulted in the death of the
bird. Clinical signs reported before death have included depression or hyperactivity, cardiac arrhyth-
mias, regurgitation, convulsions, and diarrhea [44]. There is a single non-peer-reviewed case report of
chocolate toxicity in an African gray parrot (Psittacus erithacus) that ate a chocolate doughnut and
died showing liver, lung, and renal congestion as its main pathological findings [45].

Chocolate Toxicity in Wild Animals

Chocolate and chocolate analogs have been used to deliberately poison coyotes (Canis latrans). The
authors of this study did not list doses of the ingredients used, just a 5:1 ratio of theobromine: caffeine,
but claimed that all coyotes that ingested even small quantities of bait died [46].

There is only one report of accidental poisoning of wild mammals in the scientific literature. In this
study from Sweden, a red fox (Vulpes vulpes) and a European badger (Meles meles) were both found
dead, with postmortem findings of chocolate waste from a nearby farm in the gastrointestinal tract.
The paper mentions that a number of other foxes had been seen dead in the area, which prompted the
investigation. High-performance liquid chromatography detected theobromine and caffeine in both
the gastric contents and livers of both animals. The authors speculate that as canids, foxes may share
domestic dogs’ susceptibility to chocolate intoxication [47].

The only report of chocolate toxicity in wild birds is of the death of an adult male kea (Nestor
notabilis) in good body condition at Mt. Cook village, in the Southern Alps of New Zealand [48]. The
bird had been previously recorded as being able to open rubbish bins. The crop contained 20 g of what
appeared to be dark chocolate; a conservative estimate of the dose of methylxanthines ingested by the
bird was 250 mg/kg theobromine, 20 mg/kg caffeine, and 3 mg/kg theophylline. Histopathological
examination revealed acute degenerative changes to hepatocytes, renal tubules, and cortical neurons.
The postmortem diagnosis was acute combination methylxanthine toxicity after opportunistic inges-
tion of chocolate [48].

Summary

Humanity’s love affair with chocolate has had profound implications for biodiversity in the lowland
tropics, but there is hope that with global support and appropriate market incentives, local farmers can
make a living from cocoa farming and still support the conservation of wild animals in their regions.
The use of cocoa products in livestock feeds is limited by the toxic effects of theobromine, and while
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it may be useful as a feed additive in cocoa-producing areas to enhance the value of otherwise
worthless by-products, it is unlikely to find great favor in overseas markets. The toxic effects of
chocolate on domestic dogs are underreported in the scientific literature but widely recognized by
practicing veterinarians and poison information centers. Other domestic animals are more rarely
affected. Wildlife fatalities due to accidental poisoning with chocolate and chocolate waste products
are rare but do occur, especially in inquisitive and scavenging species, and care should be taken in the
disposal of chocolate waste.

References

1. Franzen M, Mulder MB. Ecological, economic and social perspectives on cocoa production worldwide. Biodivers
Conserv. 2007;16(13):3835-49.

2. Rice RA, Greenberg R. Cacao cultivation and the conservation of biological diversity. Ambio. 2000;
29(3):167-73.

3. Anglaaere LCN, Cobbina J, Sinclair FL, McDonald MA. The effect of land use systems on tree diversity: farmer
preference and species composition of cocoa-based agroecosystems in Ghana. Agrofor Syst. 2011;81(3):249-65.

4. Feintrenie L, Schwarze S, Levang P. Are local people conservationists? Analysis of transition dynamics from agro-
forests to monoculture plantations in Indonesia. Ecol Soc.. 2010;15(4):37.

5. Laird SA, Awung GL, Lysinge RJ. Cocoa farms in the Mount Cameroon region: biological and cultural diversity in
local livelihoods. Biodivers Conserv. 2007;16(8):2401-27.

6. Oliveira LC, Hankerson SJ, Dietz JM, Raboy BE. Key tree species for the golden-headed lion tamarin and implica-
tions for shade-cocoa management in southern Bahia, Brazil. Anim Conserv. 2010;13(1):60-70.

7. Cassano CR, Kierulff MCM, Chiarello AG. The cacao agroforests of the Brazilian Atlantic forest as habitat for the
endangered maned sloth Bradypus torquatus. Mamm Biol. 2011;76(3):243-50.

8. Faria D, Laps RR, Baumgarten J, Cetra M. Bat and bird assemblages from forests and shade cacao plantations in
two contrasting landscapes in the Atlantic Forest of southern Bahia, Brazil. Biodivers Conserv. 2006;15(2):
587-612.

9. Clough Y, Faust H, Tscharntke T. Cacao boom and bust: sustainability of agroforests and opportunities for biodiver-
sity conservation. Conserv Lett. 2009;2(5):197-205.

10. Faria D, Baumgarten J. Shade cacao plantations (Theobroma cacao) and bat conservation in southern Bahia, Brazil.
Biodivers Conserv. 2007;16(2):291-312.

11. Wilsey CB, Temple SA. The effects of cropping systems on avian communities in cacao and banana agro-forestry
systems of Talamanca, Costa Rica. Biotropica. 2011;43(1):68-76.

12. Adamfio N, Afeke I, Wepeba J, Ali E, Quaye F. Biochemical composition and in vitro digestibility of cocoa
(Theobroma cacao) pod husk, cassava (Manihot esculenta) peel and plantain (Musa paradisiaca) peel. Ghana
J Sci. 2004;44:29-38.

13. Aregheore E. Chemical evaluation and digestibility of cocoa (Theobroma cacao) by-products fed to goats. Trop
Anim Health Prod. 2002;34:339-48.

14. Owusu-Domfeh K. The future of cocoa and its by-products in the feeding of livestock. Ghana J Agric Sci.
1972;5:57-64.

15. Ridzwan B, Fadzli M, Rozali M, Chin D, Ibrahim B, Faridnordin B. Evaluation of cocoa-pod husks on perfor-
mance of rabbits. Anim Feed Sci Technol. 1993;40:267-72.

16. Smith O, Adegbola A. Studies on the feeding value of agro-industrial by-products. III. Digestibility of cocoa-pod
and cocoa-pod based diets by ruminants. Anim Feed Sci Technol. 1985;13:249-54.

17. Blakemore F, Shearer G. Suspected chocolate poisoning of calves. Vet Rec. 1943;55(14):165.

18. Black D, Barron N. Observations on the feeding of a cacao waste product in poultry. Vet Rec. 1943;55(15):
166-7.

19. Woodman HE. The cocoa bean in animal feeding. J Ministry Agric. 1941;48:45-7.

20. Matissek R. Evaluation of xanthine derivatives in chocolate — nutritional and chemical aspects. Z Lebens Unters
Forsch Food Res Technol. 1997;205(3):175-84.

21. Sotelo A, Alvarez RG. Chemical composition of wild theobroma species and their comparison to the cacao bean.
J Agric Food Chem. 1991;39(11):1940-3.

22. Greenwood-Barton L. Utilisation of cocoa by-products. Food Manuf. 1965;50:52-6.

23. Dittmar HFK. The analysis of cacao pod shells. Gordian. 1958;58(1387):48-9.

24. Tarka S, Zoumas B, Trout G. Examination of the effect of cocoa shells and theobromine in lambs. Nutr Rep Int.
1978;18(3):301-12.



25.

26.

217.

28.
29.
30.

31.
32.

33.
34.

35.
36.

37.

38.

39.
40.

41.
4.
43.
44,

45.

46.

47.

48.

The Effects of Chocolate and Chocolate by-product... 141

Trout GA, Zouman BL, Tarka SM. Method of stimulating appetite in ruminants and ruminant feed containing
appetite stimulant. US patent application no. 711912. 1978.

Alexander J, Benford D, Cockburn A, et al. Scientific opinion of the panel on contaminants in the food chain on a
request from the European Commission on theobromine as undesirable substances in animal feed. Eur Food Safety
Auth. 2008;725:1-66.

Crawshaw R. Co-product feeds: animal feeds from the food and drinks industries. Nottingham: Nottingham
University Press; 2001.

Curtis P, Griffiths J. Suspected chocolate poisoning of calves. Vet Rec. 1972;90:313—4.

Moss MS. A common sense change in doping rules. Equine Vet J. 1988;20(2):84.

Delbeke FT, Debackere M. Urinary excretion of theobromine in horses given contaminated pelleted food. Vet Res
Commun. 1991;15(2):107-16.

Hintz HFE. Theobromine. Equine Pract. 1987;9(4):6-7.

Dyke T, Sams R. Detection and determination of theobromine and caffeine in urine after administration of choco-
late-coated peanuts to horses. J Anal Toxicol. 1998;22(2):112-6.

Glauberg A, Blumenthal HP. Chocolate poisoning in the dog. J Am Anim Hosp Assoc. 1983;19(2):246-8.
Hornfeldt C. Chocolate toxicity in dogs. Mod Vet Pract. 1987;68:552—4.

Meadows I, Gwaltney-Brant S. The 10 most common toxicoses in dogs. Vet Med. 2006;101(3):142-8.

Cope RB, White KS, More E, Holmes K, Nair A, Chauvin P, et al. Exposure-to-treatment interval and clinical
severity in canine poisoning: a retrospective analysis at a Portland Veterinary Emergency Center. J Vet Pharmacol
Ther. 2006;29(3):233-6.

Drolet R, Arendt TD, Stowe CM. Cacao bean shell poisoning in a dog. J Am Vet Med Assoc. 1984;185(8):902.
Hansen S, Trammell H, Dunayer E, Gwaltney S, Farbman D, Khan S. Cocoa bean mulch as a cause of methylx-
anthine toxicosis in dogs. J Toxicol Clin Toxicol. 2003;41(5):720.

Hovda L, Kingston R. Cacao bean mulch poisoning in dogs. Vet Hum Toxicol. 1994;36(4):357.

Gans JH, Korson R, Cater MR, Ackerly CC. Effects of short-term and long-term theobromine administration to
male dogs. Toxicol Appl Pharmacol. 1980;53(3):481-96.

Stidworthy MF, Bleakley JS, Cheeseman MT, Kelly DF. Chocolate poisoning in dogs. Vet Rec. 1997;141(1):28.
Strachan ER, Bennett A. Theobromine poisoning in dogs. Vet Rec. 1994;134(11):284.

Gwaltney-Brant S. Chocolate intoxication. Vet Med. 2001;96(2):108-11.

Lightfoot TM, Yaeger JM. Pet bird toxicity and related environmental concerns. Vet Clin North Am Exot Anim
Pract. 2008;11:229-59.

Cole G, Murray M. Suspected chocolate toxicosis in an African Grey parrot (Psittacus erithacus). In: Proceedings
of the Annual Conference of the Association Of Avian Veterinarians; Monterey: Association of Avian Veterinarians;
2005. p. 339-40.

Johnston JJ. Evaluation of cocoa- and coffee-derived methylxanthines as toxicants for the control of pest coyotes.
J Agric Food Chem. 2005;53(10):4069-75.

Jansson DS, Galgan V, Schubert B, Segerstad CHA. Theobromine intoxication in a red fox and a European badger
in Sweden. J Wildlife Dis. 2001;37(2):362-5.

Gartrell BD, Reid C. Death by chocolate: a fatal problem for an inquisitive wild parrot. N Z Vet J. 2007;
55(3):149-51.



Chapter 12
Chocolate Bars Based on Human Nutritional
Requirements

Anthony A. Robson

Key Points

e The nutritional value of chocolate bars should be based on the nutritional value of the low energy
dense late Paleolithic human diet to help reduce mental ill health, obesity, and other postprandial
insults.

e Current chocolate bars have a high energy density (>2 kcal/g).

e Cocoa can be sweetened by the addition of calorie-free Purefruit™ (Tate & Lyle) monk fruit
(Siraitia grosvenorii) extract. PUREFRUIT™ is approximately 200 times sweeter than sugar and
has exceptional stability.

e The energetic cost of the assimilation of chocolate can be increased by increasing its protein and
fibre content.

e Self-assembled, water-filled, edible nanotubes that self-organise into a more complex structure,
possibly a 3D network of nanocellulose, could be incorporated into chocolate bars to lower their
energy density to <1.6 kcal/g.

e Durethan® KU 2-2601 packaging film enables the water content of chocolate bars to be increased
without reducing product shelf life.

* Aquatic biotechnology can provide all the nutrients needed to make chocolate really nutritious.

Keywords Diet * Food ¢ Disease * Energy density * Nutrition ® Food technology * Biotechnology
Nanocellulose

Cocoa is a source of health-promoting polyphenols including procyanidins, but they do not make
chocolate a healthy food item [1]. Chocolate bars have a high energy density (>2 kcal/g) [2] and
are not as nutrient dense as wild foods (Tables 12.1 and 12.2) consumed by humans during the late
Paleolithic [3]. Degenerative non-communicable diseases are rare or nonexistent in hunter-gatherers
eating a late Paleolithic diet, that is, a low energy dense diet with a wild plant-to-animal energy intake
ratio ~1:1, with fish and shellfish providing a significant proportion of the animal component [3].
Nearly all the genes and epigenetic regulatory mechanisms humans carry today were originally
selected for behaviorally modern humans who appeared in Africa between 100,000 and 50,000 years
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Table 12.1 Energy density, water, protein, carbohydrate, and fiber content of a selection of food and drink (value per
100 g)*

Energy (kcal) Water (g) Protein (g) Carbohydrate (g) Fiber (g)

Chocolate, dark (19904) 598 1.37 7.79 45.90 10.9
Hot chocolate (14194) 55 86.34 0.92 11.54 0.5
Oyster meat, cooked (15231) 163 64.12 18.90 9.90 0.0
Broccoli, cooked (11091) 35 89.25 2.38 7.18 3.3
Raspberries (35202) 62 84.48 1.12 13.85 7.5

2Entries retrieved from the USDA National Nutrient Database for Standard Reference, Release 23 (2010) and are
identified by a five-digit nutrient database number in parentheses

ago [3]. Thus, it has been argued that the typical diet, physical activity patterns, and body composition
of late Paleolithic humans remain normative for contemporary humans — and models for disease-
prevention recommendations [3]. Indeed, an article in Nature highlighted, “It is difficult to refute the
assertion that if modern populations returned to a hunter-gatherer state then obesity and diabetes
would not be the major public health threats that they now are” [4]. A double-blind, placebo-
controlled, randomized trial failed to find any beneficial effects of dark chocolate and cocoa con-
sumption on neuropsychological or cardiovascular health-related variables [5]. Furthermore, an increase
in body weight has been found owing to the consumption of just 25 g of chocolate per day [6], and
dark chocolate and cocoa consumption has been associated with significantly higher pulse rates [5].

Human food production should be linked to human nutritional requirements as its first priority
[7, 8]. Thus, the high energy density and low nutrient density that characterize the modern diet must
be overcome simultaneously [7-9]. Overweight and obese people can develop paradoxical nutritional
deficiency from eating high-energy-dense foods with a poor nutrient content. The finding that people
with a low-energy-dense diet (<1.6 kcal/g) have the lowest total intakes of energy, even though they
consume the greatest amount of food, has important implications for promoting compliance with a
healthy diet [2]. A processed food that is not both low energy dense and high nutrient dense is of poor
dietary quality compared to the low-energy-dense foods of high nutrient density that humans should
eat i.e. the most nutritious cooked wild plant and animal foods for humans [3, 10-12].

In 2009, Barry Callebaut AG, Switzerland, reported that they had reduced the energy density of
their chocolate by aerating it; however, the resulting product still had a deleteriously high energy
density (~4.3 kcal/g) [13]. Chocolate bars have a high energy density principally because they have a
low water content [9, 14]. Self-assembled, water-filled, edible nanotubes that self-organise into a more
complex structure, possibly a 3D network of nanocellulose, could be incorporated into chocolate bars
to lower their energy density to <1.6 kcal/g [14, 15]. Nanocellulose is composed of nanosized cellu-
lose fibrils (fibre diameter: 20—100 nm), has a water content of up to 99 per cent and the same molecu-
lar formula as plant cellulose [16]. The water inside the nanosized cellulose fibrils could contain
flavour with few calories e.g. a cup of tea without milk = 0.01 kcal g™!. The shape and supramolecular
structure of the nanocellulose can be regulated directly during biosynthesis to produce fleeces, films/
patches, spheres and tubes [17]. Other edible materials can strongly adhere to the surface and the
inside of nanocellulose structures such as fleeces to form edible composites [18]. Taste sensation per
mouthful could be improved by adding flavouring substances processed on the nanoscale (increased
surface area in contact with taste and smell receptors) to edible composites (Ultrafine food technol-
ogy: Eminate Limited, Nottingham, United Kingdom). Durethan® KU2-2601 packaging film pro-
duced by Bayer Polymers, Germany, is a nanocomposite film enriched with silicate nanoparticles
which is designed to prevent the contents from drying out and prevent the contents coming into con-
tact with oxygen and other gases. Durethan® KU 2-2601 can prevent food spoilage [19] and thus the
water content of chocolate bars can be increased without reducing product shelf life. Therefore, nano-
cellulose is expected to be widely used a as a nature-based food additive [17, 18].
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Chocolate may appear to be high in fiber, but it is not when its energy density is reduced to a level
similar to that of a typical fruit or vegetable (see Table 12.1). The energetic cost of the assimilation of
chocolate can be increased by adding more protein and fiber to it [9]. Protein has more than three
times the thermic effect of either fat or carbohydrate [20], and because it has a greater satiety value
than fat or carbohydrate [20, 21], a high-protein diet (protein and carbohydrate intake both being
approximately one-third of total energy intake) is of vital importance as a weight-loss strategy for the
overweight or obese and for weight maintenance [22, 23]. Clinical trials have shown that calorie-
restricted, high-protein diets are more effective than are calorie-restricted, high-carbohydrate diets in
promoting [24-26] and maintaining [27] weight loss in overweight subjects, while producing less
hunger and more satisfaction [28]. Furthermore, high-protein diets have been shown to improve meta-
bolic control in patients with type 2 diabetes [29-31]. Some protein-based nanotubes are food-grade
materials [32] and can increase protein consumption at the expense of lowered carbohydrate. Chocolate
bars must simultaneously satisfy the human “sweet tooth” and almost completely remove added sug-
ars such as glucose, fructose and sucrose from the diet [3]. Cocoa can be sweetened by the addition
of calorie-free Purefruit™ (Tate & Lyle) monk fruit (Siraitia grosvenorii) extract [ 14]. PUREFRUIT™
is approximately 200 times sweeter than sugar and has exceptional stability.

The modern diet is too acidic [33], and chocolate is an acid-producing food. The known health
benefits of a net base-yielding diet include preventing and treating osteoporosis [34, 35], age-related
muscle wasting [36], calcium kidney stones [37, 38], hypertension [39, 40], exercise-induced asthma
[41], and the progression of age- and disease-related chronic renal insufficiency [42]. Adding sufficient
amounts of potassium bicarbonate to cocoa and chocolate will make them net base-yielding foods.
The nutrition facts labels for Good Cacao™ “The World’s Finest Superfood Chocolate®” (1) lemon
ginger and (2) coconut chocolate bars show that they contain no vitamin A or vitamin C [43]. Vitamin
A is particularly important during periods of rapid growth, both during pregnancy and in early
childhood. Vitamin A derivatives, retinoids, control the differentiation of neurones, and a role has
been suggested in memory, sleep, depression, Parkinson’s disease, and Alzheimer’s disease [44].
Furthermore, vitamin A plays a critical role in visual perception, and a deficiency causes blindness
[45]. Vitamin C deficiency causes scurvy. Chocolate contains practically no folate (see Table 12.1).
Folate deficiency causes neural tube defects [46], which produce malformations of the spine, skull,
and brain and neurological disorders, such as depression and cognitive impairment [47]. It may be
misleading to describe any current chocolate product as a superfood when its nutritional value is com-
pared to that of an oyster (see Tables 12.1 and 12.2).

The bioavailable nutrient content including cofactors of chocolate bars should be based on the
nutritional value of the most nutritious cooked wild foods for humans and can be increased using
existing bioactive encapsulation [9]. Aquatic biotechnology can provide chocolate manufactures with
sufficient amounts of all the nutrients needed to make chocolate really nutritious, including protein,
docosahexaenoic acid (DHA), eicosapentaenoic acid (EPA), arachidonic acid (AA), vitamins, miner-
als, and fiber [48-52]. Reducing particle size using nanotechnology can further improve the proper-
ties of bioactive compounds (e.g., DHA and EPA), such as delivery, solubility, prolonged residence
time in the gastrointestinal tract, and efficient absorption through cells [53].

Summary

The nutritional value of chocolate bars should be based on human nutritional requirements to help
reduce mental ill health, obesity, and other postprandial insults [7-9]. In the near future, food technol-
ogy could allow people to get their chocolate fix, while simultaneously and significantly increasing
nutrient intake and reducing energy intake per day. Nanocellulose and calorie-free monk fruit extract
could be used to lower the energy density of chocolate, and aquatic biotechnology can provide the
nutrients needed to make it really nutritious.
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Chapter 13
Comparing Sunflower Stearins with Cocoa Butter

Joaquin J. Salas, Miguel A. Bootello, Enrique Martinez-Force, and Rafael Garcés

Key Points

* High-oleic high-stearic sunflower mutant is one of the new commercial varieties of this oil crop
that have been developed by breeding and mutagenesis from common sunflower lines. The oil
extracted from this line contains high levels of stearic acid in a high-oleic background and could
be a source of stearate-rich fats in the future.

* Dry fractionation is a process by which the triacylglycerols with a high degree of saturation of an
oil or fat are selectively crystallized and separated from the liquid matrix without the addition of
any solvent to yield a solid fraction enriched in saturated fatty acids and a liquid fraction richer in
unsaturated fatty acids. This method is used for palm oil fractionation.

* Solvent fractionation involves the addition of solvent to oil as a step previous to its fractionation.
The resulting micelle is fractionated by crystallization of the species of triacylglycerols with
higher levels of saturated fatty acids. The resulting solid phase is separated from the liquid one
and washed with fresh solvent. This method is more efficient than dry fractionation, although it
requires higher operation costs. It is often used to obtain highly valuable stearate-rich butters from
tropical fats.

* Stearin is the name given to the solid fraction obtained in the fractionation of an oil or fat. It
contains higher levels of saturated fatty acids than the initial oil. Its characteristics and composi-
tion will depend on the composition of the initial oil and the method and conditions of
fractionation.

* Acocoa butter equivalent is a vegetable fat or a mixture of vegetable fats with similar physical and
chemical properties to those of cocoa butter. It has to be compatible in mixtures with cocoa butter
and display similar polymorphism. Cocoa butter equivalents are produced by mixing stearate-rich
tropical butters and fractions resulting from palm oil fractionation.

Keywords High-stearic—high-oleic sunflower ¢ Dry fractionation ¢ Solvent fractionation ¢ Stearin
* Cocoa butter equivalent
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Introduction

Cocoa butter (CB) is the fat accumulated in the seeds from the Theobroma cacao tree. This fat possesses
a unique triacylglycerol (TAG) composition, with the disaturated species 1,3-dipalmitoyl-2-oleoyl
glycerol (POP), 1-palmitoyl-3-stearoyl-2-oleoyl glycerol (POSt), and 1,3-distearoyl-2-oleoyl glycerol
(StOSt) predominant (Table 13.1), accounting for about 80-85% of the total TAGs of this fat [1]. There
are slight differences in the composition of the CB depending on the country of origin. Cocoa butters
from South America (or soft CBs) have a higher content of unsaturated fatty acids (oleic and linoleic)
and palmitic acid, at the expense of the concentration of stearic and arachidic acid (Table 13.2). Cocoa
butters from Ivory Coast and Malaysia (hard CBs) are richer in stearic acid. This composition of fatty
acids is reflected in their TAG composition (see Table 13.1). This TAG composition is responsible for
the characteristic melting profile of this fat, a process that takes place between 35°C and 38°C in the
form of a steep step [2]. This melting temperature interval matches the human body temperature, which
makes CB-based products, such as chocolate, melt quickly in the mouth, releasing aroma and flavor
and causing a refreshing sensation [3]. The TAG composition of CB involves that this butter contain a
high level of saturated fatty acids (up to 55%). However, unlike other saturated rich fats, CB did not
cause negative effects on cardiovascular health [4]. The reason for this is the high level of stearic acid,
the only saturated fatty acid that does not increase the levels of blood cholesterol, and the distribution
of the saturated fatty acids that are esterified to the sn-1 and sn-3 positions of the glycerol backbone
almost in their totality, minimizing their absorption rates in the small intestine. Moreover, this fat con-
tains high levels of oleic acid in the sn-2 position of the TAG molecules. These facts, in addition to the
positive effects of the antioxidants present in cocoa powder [5, 6], have led to black chocolate being
considered a healthy food from the point of view of cardiovascular disease and cancer prevention.

Among the minor components of the CB, polar lipids play an important role in the crystallization
of this fat. Phospholipids account for 0.8-0.9 wt.% of the CB [7]. Arruda and Dimick [8] associated
the nucleation rate of the CB with the polarity of the phospholipids. Thus, polar phospholipids are
related to slow-nucleating CBs, whereas rapid-nucleating CBs are rich in phosphatidylcholine and
phosphatidylethanolamine, which provide nuclei in the early stages of crystallization. Furthermore,
polar lipids delay the (alpha) a-to-f’ (beta) polymorphic transition and affect the kinetic of TAG crys-
tallization of CB [9].

The high popularity of chocolate in developed countries, its perception as a healthy food, and its
increasing consumption in developing countries have boosted world demand for CB in the first decade
of the twenty-first century. However, the production of CB is constrained by the difficulties inherent to
cocoa tree cultivation. Thus, this species can only be grown in tropical areas with a specific rainfall and
altitude. Moreover, the cocoa tree is less productive than other oil crops (500 kg beans/Ha approx.),
and production is often affected by pest attacks and climatology [3]. These limitations in the production
usually result in market tensions and seriously compromise its supply in the future. In this regard,
alternative fats with characteristics similar to CB for the production of confectionary products have
been sought by food scientists [10]. Since there is no other species with a TAG composition similar to
CB, the alternatives have been often selected as a function of their melting profiles. A group of fats used
in confectionary as an alternative to CB have been the cocoa butter substitutes (CBSs), which are based
in lauric fats [11]. These CBSs are prepared from coconut and palm kernel fats rich in laurate and
myristate. These fats are fractionated to yield stearins richer in saturated fatty acids or treated by hydro-
genation and transesterification to produce fats displaying melting profiles similar to those from CB.
CBSs have been broadly used in confectionary formulations. However, they display low compatibility
with CB owing to the blends of both fats, which give rise to eutectics that resulted in important decreases
of the melting point [10]. The use of CBSs in confectionary also has the inconvenience of the negative
effects of these fats on human health, caused by its high levels of lauric and myristic fatty acids, which
have been reported to increase the levels of blood cholesterol and the incidence of cardiovascular
disease [12]. Similar physical properties and better compatibility with CB present the so-called cocoa
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Table 13..2 Fatty acid Fatty acids (%, w/w)*
composition of cocoa butter Cocoa butter  16:0  18:0  18:1 182  20:0
from different countries

Ivory Coast 255 378 327 27 1.3

Malaysia 245 384 332 25 1.4
Ecuador 279 337 341 34 1.0
Cuba 262 350 344 33 1.1

“Trace fatty acids (less than 0.2%) were not integrated.
16:0 palmitic acid; 18:0 stearic acid; 18:1 oleic acid;
18:2 linoleic acid; 20:0 arachidic acid

butter replacers (CBRs), which are butters obtained by hydrogenation of common vegetable oils. CBRs
represent an accessible source of high melting point confectionary fats. However, as happens with
other hydrogenated fats, they contain trans-fatty acids, which have been demonstrated to raise the lev-
els of LDH cholesterol at the expense of the HDH form, promoting arteriosclerosis [13]. The negative
impact of trans-fatty acids on human health is now being considered even by food legislation. Currently,
the only known healthy alternatives to CB are the fats defined as cocoa butter equivalents (CBEs).
These are defined as non-lauric fats with a similar melting profile, composition, and polymorphisms as
CB, which should be compatible with CB without presenting any eutectic point [10]. These fats are
usually prepared by blending tropical fats or fat fractions rich in stearic acid and palm mid fractions.
Since there is not a natural source of POS alternative to CB, these blends cannot exactly match CB
composition, but they displayed a similar melting profile. The European legislation allows the addition
of CBE to regular chocolate to a limit of the 5% of the total fat of the formulation. The tropical fats used
in these formulations come from exotic species like shea, kokum, or illipe, which are wild trees grow-
ing in the rainforest and involve hand harvest and artisanal processing, so its production is often neither
reliable nor predictable and is subjected to incidences and variations. In this regard, it would be of inter-
est having a trusted source of natural stearate-rich butters to allow the production of healthy confection-
ary products. Sunflower is a well-established annual oil crop that can be cultivated in large areas within
a temperate climate. This plant has been demonstrated to have great plasticity in its fatty acid metabo-
lism. Thus, it was possible to produce new lines with altered fatty acid composition by techniques of
breeding and mutagenesis, which did not involve any transgenesis and so avoid any discussion on the
proliferation of genetically modified organisms in agriculture [14]. Among the different phenotypes of
the sunflower lines obtained, the lines displaying high content of saturated fatty acids in high-oleic
background are especially remarkable. In this regard, the high-oleic—high-stearic (HOHS) sunflower
mutant is of special interest [15]. This was obtained by transferring the high-stearic phenotype obtained
by chemical mutagenesis of common sunflower to high-oleic sunflower backgrounds. These lines dis-
played contents of stearic acid ranging between 15% and 25%, which contrasted with the common
sunflower, which contains no more than 5% of this fatty acid. The oleic acid content of this mutant is
also high, ranging from 60% to 70% of total fatty acids, and it also displays very low amounts of poly-
unsaturated fatty acids (from 2% to 6%). Therefore, HOHS sunflower could be a reliable source of
stearic acid—rich fats for confectionary. However, with reference to the TAG composition of this oil, its
content of disaturated TAGs is far from that necessary for the production of CBEs. So the melting curve
of these oils displayed high contents of solids than common and high-oleic sunflower oils but far less
than CB or shea stearins. So, the use of this oil as a source of stearate-rich fat would require the previ-
ous concentration of disaturated TAGs by means of fat fractionation techniques.

Oil Fractionation Technology

Oil or fat fractionation is a process in which the TAGs of the initial fat will be separated as a function
of their melting point. It involves the crystallization of the TAGs with a higher melting point followed
by a step of separation. The solid crystallized fat is called stearin, whereas the resulting liquid fraction
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is called olein. This method allows low-cost production of fats with specific properties and applications
and avoids any chemical transformation. Therefore, it is widely used, mainly by the palm oil industry,
to produce palm stearins, mid fractions, and oleins, whose use is quite extensive within the food
industry. Two main techniques are used to fractionate oils: dry or solvent fractionation [16]. Dry frac-
tionation involves the crystallization of TAGs with the higher degree of saturated fatty acids by cool-
ing down the melted fat without the addition of any solvent. The filtration step is usually fulfilled at
medium or high pressures to remove most of the olein remaining in the solid phase [17]. The solvent
fractionation process requires the addition of an organic solvent, such as hexane or acetone, and the
crystallization of the TAGs with higher levels of saturation within the resulting micelle [18]. The result-
ing solids are vacuum-filtered. Dry fractionation is less efficient, and often several steps are required
to reach the desired results, whereas solvent fractionation is more efficient, producing high enrich-
ment of saturated TAG species in a single step. However, the solvent management increases the cost
of the solvent fractionation process, so it is usually applied for the production of valuable fats and
butters, as is the case of shea stearin used for preparation of CBE blends and confectionary products.
The HOHS sunflower oil has been fractionated by both dry and solvent procedures, yielding fractions
of different degree of saturation in function of the conditions of the process.

Dry Fractionation of High-Oleic High-Stearic Sunflower Oil

These oils can be fractionated without the addition of any solvent, as was depicted by Bootello et al.
[19]. The influence of temperature and seeding on the kinetics of the process and the final composition
of the fractions were carefully studied in that work. Moreover, the crystallization kinetics of these fats
was studied applying the mathematical models of Gompertz [20] and Avrami [21]. Crystallization is
the determinant step in fat fractionation. This involves a first step of nucleation, which is the process,
whereby the first stable crystals are formed in the overcooled liquid matrix of the melted fat [22]. It
can be either homogeneous, if the nuclei are spontaneously formed by direct interaction of the TAGs
with a higher melting point, or heterogeneous, when the process takes place on the surface of particles
or on the walls of the container. The second step within crystallization is crystal growth that takes
place when the most saturated TAGs are incorporated in the formed nuclei, increasing the size of the
crystals until their concentration reaches the value of their solubility in the liquid matrix at the crystal-
lization temperature [18]. For an optimum fractionation, the formation of stable crystals of a big size
is required. This would allow an easier step of filtration and a better compression of the filtered cake
to remove the trapped liquid phase or olein. Oils and fats can crystallize in several forms. The most
unstable crystals are those of (alpha)a form, which occurs when the fat is cooled down quickly. The
more stable forms (beta)p’ and (beta) are much more adequate for fractionation [23], so they should
be promoted by applying slower cooling rates and appropriate seeding.

HOHS sunflower oil can only be fractionated within a short range of temperatures, ranging from
17°C to 19°C [19]. The effect of the addition of seeding crystals on the crystallization kinetics of this
oil was therefore studied at a temperature of 18°C. The model of Gompertz parameterized the kinetics
of crystallization by fitting the curve of crystalline fraction formed to a sigmoidal curve. Therefore,
the curve is determined by the parameters (lambda)A, which is related with the lag time or time neces-
sary for the crystallization to start; (mu)p, which is the maximum crystallization rate; and a, which is
the maximum amount of crystals formed. The equation of Avrami corresponded to a logarithmic
fitting that give notice of the mechanism of crystallization.

When crystallization is fulfilled without the addition of crystal seeding, there were longer lag times
and higher maximum crystallization rates. The specificity of the crystallization was generally poorer,
yielding softer stearins with lower contents of saturated fatty acids and disaturated TAGs. The addition
of high melting point stearin powder as a seeding agent induced a reduction in the crystallization lag
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time but a decrease of the maximum crystallization rate, so it did not change the total crystallization
time. Moreover, the parameterization of the crystallization curve through the Avrami equation allowed
discovery of a change in the crystallization mechanism from spontaneous nucleation with spherical
growth to instantaneous nucleation with spherical growth at seeding additions of 0.25% of stearin or
higher. With regard to the final composition of the resulting stearins, the addition of seeding crystals
induced a higher enrichment of saturated fatty acids in the final fractions, which ranged around 30%
of disaturated TAGs, with yields that varied from 10% to 12%. Therefore, the addition of seeding
crystals improved the specificity of the crystallization of HOHS oil. Furthermore, studies on the
influence of temperature on the crystallization of this oil indicated that temperatures in the lower
range of the narrow interval in which this oil can be fractionated (17.5°C) accelerated the process
of crystallization, whereas higher ones retarded the process. Temperature affected mainly to maxi-
mum crystallization rates and not the lag time of crystallization. Lower fractionation temperatures
produced higher yields of stearin with lower levels of saturated fatty acids. On the other hand, stearins
obtained at 19°C contained higher amounts of disaturated TAGs.

Characteristics of HOHS Sunflower Stearins Obtained by Dry Fractionation

Dry fractionation produced stearin fractions enriched in saturated fatty acids from HOHS sunflower
oils (Tables 13.3 and 13.4). This enrichment was about threefold for stearic acid and fivefold for lon-
ger chained fatty acids like arachidic or behenic. However, these fractions were far from the content
of saturated fatty acids and disaturated TAGs found in CB or CBE formulations. The result was that
they usually did not display the content of solid fat required by confectionary fats, which is estimated
to be 40% at a temperature of 25°C [24]. This can be observed in Fig. 13.1, where the melting profiles
of the original HOHS oil, some stearins from dry fractionation of this oil or sunflower soft stearins
(SSS1 and SSS2 from Tables 13.3 and 13.4), a typical CB, and two other tropical fats (mango and
shea) are shown. The SSS fractions displayed melting profiles intermediate between the original oil
and CB, with lower amounts of solids than shea and mango fat. Since SSSs have less than 50% of
solids at 20°C, they can be used as filling fats [25]. Nevertheless, the dry fractionation of this oil was
an easy, cheap, and straightforward method to increase the content of disaturated TAGs of this oil.
Thus, it could be used as an intermediate step within industrial processing aimed at the production of
sunflower stearins with a higher melting point. Moreover, the SSSs obtained by dry fractionation
displayed a melting profile appropriate for other confectionary uses, such as plastic fat products,
structured lipids, fillings, and shortenings, with the advantage of being a healthy, natural fat rich in
stearic and oleic fatty acids.

Solvent Fractionation of HOHS Sunflower Oil

Solvent fractionation involves the crystallization of TAGs with a higher degree of saturation by cool-
ing down a micelle made up with the initial fat dissolved into an organic solvent (usually hexane or
acetone). The fat crystals produced in this process are vacuum-filtered. Solvent fractionation is more
efficient than dry fractionation and produces a higher enrichment of disaturated TAGs species in a
single step [16]. This fractionation method has the additional advantage of inducing B-crystallization
of TAGs, which increases selectivity and crystal stability. The main disadvantage of solvent fraction-
ation was the operating costs, which could be tenfold higher than those involved with the dry fraction-
ation processes. Therefore, this technique is usually applied in the production of valuable fractions,
such as stearate-rich butters used in CBE or confectionary formulation.
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Table 13.4 Fatty acid composition of high-oleic-high-stearic sunflower oils, sunflower soft stearins (SSS) obtained by
dry fractionation, and sunflower hard stearins (SHS) obtained by solvent fractionation

Fatty acids (%, w/w)*

Fraction 16:0 18:0 18:1 18:2 20:0 22:0
N17 4.1 16.8 72.0 4.4 1.3 1.6
N20 54 20.4 66.3 33 1.7 2.8
SSS1 4.7 22.9 65.0 34 1.6 2.4
SSS2 4.8 27.1 61.1 2.8 1.8 2.5
SHS1 7.1 33.8 52.3 1.8 2.2 2.9
SHS2 6.4 39.0 47.7 1.4 2.3 3.1
SHS3 5.1 50.1 38.2 0.5 2.6 3.6
SHS4 4.3 52.9 36.4 0.4 2.5 35

*Trace fatty acids (less than 0.2%) were not integrated. 16:0 palmitic acid; 18:0 stearic acid; 18:1 oleic acid; 18:2 linoleic
acid; 20:0 arachidic acid
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Fig.13.1 Solid fat indexes calculated by differential scanning calorimetry of initial high-oleic-high-stearic oil (dashed
line), soft stearins SSS1 (dotted line), and SSS2 (dashed-dotted line; see Tables 13.3 and 13.4), mango fat (dark gray
line), shea (gray line), and cocoa butter (solid line). Data corresponding to stearins and initial oil were taken from
reference [19]

Two HOHS oils were tested to obtain sunflower hard stearins (SHS) by fractionation with
hexane [26]. These oils were within the possible variation on the content of saturated fatty acids found
in these sunflower mutants. One of the oils, named N17, displayed a stearic acid content of 16.8%, and
the other, named N20, displayed a stearic acid content of 20% (see Table 13.4). These differences in
the content of stearic acid considerably altered the TAG composition of these oils (see Table 13.3), so
the N20 oil contained amounts of disaturated TAGs that were almost double those in the N17 oil. The
pattern of the solvent fractionation of these oils was investigated at the laboratory scale and was dem-
onstrated to strongly depend on the fractionation temperature and the ratio oil/solvent (O/S ratio)
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applied. In general, higher proportions of solvent and fractionation temperatures decreased the rate of
crystallization of this oil, which also depended on its initial content of stearic acid. Thus, the N20 oil
was fractionated in times ranging 20—40 h, whereas the N17 oil generally required longer
fractionation times (up to 60 h). Fractionation temperatures and O/S ratios exerted a strong influence
on the composition of the precipitates or stearins resulting from fractionation. Thus, higher O/S rations
give way to a higher yield of stearins displaying lower contents of saturated fatty acids. In a similar
way, lower fractionation temperatures also diminished the specificity of fractionation, producing
higher recoveries of stearin. Furthermore, the composition of the fractions obtained from different oils
was essentially the same, the only difference being that the yield of stearin was higher when the initial
amount of disaturated TAGs was also higher. All these studies indicated that increasing the content of
disaturated TAGs induced lower recoveries of the stearin product and that the composition of the final
stearin can be increased or decreased by manipulating the O/S ratio and the fractionation temperature.
Solvent fractionation induced a much higher enrichment of disaturated TAG species in the stearin
than dry fractionation, reaching levels up to 85-90% of these TAGs in a single step of fractionation
(see Table 13.3).

Chemical Composition of High Melting Point Sunflower Stearins

The levels of disaturated TAGs species found in hard stearins from HOHS sunflower obtained by
solvent fractionation were at the same level as those found in CB. However, the composition of those
butters was different than CB. Thus, the levels of palmitic acid in these stearins were lower than those
typically found in CB. This was caused by the low palmitic/stearic ratio that is found in the HOHS oils
and by the fact that the TAG POP did not precipitate in the conditions in which the oil fractionation
took place. The levels of POSt were higher than those of the POP, although they were still far from
those found in CB. Sunflower hard stearins displayed high contents in stearic acid (see Table 13.4),
and their most abundant TAG was StOSt, which ranged from 30% to 63% in the stearins produced
(see Table 13.3), so these fats were similar in composition to tropical butters used for CBE formula-
tion, which are fats or fractions of fats rich in stearic acid, as in the case of shea stearin, which is
prepared by solvent fractionation from shea butter. Another factor that distinguishes these new hard
stearins from sunflower is the relatively high content of very-long-chain arachidic (20:0) and behenic
(22:0) fatty acids. These fatty acids are produced by extraplastidial elongation of stearic acid [27] and
are present in common sunflower in small amounts (around 1% the sum of both). The content of very-
long-chained fatty acids increased in the HOHS line, reaching levels of between 3% and 5%
(see Table 13.4). These fatty acids have a high melting point, so the TAGs carrying these moieties,
mainly 1-behenoyl-3-stearoyl-2-oleoyl glycerol (BOSt) and 1-arachidoyl-3-stearoyl-2-oleoyl glyc-
erol (AOSt), tended to crystallize quickly in the conditions of the fractionation, so they are concen-
trated in the resulting stearins to reach levels of 10.5% in the case of BOSt and 8% for AOSt in the
stearins displaying the higher level of saturated fatty acids (see Table 13.3). These high levels of very-
long-chained fatty acids are not present in CB or in the stearins from tropical species like shea or
mango and could confer to them different properties. Thus, TAGs carrying these fatty acids are used
to improve the properties of confectionary formulations because they prevent blooming, an effect
caused by the loss of the template or crystalline form of the fat in chocolates caused by high tempera-
tures [28]. Blooming typically produces whitish spots that are rejected by consumers. Owing to their
high melting point, TAGs containing behenic acid act as nuclei for recrystallization and so help to
keep the appropriate crystalline form of the product ((beta) B in the case of chocolate). Moreover,
owing to their high melting point, these very-long-chained fatty acids presented a low bioavailability
and are poorly absorbed, especially when they are esterified top the external sn-1 and sn-2 positions
of the TAGS, as in the case of sunflower stearins.
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Fig. 13.2 Solid fat indexes calculated by differential scanning calorimetry of hard stearins SHS1 (dashed line), SHS2
(dotted line), SHS3 (dashed-dotted line), SHS4 (dashed double dotted line; see Tables 13.3 and 13.4), sunflower cocoa
butter equivalent (50% of SHS4 and 50% palm mid fraction; gray line), and cocoa butter (solid line). Data correspond-
ing to hard stearins were taken from reference [26]

Physical Properties of Sunflower Hard Stearins: Melting Curves
and Compatibility with CB

Although the chemical compositions of the stearins yielded by HOHS sunflower were different than
those found in CB, their potential uses as a CB alternative and as confectionary fats were studied by
analyzing their melting and crystallization profiles [26]. These were carried out by differential scan-
ning calorimetry techniques on samples crystallized to favor the formation of stable (beta)p and B’
crystals. This method involved the continuous integration of the differential scanning calorimetry
(DSC) melting peaks, which yielded data of the index of solids in function of the time. The melting
curves of different stearins were compared with CB, which typically displayed a sharp melting inter-
val from 29°C to 40°C. The melting profiles of some stearins obtained by solvent fractionation
are shown in Fig. 13.2. Stearins with a content of disaturated TAGs lower than 65% of SUS dis-
played melting profiles similar to those from soft stearins obtained by dry fractionation, which are not
appropriate for confectionary fats. Furthermore, stearins between 65% and 75% of disaturated TAGs
melting curves are similar to CB, although none of them exactly fit the line corresponding to that
curve. Thus, stearins SHS1 and SHS2 displayed lower amounts of solids in the range of lower tem-
peratures (0-30°C) than CB but fit the curve of this fat almost exactly in the higher temperature range
(30—45°C). On the other hand, stearins of the type of SHS3 or SHS4 fitted better in the region of lower
temperatures but displayed more solid content at higher temperatures. This effect is caused by the
different TAG composition of both fats (see Fig. 13.2). It was also remarkable that in all cases the
content of disaturated TAGs of these stearins was lower than that usually found in CB, which was
caused by the occurrence of TAGs with a higher melting point in these fractions. In this regard, stear-
ins containing up to 80% of disaturated TAGs displayed higher amounts of solids than CB, and similar
to those corresponding to high melting point stearins used for CBE formulations, like shea butter
stearins. Thus, CBEs are prepared by blending high-stearic butters and palm mid fractions (PMFs) as
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Fig. 13.3 Isothermal diagram obtained from solid fat indexes calculated by differential scanning calorimetry from
mixtures of cocoa butter and a hard sunflower stearin at different temperatures. Data were taken from reference [26]

a source of POP, which can be made up with some of the stearins prepared from HOHS sunflower oil
stearins. In this regard, Fig. 13.2 presented the melting profile corresponding to a blend of 50% PMF
and 50% of a sunflower stearin containing 90% of disaturated TAGs (SHS4) and displaying a melting
curve similar to CB, making it adequate for confectionary use. In this regard, Timms et al. [24] set in
1980 an empirical rule to determine whether a fat was adequate for confectionary uses, which was that
the fat should display a value of at least 40% solids at 25°C. This criterion was accomplished by all
hard stearins having 65% disaturated TAGs or more presented in this work.

Confectionary fats, on the other hand, should be compatible in mixtures with CB to be adequate
for CBE formulation. This means that they should not display any eutectic effect when blended with
CB, as happens in the case of CBSs and CBRs. The stearin SHS3, which displays a melting profile
similar to CB, was used to prepare several mixtures with CB, and the amount of solid at different
temperatures was estimated by DSC techniques. Results in Fig. 13.3 showed the parallel lines typical
of a compatible blend of fats, with no eutectic effect observed in the whole diagram. So only a slight
effect of softening (at high temperature) and hardening (at low temperature) took place with a high
proportion of CB in the blend. This result demonstrated that the stearins produced from HOHS
sunflower are compatible with CB and appropriate for CBE formulations.

Summary

The main conclusion of the studies on the properties of HOHS sunflower oils and fractions is that new
fats rich in stearic acid can be produced from a reliable source through simple physical methods not
involving chemical transformations. Depending on the method and conditions of fractionation, it was
possible to produce soft stearins with melting profiles that could be appropriate for fillings or bakery
use, being rich in oleic and stearic acid. This fat would be a stearic-based natural and healthier alterna-
tive to palm oil and fractions.
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Moreover, solvent fractionation of this oil produced a single harder stearin with a high content of
disaturated TAGs, mainly StOSt, POSt, BOSt, and AOSt, which displayed melting profiles similar to
CB. The quality of the final stearin can be controlled in function of the fractionation parameters and
included total amounts of disaturated TAGs ranging from 65% to 91%. All were appropriate for use
as confectionary fats, and in the case of those containing higher levels of saturated fatty acids, they
could be used for CBE formulation, just like other hard stearins obtained from tropical species. This
was confirmed by fulfilling studies of compatibility of these stearins with CB, which resulted in the
absence of any eutectic in the resulting isothermal diagram. Moreover, the presence of high melting
point TAGs containing very-long-chained fatty acids could help to prevent blooming in the confec-
tionary products made up with these fractions. Thus, HSHO sunflower hard stearins are excellent
candidates to be a reliable and healthy source of stearate-rich butter for the formulation of CBE and
confectionary fats in the immediate future.
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Chapter 14
Low-Calorie Chocolates and Acceptability/
Sensory Properties

Lauro Melo, Helena Maria André Bolini, and Priscilla Efraim

Key Points

* Introduction to sensory evaluation applied to the development of diabetic and reduced-calorie milk
chocolates

* Assessing high-intensity sweetness equivalence in milk chocolates using time-intensity
methodology

* Sensory profile, acceptability, and drivers of liking for diabetic and reduced-calorie milk
chocolates

* Storage time of diabetic and reduced-calorie milk chocolates studied by sensory properties

» Expectations and acceptability of diabetic and reduced-calorie milk chocolates among nondiabet-
ics and diabetics

Keywords Sensory evaluation ® High-intensity sweeteners ® Fat replacer * Time intensity * QDA
* Consumer testing

Introduction

There is an increased interest in low-calorie foods and beverages [1]. Food cravings are extremely
common, particularly among women. Cravings are frequently reported for specific types of foods,
including chocolate and foods high in both sugar and fat. Cravings for specific macronutrients, such
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as carbohydrate, have been postulated to result from a physiological need to alter neurotransmitters in
such states as eating disorders, affective disorders, or obesity [2]. Among women, the consumption of
high-fat sweet products may be a factor in understanding obesity. Furthermore, the observation of
high consumption of these foods among obese women is consistent with measured preferences for
these high-fat sweet foods [3]. However, larger portion sizes of foods that are low in fat and commer-
cial energy-dense foods and beverages could be important factors in maintaining a high energy intake,
causing overconsumption and enhancing the prevalence of obesity in the population. In light of this
development, portion size ought to take central place in dietary guidelines and public campaigns [4].

Chocolate is known as a food that promotes well-being and sensory pleasure. Chocolate cravings
have not yet been scientifically confirmed, but it is commonly reported for women [5]. Chocolate,
despite being a food enjoyed by people of varied ages and countries, in general, contains high levels
of fats, especially cocoa butter, and carbohydrates, mainly sucrose. High levels of these nutrients
contribute with the high caloric content of the chocolates.

Alternatives to sucrose serve a number of purposes. They are used to expand food and beverage
choices for those who must or who want to control caloric, carbohydrate, or sugar intake, assist con-
trol of dental caries, enhance the usability of pharmaceuticals and cosmetics, provide sweetness when
sugar is not available, and assist the cost-effective use of limited resources. It is important that the use
of intense sweeteners instead of sucrose does not cause significant changes in the sensory character-
istics of the product [6].

For instance, the salivary habituation may be affected more by the sensory characteristics of the
food than by the differences in calorie intake [7]. The women’s accurate perception of the sugar con-
tent of the chocolate puddings played a primary role in determining their hedonic and other perceptual
responses [8]. Sugar and fat have an effect on the texture, mouthfeel, and flavor of milk chocolate [9].
Chocolate sensory attributes, a characteristic flavor, and a unique mouthfeel (attributable to a narrow
melting range near body temperature) are extremely appealing [10].

Among several options of high-intensity sweeteners, stevioside is an example of a natural sweetener
and sucralose, an artificial one. Stevioside is a natural high-intensity sweetener extracted from the leaves
of the plant Stevia rebaudiana (Bert.) Bertoni, which is indigenous to Paraguay. The leaves contain a
complex mixture of sweet diterpene glycosides, including stevioside, steviolbioside, rebaudiosides A, B,
C, D, E, and dulcoside A. The sweetness of “pure” stevioside (about 90%) is quoted as about 300 times
that of sugar [11]. Sucralose is produced from ordinary table sugar, sucrose, by a process involving
selective chlorination at the 4, 1', and 6’ positions of the sugar molecule. Sucralose offers a unique com-
bination of features, including a clean, sweet taste and no undesirable off-flavors. It is a versatile ingredi-
ent, very stable under the processing and storage conditions used for food products, and it does not
present any problem of interaction with other food components. It is odorless, with an intense sweet taste
approximately 600 times that of sugar (compared with a 5% sugar solution) [12].

Another important group of sucrose substitutes is the bulking agents, such as polydextrose, lactitol,
and maltitol, among others. Polydextrose is made up from glucose and sorbitol and also contains minor
residues of citric acid. It has a clean, mildly sweet flavor and can be used in chocolate when combined
with other bulk sweeteners — for example, lactitol and an intense sweetener [13]. The FDA has recognized
that polydextrose contains less than 1 Kcal/g, compared with sucrose and other carbohydrates that contain
4 Kcal/g [14]. One example of a polyalcohol used for diet chocolates is lactitol, which is obtained by the
hydrogenation of lactose. It has a sweetening power of about 40% of that of sucrose and a caloric value
of 2.0-2.4 Kcal/g, depending on the specific legislation of each country or union of countries [13].

In addition, it is important to study sweeteners in each food that they could be used in because their
sweetness potencies depend on the dispersion matrix where they are inserted. If sucrose in cocoa-
containing or any other foodstuff is to be partially or completely replaced by other types of sugar or
by sugar substitutes, theoretical models are at present unable to predict the sweetness of the product.
These will only provide rough guidelines, and it is always necessary to carry out sensory evaluations
on actual samples of the product. In order to obtain the best results, the formulations will normally
need adapting, and a series of samples should be manufactured [15]. Despite high lipid and sugar
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contents, chocolate consumption makes a positive contribution to human nutrition through provision
of antioxidants, principally polyphenols including flavonoids such as epicatechin, catechin, and nota-
bly the procyanidin [16].

Assessing High-Intensity Sweeteners Equivalence in Milk Chocolates

In the case of chocolate, it is not just the quality of the ingredients (whether determined by location of
origin or some other means), but the proportions in which they are mixed and the ways in which they
are processed, that determine quality [17].

Perception of aroma, taste, flavor, and texture in foods is a dynamic, not static, phenomenon. In
other words, the perceived intensity of the sensory attributes changes during the consumption of a
food since start until extinction. In particular to chocolate, the time evolution of the perceived flavor
and texture occurs during fat melting and sugar dissolution [18]. It is widely believed that the con-
sumer acceptability of different high-intensity sweeteners depends on the similarity of their time
profile to that of sucrose [19]. Single-point sensory response measurement techniques such as magni-
tude estimation and category scaling only contain a limited amount of information. Time-intensity
(T-I) data collection techniques provide much more information, addressing rate-related and duration
aspects as well as intensity quantification [20]. Thus, time-intensity method scaling has increased in
popularity as an applied sensory evaluation method [21]. Time-intensity data may also better approxi-
mate conditions of consumption and be more suitable for examining the functionality of these sweet-
eners [22]. Thus, the potency of the sweeteners could be predicted from the temporal profiles of
several concentrations of both test and reference sweeteners [23].

With all this in mind, Melo et al., [24] using a trained panel, determined equisweetness of the high-
intensity sweeteners sucralose and stevioside in diabetic milk chocolates, as sensorially near to the
conventional product as possible, mainly with respect to temporal profile. Initially, following the con-
cept that sweetness acceptance is the limiting factor for acceptability of chocolate, [25] consumer
testing was applied to determine which sample of conventional chocolates — varying sucrose concen-
tration — was the most accepted. Figure 14.1 shows the results of the hedonic rating for five different
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Fig. 14.1 Acceptance of each milk chocolate formulation (F, | . value: 3.64; p value: 0.0079). Same letters indicate that
there is no significant difference (p<0.05) (Reprinted from De Melo LLMM, Bolini HMA, Efraim P. Equisweet milk
chocolates with intense sweeteners using time-intensity method. J Food Qual. 2007;30(6):1056—67. With permission
from John Wiley and Sons)
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Table 14.1 Means for Chocolate Imax T-Imax Area Ttot
E’Egﬁﬁ EZEIDC:‘;/IZ?O Sucrose 5.86° 17.23° 104.91° 326"
LLMM. Bolini HMA., Efraim Sucr.alo.se 5.68‘; 17.82: 110.072 35.16?
P. Equisweet milk chocolates Stevioside 4.36 17.49 80.65 31.54
with intense sweeteners using Fz,gf, value 6.04 0.17 4.72 1.58
time-intensity method. J Food p value 0.009 0.8417 0.021 0.230
Qual. 2007;30(6):1056-67. Imax maximum intensity, 7-/max time to maximum intensity, Area area under
With permission from John the curve, Ttot total time of stimuli duration
Wiley and Sons) Note: Same letters in a column indicate that there is no significant difference
(p<0.05)

—&A— Sucrose

—8— Sucralose

—8— Stevioside

Sweetness intensity

0 10 20 30 40
Time (s)

Fig. 14.2 Time-intensity sweetness curves of milk chocolates formulated with different sweeteners (sucrose, sucralose,
and stevioside) in equisweet equivalence (Reprinted from De Melo LLMM, Bolini HMA, Efraim P. Equisweet milk
chocolates with intense sweeteners using time-intensity method. J Food Qual. 2007;30(6):1056—67. With permission
from John Wiley and Sons)

formulations with sucrose. Formulation B (43% of sucrose) had the best acceptance mean for Brazilian
consumers; however, it was not statistically different (p>0.05) from those of formulations A and C.
Also, formulation B was significantly different (p <0.05) from formulations D and E, whereas formu-
lations A and C were not. Besides, formulation B was the sample that received the biggest percentage
of positive purchase intent (63.3% of “definitely would buy” and “probably would buy” answers).
Therefore, the formulation B (43% sucrose milk chocolate) was considered the chocolate with ideal
sweetness, and diabetic chocolates with sucralose and stevioside were produced aiming for the same
T-1 sweetness profile.

Table 14.1 shows parameters of T-I curves (Fig. 14.2) for conventional and diabetic milk choco-
lates (sucralose and stevioside concentrations that presented best results). Diabetic milk chocolate
sweetened with sucralose was not statistically different (p>0.05) from the standard (formulation B)
for all parameters of curves: maximum intensity (Imax), time to maximum intensity (T-Imax), area
under the curve (Area), and total time of stimuli duration (Ttot). The formulation with sucralose that
matched formulation B’s sweetness was produced considering sucralose 700 times sweeter than
sucrose. Chocolate with stevioside presented two parameters of T-I curves not statistically different
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(p>0.05) from the formulation with sucrose (ideal sweetness) — T-Imax and Ttot — although Ttot
tended to be longer for the chocolate with stevioside (p=0.0528). To achieve these results, stevioside
was considered to be 200 times sweeter than sucrose. Results showed that it was possible to produce
milk chocolates with sucrose and sucralose very similar between each other with regards to temporal
sweetness profile. Chocolates produced with stevioside presented profile not so similar (statistically
different in Imax and Area). However, the formulation with stevioside was considered equisweet to
the one with sucrose because an additional stevioside concentration increase would probably increase
bitter aftertaste, as bitterness is a stevioside characteristic frequently reported in literature. A new
alternative has been tested to solve the undesirable aftertaste, with the use of another molecule of the
plant Stevia Rebaudiana (Bert.) Bertoni, the rebaudioside.

However, it was important to confirm these results by evaluating acceptance (with consumers) and
sensory profile (with trained panel) of the diabetic milk chocolates and by checking if they are similar
to the acceptability and sensory profile of the product with sucrose.

Sensory Profile and Acceptability for Diabetic
and Reduced-Calorie Milk Chocolates

A very effective way of comparing conventional food is to perform sensory evaluations, such as
descriptive analysis and consumer affective testing. Descriptive techniques are frequently used in
product development to measure how close a new introduction is to the target or to assess suitability
of prototype products. In consumer sensory analysis, the investigator is interested in whether the con-
sumer likes the product, prefers it to another product, or finds the product acceptable based on its
sensory characteristics [19].

Sensory properties are some of the most important factors on consumer liking and preference; thus,
it is very important to determine factors affecting the product attributes, acceptance, and preference,
especially for foods and drinks [26]. Understanding what sensory properties drive consumer liking is
critical for maximum market share [27]. Consumers would not be interested in consuming a func-
tional beverage if the ingredients caused noticeable off-flavors that consumers found unpleasant,
despite the added health advantages [28]. However, conflicting research does exist. A study performed
with elderly consumers demonstrated that sensory appeal was less important than health perception
and fat content, with regard to the purchase intent of fat-modified foods. Although high-intensity
sweeteners are essentially calorie-free, some of these sweeteners impart undesirable flavors and after-
tastes, such as bitterness, that can limit their applications in foods and beverages [29].

During the rush of publicity of the new nutritional recommendations in the early 1980s, the first
strategy to evolve was simply to remove fat from standard products, such as milk or meat, without any
attempt to address the organoleptic changes resulting from the reduction in fat. Such a strategy is not
feasible for most other food products (as milk chocolate) because physical stability, functional proper-
ties, and microbiological stability may be adversely affected.

Considering this challenge, Melo et al. [30] investigated the influence of sucrose and fat replace-
ment and the correlation between consumer testing results and descriptive sensory data. The major
challenge in the development of reduced-fat foods is to achieve fat reduction while matching as closely
as possible the flavor and mouthfeel of traditional full-fat products [31]. Whey protein-based fat
replacers can mimic fat in terms of texture and flavor retention [32]. Conventional milk chocolate was
compared with lab-developed prototypes of diabetic and diabetic/reduced calorie chocolates as well
as with a diabetic but not reduced-calorie commercial product (see Table 14.2, for details on samples’
formulations).

The lab-developed prototype of conventional milk chocolate was prepared with sucrose (Sucro).
Diabetic prototypes were prepared substituting sucrose with high-intensity sweeteners, sucralose
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Table 14.2 Formulations of diabetic and reduced-calorie milk chocolates (Reprinted from Melo LLMM, Bolini HMA,
Efraim P. Sensory profile, acceptability, and their relationship for diabetic/reduced calorie chocolates. Food Qual Prefer.
2009;20/2:138—43. Copyright 2009, with permission from Elsevier)

Sample

Conventional Diabetic Diabetic/reduced calorie
Ingredient (%) Sucro Sucra Ste Sucra/WPC Ste/WPC
Sucrose 43 - - - -
Sucralose - 0.061 - 0.061 -
Stevioside - - 0.22 - 0.22
Polydextrose® - 25.8 25.8 25.8 25.8
Lactitol® - 17.2 17.2 17.2 17.2
Cocoa mass 14 14 14 14 14
Cocoa butter 21.4 21.4 214 15.8 15.8
WPC® - - - 5.6 5.6
Powdered milk 12 12 12 12 12
Skim powdered milk 9 9 9 9 9
Soy lecithin 0.5 0.5 0.5 0.5 0.5
Vanilla flavor 0.1 0.1 0.1 0.1 0.1
“Bulking agents

"Whey protein concentrate (partial fat replacer)

(Sucra) or stevioside (Ste), and a polydextrose/lactitol (60/40) blend as a bulking agent. Polydextrose
(a fermentable nonstarch polysaccharide fiber) and lactitol (a digestible, fermentable hydrogenated
disaccharide sugar alcohol) are synthetic low-digestible carbohydrates [33] and are usually well toler-
ated but may also have some dose-related undesirable effects owing to their natural osmotic potential
and/or excessive fermentation [34]. In practice, the bulking agent must have no negative physical,
chemical, sensory, or economical impact on the product — in other words, it should be tasteless, inert,
and inexpensive [35]. Polydextrose has been reported as a good option as bulking agent to improve
the overall acceptability of low-sugar milk chocolates [36]. Low doses of lactitol can beneficially
affect the fecal flora without eliciting gross symptoms of intolerance, and lactitol can be classified as
a prebiotic [37].

Both conventional (Sucro) and diabetic (Sucra and Ste) chocolates were formulated to be equi-
sweet at the most acceptable sweetness intensity as determined by the time-intensity methodology.
Diabetic/reduced-calorie milk chocolates were prepared through substitution of sucrose in the same
way as diabetic chocolates but with partial replacement of cocoa butter with whey protein concen-
trate (WPC) in order to reduce the calorie content by 25% (Sucra/WPC and Ste/WPC). In theory,
reduced-fat products can be highly acceptable, and nutritionally modified food products with good
initial acceptance may largely retain their high acceptance under conditions of repeated use over
time [38]. A sucrose-free milk chocolate bar formulated with Stevia as a sweetening agent and inulin
and polydextrose as bulking agents was successfully developed, but the use of whey proteins for
partial fat replacement in sucrose-free chocolate resulted in unacceptable rheological and sensory
properties [39].

About 500 volatile compounds have been detected in cocoa, and each may react differently with
milk fat and fat replacers [40]. Therefore, a concern with replacing fat with WPC was that an undesir-
able increase in powdered milk flavors characteristic of milk chocolate could result. In addition,
replacing the sugar with various combinations of sugar substitutes in order to produce low-sugar
chocolate may have any influence on the rheological properties [41]. Milk ingredients influence con-
sumer liking of milk chocolate through the quality-driving parameters of particle size/sandiness, vis-
cosity/melting, mouthfeel, and milk flavor [42]. In addition, texture was more important than flavor in
determining overall acceptability of the low-fat foods [43].
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Preference mapping is a sensory tool to accomplish integration between consumer reactions and
descriptive data [44]. By relating consumer data with descriptive data, the researcher can discover the
relationships between product attributes and the ultimate bottom line, consumer acceptance [45]. One
of the more recent topics in product research is the notion of “drivers of liking” or the nature of sen-
sory features that drive acceptance [46].

As main results, Melo et al. [30] found a perceptible difference between conventional milk choco-
late and their diabetic/reduced-calorie counterparts (Fig. 14.3). On an overall basis, consumers pre-
ferred the sensory characteristics of conventional chocolate to their alternative counterparts when
tasted without product information such as health benefits. This result could only be attributed to the
sensory attributes associated with the alternative chocolate options since no information was provided
to influence preference. The crucial attributes that determined consumer acceptability in the chocolate
samples were sweet aroma, melting rate, and sweetness, whereas bitterness, bitter aftertaste, adher-
ence, and sandiness were drivers of disliking. Therefore, the sucrose substitution by high-intensity
sweeteners, sucralose and stevioside, in conjunction with bulking agents and partial fat replacement
by WPC, have potential as a palatable food in the formulation of diabetic/reduced-calorie milk choco-
lates. The major problems remain the increase in bitterness and bitter aftertaste (due to high-intensity
sweeteners), increase in hardness, sandiness, and adherence, and decrease in melting rate (due to
bulking agents and partial fat replacement).

An investigation on similarities and differences in sensory properties of control chocolate chip
cookies and cookies made with two levels of selected protein, lipid, and carbohydrate-based fat replac-
ers showed that carbohydrate-based fat replacers produced cookies with greater textural differences
from the control than the protein or lipid-based replacers [47]. The physical properties of powdered
cocoa drink mixtures prepared from two cocoa powders with various fat contents and different sweet-
eners, as well as the bioactive content and sensory properties of cocoa drinks prepared from them,
were investigated, and results of the sensory evaluation showed that there was a preference for the
cocoa drinks made with sweeteners (aspartame/acesulfame K and stevia extract), and there was a
significant difference in the sensory attributes between the experimental mixtures and the control. The
displayed results indicate the significant potential of using alternative sweeteners for the preparation
of cocoa drink mixtures, which may provide good physical and sensory properties and also enhance
the already existing beneficial effects of cocoa [48].

In order to avoid possible problems in relating descriptive data from trained panels with affective
responses from consumers, a study suggested the application of “check-all-that-apply” (CATA) ques-
tion to understand how consumers perceive chocolate milk desserts with different sugar and cocoa
concentration and suggested that this methodology was able to detect differences in consumer percep-
tion of the desserts [49].

Storage Time of Diabetic and Reduced-Calorie Milk Chocolates

Some microbiologically stable food products, such as chocolate, must have their shelf lives deter-
mined by sensory analyses because, in many cases, sensory changes occur before microbiological
changes. In such cases, the quality of food stored might not be acceptable after a period of time [50].

Little information is available on the sensory evaluation of chocolates, and few studies have been
published on the effect of storage time on the sensory quality of alternative chocolates, such as diabetic
and reduced-calorie chocolates made with sucralose or stevioside as high-intensity sweeteners, poly-
dextrose/lactitol as bulking agent, and WPC as partial fat replacer. This is very important, especially
for growing markets that need these products, such as diabetic people and people under reduced-
calorie treatment diets. The effect of storage time (at 20°C) on the sensory characteristics of conven-
tional, diabetic, and reduced-calorie chocolates was studied by Melo et al. [50] using sensory
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Fig. 14.3 (a) Relation of acceptance (overall liking, OAL, with consumers) to descriptive data (with trained panel), and
(b) the positions of chocolate samples, using PLS regression. Abbreviations: Adh adherence, Baf bitter aftertaste, Bit
bitterness, BrC brown color, CBA cocoa butter aroma, CoA cocoa aroma, CoF cocoa flavor, Glo gloss, Har hardness,
MeR melting rate, PMA powdered milk aroma, PMF powdered milk flavor, Saf sweet aftertaste, San sandiness, SwA
sweet aroma, Swe sweetness (Reprinted from Melo LLMM, Bolini HMA, Efraim P. Sensory profile, acceptability, and
their relationship for diabetic/reduced calorie chocolates. Food Qual Prefer. 2009;20(2):138-43. Copyright 2009, with
permission from Elsevier)
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evaluation through descriptive analysis and acceptability testing (Fig. 14.4). All milk chocolates
retained acceptable quality characteristics after 9 months of storage (20°C). Although the diabetic and
reduced-calorie chocolates with sucralose and stevioside (high-intensity sweeteners), polydextrose
and lactitol (bulking agents), and WPC (fat replacer) presented some sensory property changes, these
changes were not enough to interfere in the acceptability among consumers for a long storage period,
driving decisions on production and storage of diabetic and reduced-calorie chocolates.

The effects of 18°C and 30°C storage temperatures on texture, polymorphic structure, bloom for-
mation, and sensory attributes of dark chocolate stored for 8 weeks were studied, and the sensory
evaluation indicated that storage at 18°C was better than 30°C [51], and temperature fluctuations dur-
ing storage had more influence on texture perception than storage at high temperatures or high relative
humidity [52]. Storage time of dietary chocolates up to 1 year had statistically highly significant
(p<0.01) effects on the sensory attributes of chocolate, as well as on instrumentally measured color
parameters [53].

Expectations and Acceptability of Diabetic and Reduced-Calorie
Milk Chocolates Among Nondiabetics and Diabetics

Despite the importance of all previous results, optimal sensory quality, on its own, will not guarantee
success. Consumer perception about the safety, cost, and risk/benefits associated with novel technolo-
gies can negatively influence consumer choice and purchase decisions. Industry should utilize the
predictive power of conjoint analysis for the design of new food products, and this consumer-based,
predictive research should be followed up with validity testing in test markets that mimic the con-
sumer segments used in generating the conjoint predictions [54]. An optimized product formulation
is necessary for a successful innovation; however, consumers are also influenced by extrinsic product
information such as brand, price, or labeling. Understanding the relative importance of
product attributes influencing food choice at the point of sale is important to the success of new prod-
uct development [55].

Conjoint analysis is extensively used in marketing research to evaluate industrial products and
services and is being increasingly used in the study of food choices by consumers [56]. It examines
trade-offs consumers make at point of purchase to determine what features are most valued, allowing
the researcher to evaluate the effectiveness of different communications, and the ways in which they
interact and affect the consumers [57]. Marketing researchers have made considerable use of conjoint
analysis to estimate the impact of selected product or service characteristics on consumer preference
[58]. Conjoint measurement comprises a set of approaches, whereby concepts are created by experi-
mental design, reacted to by consumers, with the reactions then being traced to the presence/absence
of specific concept elements. The stimuli or the raw material for a conjoint measurement study com-
prises single, stand-alone elements. These elements of phrases are combined with other phrases to
form a concept [59], enabling a number of products to be compared and ranked based on their attri-
butes [60-62]. For example, the developer might decide to incorporate certain ingredients with known
health benefits or create the product under a specified brand name [63].

Foods with low-calorie or reduced-calorie sweeteners can have fewer calories than foods made
with sugar and other caloric sweeteners. Such foods can also be appealing and healthful for weight
loss or weight maintenance for nondiabetic consumers. These products often also have less carbohy-
drate, which can be helpful in managing blood glucose levels for diabetic consumers. If sucrose in
cocoa-containing foods is to be partially or completely replaced by other types of sugar or by sugar
substitutes, theoretical models are at present unable to predict acceptance [15]. Melo et al. [64] com-
pared attitudes and acceptance between two groups of consumers in the United States, diabetics and
nondiabetics, of sugar and calorie reductions in a widely accepted product: milk chocolate. Conjoint
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Table 14.3 Relative importance and average zero-centered utility scores for conjoint analysis levels among diabetic
and nondiabetics for milk chocolates (Reprinted from Melo L, Childs JL, Drake M, Bolini HMA, Efraim P. Expectations
and acceptability of diabetic and reduce-calorie milk chocolates among nondiabetics and diabetics in the USA. J Sensory
Stud. 2010;25:133-152. With permission from John Wiley and Sons)

Relative importance (%) Average zero-centered utility scores
Diabetics Nondiabetics Diabetics Diabetics
Attribute (N=68) (N=103) p values Level (N=68) (N=68)
Sugar claim 34.6 28.7 0.048 Absence of sugar claim  —1.57¢ —0.24¢
Reduced sugar 0.58* 0.88*
Sugar-free 0.88* 0.19°
Diabetic 0.13° -0.834
Sweetener type 43.7 46.9 0.40 Artificial -1.92¢ -2.50¢
Natural 2.06* 2.75¢
Combination -0.15° -0.25°
Calorie reduction 21.7 244 0.35 0% —-1.19¢ —-1.50¢
20% 0.40° 0.61°
25% 0.79* 0.89°

Note: Same letters in a column and within an attribute indicate that there is no significant difference (p<0.05)

Table 14.4 Acceptance means for chocolates with different sweeteners among nondiabetic and diabetic consumers
(Reprinted from Melo L, Childs JL, Drake M, Bolini HMA, Efraim P. Expectations and acceptability of diabetic and
reduce-calorie milk chocolates among nondiabetics and diabetics in the USA. J Sensory Stud. 2010;25:133-52. With
permission from John Wiley and Sons)

Attribute
Overall
Samples Consumer liking Appearance Aroma Flavor Texture
Sucro Nondiabetic 5.34 6.548 6.048 5.34 5.64
Diabetic - - - - -
Sucra Nondiabetic 5.0AB° 6.54 6.04° 5.34A0 5.1B0
Diabetic 6.3 6.94 6.6% 6.3 6.47
Ste Nondiabetic 3.5¢ 6.3AB0 5.4¢ 3.4 3.9¢
Diabetic 4,984 6.282 5.98¢Ca 4.88a 5.3Ba
Sucra/WPC Nondiabetic 4.94B0 6.282 6.04Ba 5.0480 4.2
Diabetic 5.84a 6.844 6.3ABa 5.84a 5.68
Ste/WPC Nondiabetic 4.0¢ 6.34ABa 5.68¢ 3.7 4.1
Diabetic 4,788 6.382 5.8¢ 4.98a 5.1Ba
Com Nondiabetic 4,780 6.4ABa 5.8ABCO 4.68° 5.6%
Diabetic 6.148 6.744 6.44 5.94a 6.34

Note: Means in column and within a consumer group (nondiabetic or diabetic) followed by different capital letters are
different (p<0.05). Means in a column and within a sample followed by different lowercase letters are different
(p<0.05) across consumer groups (nondiabetics and diabetics)

analysis was used to determine which levels of sugar claim, sweetener type, and calorie reduction in
chocolate were more important for nondiabetic and diabetic consumers. Additionally, acceptance of
actual laboratory-developed chocolates was evaluated among these two groups of consumers to deter-
mine if actual products matched consumer expectations.

Nondiabetics and diabetics had different expectations regarding sugar claim, sweetener type, and
calorie reduction (Table 14.3), which were likely due to their different nutritional necessities. In addi-
tion, consumer testing showed different acceptance means for conventional, diabetic, and reduced-
calorie milk chocolates among nondiabetics, diabetics, and between them (Table 14.4). A natural
sweetener was appealing to both consumer groups but did not meet consumer expectations of either
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group when tasted in chocolates. Conventional, diabetic chocolate made with sucralose (Sucra) and
diabetic/reduced-calorie chocolate made with sucralose and WPC (Sucra/WPC) were the most
accepted among nondiabetics, as were Sucra and Sucra/WPC chocolates among nondiabetics, who
did not evaluate the conventional sample due to its sucrose content. Diabetic consumers were more
accepting than nondiabetic consumers of diabetic and diabetic/reduced-calorie milk chocolates.
Alternative products must be developed and labeled according to the specific consumer groups
they are intended to address. Future studies should also evaluate consumer acceptance of products
with and without nutritional information (sugar claim, sweetener type, and calorie reduction) since
this information may influence acceptance and purchase intent. For instance, pleasantness and buying
probability of chocolate bars were rated higher with regular than with reduced-fat information [65].
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Chapter 15
Polyphenols in Cocoa: From In Vitro Digestion
to In Vivo Bioavailability

Nadia Ortega Olivé and Maria-José Motilva Casado

Key Points

* In vitro digestion models permit the characterization of cocoa procyanidins during digestion under
physiological conditions, caused by alimentary enzymes.

* Cultured cell models facilitate studies of small intestinal absorption and metabolism, as an impor-
tant step towards elucidating the potential impact of these cocoa procyanidins on human health.

* Characterization of the digestive species of cocoa procyanidins forming as consequence of colonic
fermentation provides useful information for future studies in vivo.

* The in vitro digestion models could act as a first directional influence on the reformulation of new
cocoa products in order to achieve the required “nutrient profiles.”

Keywords In vitro digestion ¢ Colonic fermentation ¢ Cellular models ¢ Procyanidin metabolism
* Bioavailability

Introduction

Studies on the health benefits of cocoa and cocoa products have been conducted over the past decade,
with a major focus on degenerative diseases. These benefits have been attributed mainly to phenolic
compounds located in the pigment cells, also called polyphenol-storage cells, of the cotyledons of
cocoa beans [1]. The main groups of cocoa polyphenols are catechins or flavan-3-ols (catechin and
epicatechin), proanthocyanidins, and anthocyanins in low proportion. Besides flavonoids, cocoa and
cocoa products are also rich in methylxanthines, namely, caffeine, theobromine, and theophylline [2].
Theobromine is the major methylxanthine present in cocoa, constituting about 4% on a fat-free basis.
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The mechanisms of action of polyphenols in vivo are not fully elucidated. They are believed to act
mainly as free-radical scavengers and/or chelators of transition metals (minerals or trace elements).
But it is unlikely that their free-radical scavenging capacity is sufficient to explain their antioxidant
action in vivo, due to their relatively low bioavailability within the digestive tract [3]. Also after diges-
tion, naturally occurring polyphenols can undergo significant modifications that can result in a diverse
family of bioactive molecules. Flavanols and procyanidins are relatively stable in stomach acid and
during gastric transit. During digestion and transfer across the small intestine, and in the liver, flavanols
are rapidly metabolized in phase I and II biotransformations to various O-sulfated, O-glucuronidated,
and O-methylated forms [4].

Considering the important transformations of polyphenols during the digestion, in addition to their
low bioavailability, their mechanisms of action are probably linked to the activation/repression of
particular genes. Recent investigations have shown that they can also act on gene expression via tran-
scription factors (e.g., Nrf2), activating the antioxidant response element [5], which can lead to the
transcription of antioxidant compounds such as glutathione (GSH) or enzymes of glutathione metabo-
lism [6]. Therefore, efforts to understand the transformations of polyphenols during digestion and
their bioavailability will be useful to elucidate in the future the mechanisms of action of polyphenols
in the prevention of diseases related to oxidative stress and degenerative diseases.

Bioavailability refers to the fraction of any compound ingested and made available for utilization,
metabolism, and/or storage by the organism. Different factors have been suggested to influence the
bioavailability of cocoa polyphenols, but the results are not always in agreement, probably due to the
use of different study designs, cocoa sources, or food matrices between and within studies. With evi-
dence that cocoa polyphenols are absorbable in humans, it is necessary to elucidate the factors that
impact intestinal uptake and potential bioavailability. It is likely that the general mechanism of poly-
phenol absorption would follow routes similar to those taken by other xenobiotic compounds that
require consideration of (1) efficient release of the polyphenol from the food matrix highly condi-
tioned by food processing and food matrix composition (percentage of fat, protein, or carbohydrates),
(2) ingested dose, (3) stability to gastric and small intestinal digestive conditions, (4) uptake by small
intestinal absorptive epithelial cells, and (5) secretion into circulation.

Taking into account the multiple factors that determine the bioavailability of cocoa polyphenols,
the selection of a cocoa derivate formula or food processing through in vivo bioavailability studies is
unfeasible. In this sense, the in vitro models are a useful tool for the early stages of development of
new processes and new food formulations.

In Vitro Digestion Models

Studies of food digestibility in animal or human models (in vivo methods) should provide more accu-
rate results, but they are time consuming and costly. The in vitro digestion models are developed to
mimic the conditions of reactions that occur in the mouth, stomach, intestines, and colon. The aim of
performing these models is to characterize the changes in food components due to the physiological
conditions. Mainly the first part of digestion (mouth, stomach, and small intestine) is focused on
digested fraction, while the nondigestion fraction is transformed in the colon.

The food industry is focused on developing innovative microstructure and texture of food products
as well as formulating enhanced and balanced structured matrices that are rich in nutrients, especially
in bioactive compounds, using technologies such as extrusion, encapsulation, and so on. In that line,
it is important to acquire enough knowledge of the real contribution of each specific nutrient in a food
product in order to maximize the health benefits to consumers. For that reason, recently, the in vitro
digestion models have also focused on the study of how the food matrix affects changes in food com-
ponents. The food matrix effect can be defined as the influence on the release of nutrients contained
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into a larger continuous medium from different cellular origins such as fruits, vegetables, processed
foods, and so on [7]. In this sense, the in vitro digestion models are perfectly suited to predict the
outcome of in vivo experiments and also to enable study of underlying mechanisms of the release and
bioavailability of nutrients in different food matrices. These models should replicate closely the con-
ditions that occur in vivo.

The two main types of digestion models are static and dynamic. Static models are models that do
not mimic the physical processes that occur in vivo. In these models, the food remains immobile, and
they do not reflect the physical conditions of the digestion process. Indeed, concentrations and activi-
ties of the digestive components, as well as the passage of the food ingredients through the gastroin-
testinal tract, are dynamic processes. Some static models were improved with the incorporation of a
dialysis step that enables the estimation of the bioavailable fraction [8—10]. Even though they have
certain limitations, static models could be considered as good indicators for simple matrices and use-
ful for effective release studies of the nutrients from the food matrix. However, complex matrices
should not be enough simulated by simply static model. For that reason, some digestion models have
been improved and overcome as dynamic models. Dynamic models include physical processing (e.g.,
mixing, diffusion, particle size reduction) that is useful to mimic the in vivo conditions. Recently,
several commercial gastrointestinal models such as the TIM model and the dynamic digestion model
have been developed by TNO Centre and the Institute of Food Research in Norwich [11, 12], respec-
tively. The advantage of both models is the wide application in pharmacological and food testing and
the established correlation of in vitro-in vivo observed [13].

In order to evaluate the digestion models, several concepts pertaining to the different steps of a
digested nutrient have been defined. A commonly used term is “bioaccessibility,” which is defined as
the fraction of an ingested nutrient from food matrix that is available for absorption [14]. Another
term is “bioavailability,” which is considered the fraction of ingested nutrient that is absorbed and
becomes available for the action of physiologic functions. In vitro digestion models provide informa-
tion about both bioaccessibility (digestion process) and bioavailability (absorption process).

In Vitro Digestion Models Applied to Cocoa Matrices

Due to limited knowledge of typology and quantities of polyphenols that are really absorbed, several
studies have performed digestion models to better understand the bioaccessibility and bioavailability
of polyphenols from cocoa matrices. Of particular interest is the knowledge of the absorption and
uptake of the cocoa oligomeric procyanidins and whether such polyphenol complexes are stable in the
acidic environment of the stomach after consumption, prior to absorption. Spencer et al. [15] studied
the effects of the acidic environment, as found in the gastric milieu, on procyanidin oligomers ranging
from a dimer to hexamer isolated from Theobroma cacao, as well as on the monomer epicatechin.
Procyanidin oligomers (100 mM) were incubated in acid (pH 2.0) and in simulated gastric juice
(pH 2.0) at 37°C for up to 3.5 h and the products analyzed and identified by HPLC. Results of this
study showed that under these conditions there is a time-dependent decomposition of each oligomer
(trimer to hexamer) with the progressive appearance of dimer and monomer over the period of incuba-
tion. Decomposition of the oligomers during the first 90 min was more pronounced (60+80%) than
during the subsequent equivalent period and virtually complete by 3.5 h. The results show that under
gastric conditions the procyanidin oligomers (trimer to hexamer) are hydrolyzed to mixtures of epi-
catechin monomer and dimer, thus enhancing the potential for their absorption in the small intestine.
In the same trend, Zhu et al. [16] investigated the stability of the cocoa monomers, epicatechin and
catechin, and the dimers, epicatechin-(4(beta)B-8)-epicatechin (dimer B2) and epicatechin-
(4(beta) B-6)-epicatechin (dimer B5), in simulated gastric and intestinal juice and at different pH
values. Epicatechin and catechin were stable in simulated gastric juice. In contrast, dimer B2 and
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dimer B5 were unstable producing epicatechin; at the same time, incubation of dimer B2 and dimer
BS5 in simulated gastric juice resulted in isomerization to dimer B5 and dimer B2, respectively. When
incubated in simulated intestinal juice (alkaline pH), all four compounds degraded almost completely
within several hours. These results suggest that the amount and type of flavanols and procyanidins in
the gastrointestinal tract following the consumption of cocoa can be influenced by the stability of
these compounds in both acidic and alkaline environments. Additionally, the potential degradation
of dimers in both the stomach and the intestine helps to explain their low concentrations in plasma. In
that sense, Neilson et al. [17] monitored the native catechin degradation and simultaneously charac-
terized the structural variation of the resulting catechin degradation products using an in vitro gastric
and small intestinal digestion model to simulate preabsorptive digestion events. To perform the study,
catechin, epicatechin, epigallocatechin, epigallocatechin gallate, and epicatechin gallate were tested.
Results showed that simple catechins were much more stable under digestive conditions than the cor-
responding gallocatechins and catechin gallates that were significantly degraded, with losses between
60% and 100%. The main contribution of this study is the discovery that both homo- and heterocat-
echin autoxidation dimers are formed under simulated digestive conditions, which suggests that lumi-
nal alteration of ingested catechin profiles in vivo warrants further consideration. This work facilitates
future in vivo studies of catechin digestive behavior and bioavailability by providing analytical meth-
ods specifically designed to identify and characterize catechin autoxidation dimers.

Matrix effects are becoming increasingly important for food as EU legislation Directive 2006/1924/
EC [18] on nutrition and health claims made on foods asks for evidence between the food labeling and
its beneficial compound which must be able to show that it is bioavailable from that food product and
is also effective in its implied benefit. Cocoa, unlike other vegetal foods, is not consumed as such but
as an ingredient in food formulations, such as chocolate, dark cocoa power, cocoa drinks, or as an
ingredient in coating or in cookies. For example, the basic ingredients required for the manufacture of
chocolate are cocoa nibs or cocoa liquor, sugar and other sweeteners, cocoa butter or butter fat, milk
powder, and emulsifiers, among others. Therefore, foods that usually include cocoa are complex mix-
tures. In this sense, besides the studies of stability of cocoa polyphenols under digestion conditions, it
is of special interest to evaluate the effect of the food matrix composition on the stability and digest-
ibility of these compounds.

As mentioned previously, the food matrix is composed mainly for different ratios and typology of
macronutrients such as carbohydrates, fat, and protein, which could modify the bioaccessibility
of cocoa polyphenols and therefore their bioavailability. Indeed, the know-how of this influence could
help to improve and enhance the formulation of new cocoa food products in order to maximize the
utilization of the health-promoting nutrients such as the polyphenols. In order to assess the matrix
effect on the bioaccessibility of cocoa polyphenols, Ortega et al. [19] developed an in vitro digestion
model for the evaluation of fat content on the digestibility and bioaccessibility of cocoa polyphenols.
In this study, two main cocoa ingredients used in the confectionary industry were studied — liquor and
powder cocoa (containing 50% and 15% of fat, respectively). This work tried to show that a higher
fat content seems to have a protective role for the polyphenols, mainly due to a better micellarization
that enhances their stability during digestion conditions. This conclusion was later demonstrated by
the evaluation of the presence in the food matrix of soluble water fraction (soluble fiber and soluble
sugars) and/or hazelnut oil (rich in polyunsaturated fatty acids) on the digestibility and stability of
carob flour phenols using an in vitro digestion model [20]. The presence of the soluble dietary fiber
enhanced the stability of the phenolic compounds during the duodenal digestion phase. Similarly, the
hazelnut oil showed a protective effect on the stability of the phenolic compounds during duodenal
digestion. The presence of lipids in the digestion mixture could suggest a micellarization that could
establish interactions with certain polyphenols, enhancing their recovery and stability during diges-
tion. These results may be useful for the food industry by suggesting that an emulsion food matrix
structure could be able to give the desired protection during digestion process and achieve health
benefits.
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A recent comprehensive study [21] assessed changes in the polyphenol fraction of water-insoluble
cocoa fraction by in vitro digestion simulating the human gastrointestinal process. Results of the
study showed that the digestive process solubilizes a significant part of the bound polyphenols (high-
degree polymerized procyanidins), and it increases their potential bioaccessibility. All samples
obtained after protease digestion (pepsin, pancreatin, and pronase) showed the presence of catechin,
epicatechin, and procyanidin B2, while B1 dimer was released only by pepsin hydrolysis. After the
action of Viscozyme L (multienzyme complex containing a wide range of carbohydrases, including
arabanase, cellulase, (beta)B-glucanase, hemicellulase, and xylanase), epicatechin (but no catechin or
procyanidins) was found in the digested fraction. These data suggest that the catechin and dimeric
procyanidins, particularly B1, were mainly linked to the protein moiety of the cocoa-insoluble mate-
rial, while a minor part of epicatechin was associated with the polysaccharide moiety. Following
digestion in the small intestine, about 75% of the cocoa-insoluble fraction remained undigested, so it
might reach the colon, where bacteria play a major role in fermenting it.

In Vitro Colonic Fermentation

Mainly monomers (catechin and epicatechin) and dimers have been detected to be able to cross the
gut barrier in the small intestine. Procyanidic fraction that is not absorbed in the small intestine reaches
the colon where it exerts its action or is degraded by intestinal or colonic bacteria before absorption
or excretion of the resulting metabolites. In that line, several in vitro gut models have been developed
in order to assess the changes in the higher polyphenol unit’s fraction in the last step of the digestion
process (colon model). The amount of substrate, the fecal microbiota, and substrate-to-inoculum ratio
are some crucial factors in fermentation studies that are able to show discordance results.

In a previously described study by Flogiano et al. [21], the cocoa-insoluble fraction that remained
undigested after in vitro gastrointestinal digestion was submitted to a three-stage continuous system-
gut model simulating the proximal, transverse, and distal colons. The application of the colonic fer-
mentation model revealed that microflora action led to the solubilization of a further 17.8% of this
undigested fraction that is potentially absorbable through the colon. Results showed that the microflora
extensively metabolized the procyanidins into various aromatic acids. 3-hydroxyphenylpropionic,
3-hydroxyphenylacetic, and 3,4-dihydroxybenzoic were the phenolic acids detected in the three ves-
sels, showing that phenolic acids are the major metabolites of cocoa polyphenols.

Previous studies on cocoa procyanidins showed similar results. Rios et al. [22] reported that the
consumption of procyanidin-rich chocolate by humans is associated with the production of several
aromatic acids, including derivatives of phenylpropionic, phenylacetic, and benzoic acids. A study by
Gonthier et al. [23] compared the metabolism of procyanidin dimer B3, trimer C2, and polymer iso-
lated from willow tree catkins to that of the catechin monomer administered in the rat diet. Sixteen
metabolites of microbial origin were detected and identified as phenylvaleric, phenylpropionic, phe-
nylacetic, and benzoic acid derivatives. Their total yields significantly decreased from the catechin
monomer to the procyanidin dimer, trimer, and polymer, confirming a higher ability of rat fecal
microflora to degrade catechin monomer in relation with more complex procyanidins. Therefore, the
degree of procyanidin polymerization has a major impact on their fate in the body characterized by a
poor absorption through the gut barrier and a limited metabolism by the intestinal microflora as com-
pared to catechin.

A recent work by Serra et al. [24] studied the colonic metabolic pathways of procyanidins (cate-
chin, epicatechin, epicatechin gallate, epigallocatechin gallate, and dimer B2) using rat colonic
microflora. Results showed an intense metabolism of all procyanidins tested after 24-48 h of
fermentation. Differences in the fermentation of the stereoisomers catechin and epicatechin were
observed. When epicatechin was fermented, a lower number of fermentation products were obtained,
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5-(hydroxyphenyl)- y(gamma)-valerolactone being the main fermentation product. However, when
catechin was fermented, a lower concentration of (hydroxyphenyl)- y(gamma)-valerolactone was pro-
duced; phenylacetic acid was the main fermentation product. The metabolism of galloylated epicate-
chins, epicatechin gallate and epigallocatechin gallate, resulted in a high number of metabolites, and
p-hydroxybenzoic, protocatechuic, phenylacetic, 2-hydroxyphenylacetic, and 4-hydroxyphenylacetic
acids were the common metabolites. In contrast with what was expected, the fermentation of the
dimer B2 did not lead to the formation of the same metabolic products of epicatechin and phenyla-
cetic, and 4-hydroxyphenylacetic acids were the only common metabolites. The dimer B2 was
hydrolyzed to epicatechin during the first period of incubation. After the first hydrolysis of the dimer
B2, several derivatives of benzoic and phenylacetic acids with different patterns of hydroxylation and
protocatechuic acids were identified.

The intense colonic metabolism of monomers and the limited metabolism of procyanidins with
high polymerization degree will have to be considered to explain the health effects of cocoa procya-
nidins. In fact, some microbial metabolites may have a physiologic effect; for example, hydroxyphe-
nylacetic acids have been suggested to inhibit platelet aggregation [25]. Besides, among the wide
array of aromatic acids with low molecular weight, some may be used as biomarkers for polyphenol
intake [26, 27]. Thus, the identification and quantification of microbial metabolites of monomeric
units of flavan-3-ol (e.g., catechin, and epicatechin) constitute an important field for future research.

Caco-2 Cellular Models: Phase II Metabolism

The intestinal barrier is also an active member that modifies the native polyphenols that are extensively
altered during first-pass metabolism, so the molecular forms that reach the peripheral circulation and
tissues are often different from those in foods [28]. During the course of absorption, polyphenols are
conjugated in the small intestine and later in the liver. Cell culture models have been also taken into
account as one step of the in vitro digestion model. In particular, the Caco-2 cell (the name of polar-
ized human colon carcinoma cell line) model has been widely used as a predictive tool for the absorp-
tion of food nutrients. In this model, the amount of nutrient after the Caco-2 step is designed as the
bioavailable fraction. However, there are no specific studies related to the evaluation of the cocoa
procyanidins metabolism using Caco-2 cell models.

Human intestinal epithelial Caco-2 cells grown on permeable inserts attain many of the morpho-
logical and functional characteristics of intestinal enterocytes. The low bioavailability of green tea
catechins, including epigallocatechin gallate, epigallocatechin, epicatechin gallate, and epicatechin, is
low in both animals and humans. The contribution of intestinal efflux to this low bioavailability has
been suggested. The Caco-2 cell monolayer has been used to investigate the kinetics of efflux trans-
port (basal-to-apical transport) of the tea catechins [29]. Kinetic studies indicated that active and satu-
rable efflux transport of epicatechin took place in Caco-2 cells, suggesting the importance of efflux
transporters and their role in the limited bioavailability of epicatechin. By contrast, no saturation
could be observed for the efflux transport of epicatechin gallates even at concentrations up to about
200 uM, which may be due to their low affinity towards the transporters.

The gut absorption of proanthocyanidins and of the related catechin monomer was investigated with
colonic carcinoma (Caco-2) cells of a human origin, grown in monolayers on permeable filters.
Permeability of various radiolabeled proanthocyanidins differing in their molecular weight was com-
pared with that of the radiolabeled catechin [30]. Catechin, dimer, and trimer had similar permeability
coefficients close to that of mannitol, a marker of paracellular transport. In contrast, permeability of a
proanthocyanidin with an average polymerization degree of six was ten times lower. These results sug-
gest that dimers and trimers could be absorbed in vivo and that polymer bioavailability is limited to the
gut lumen. Radiolabeled monomers, dimers, and trimers were transported across a layer of Caco-2
cells, in contrast to oligomers of six units, which were transported approximately tenfold less [30].



15 Polyphenols in Cocoa: From In Vitro Digestion to In Vivo Bioavailability 185

The coculture of Caco-2 with hepatocytes has been shown to be a feasible system for assaying the
conjugation mechanisms in the small intestine and the potential bioactivity of a procyanidin-rich
extract derived from grape seeds [31]. The main metabolites resulting from the Caco-2 metabolism
corresponded to sulfate derivatives of catechin and epicatechin. Also glucuronidated forms were
quantified in lower concentration. By contrast, dimer and trimer were quantified in cellular medium
in their native forms. This demonstrates the inability of enterocytes to the conjugation of molecular
structures more complexes that monomeric units of flavan-3-ol as catechin and epicatechin.

Bioavailability In Vivo

The bioavailability of polyphenols greatly depends on the chemical structure, mainly due to the gly-
cosylation, conjugation, and polymerization form. Thus, the forms circulating in blood are mainly
glucuronidated, sulfated, and methylated derivatives of the parent compounds. Additionally, the inter-
subject variability has to be taken into account when bioavailability trials are performed with humans
which sometimes may obscure the true meaning of the obtained results. For that reason, when it is
feasible, it is desired to measure the bioavailability in vivo by two approaches — the determination of
polyphenol concentration in plasma and in urine after an ingestion of a known amount of polyphenols
in a determined food matrix. In general, plasma metabolites showed maximum concentration peak
(C,,) after 1-3 h of food intake; meanwhile, the urine metabolites are detected after 24 h, suggesting
that enterohepatic circulation occurs in the liver, producing mainly sulfate conjugates, whereas the
first metabolism produces the glucuronide conjugates in the gastrointestinal cell’s tract.

The bioaccessibility of monomers (catechin, epicatechin, and gallates) and dimers from several
cocoa sources has been shown in the previous section through in vitro digestion models. There is
extensive literature on in vivo studies of bioavailability of cocoa polyphenols that has confirmed the
presence of cocoa polyphenols in plasma at levels often ranges between nanomolar and low micromo-
lar concentration. [32, 33] Richelle et al. [34] were one of the first studies aimed at the bioavailability
of cocoa polyphenols in humans. This study analyzed the plasma of healthy men after a single dose of
40-80 g of dark chocolate. Indeed, in this study, results indicated that epicatechin was quickly absorbed.
Schroeter et al. [35] observed similar rate of absorption (T, ) to those reported by Richelle et al. [34]
even though for this study a high-flavonol cocoa drink was assayed and the peak serum levels (C_ )
quantified were around 2.75 nM. Several further studies confirmed the rapid absorption of epicatechin
into plasma, with plasma concentrations peaking at two or three hours after ingestion [36]. The chiral
nature of polyphenols is also seen as a variable that could influence their bioavailability. In that sense,
Donovan et al. [37] observed that the intestinal absorption of (—)-catechin was lower than the intestinal
absorption of (+)-catechin. After perfusion of 10, 30, and 50 pmol/L of each catechin enantiomer ((-)
and (+)) in the jejunum and ileum from a rat, plasma concentrations of (—)-catechin were significantly
reduced compared to (+)-catechin, suggesting that (+)-catechin enantiomer is more bioavailable than
(—)-catechin enantiomer. Indeed, these in vivo studies confirm the functional properties of cocoa poly-
phenols based on targets such as plasma antioxidant status and oxidative stress, endothelial function
and flow-mediated dilation, the levels and oxidation of plasma lipids, and nitric oxide, among others.

Studies related to the bioavailability of oligomeric and polymeric procyanidins, performed either
with animals and humans, have indicated that these structures are not absorbed. Therefore, it can be
supposed that most polymeric units pass unaltered to the large intestine where they are catabolized by
the colonic microflora, overcoming a diversity of phenolic acids and several metabolites [38]. Rios
et al. [22] verified in an in vivo experiment with humans the stability of cocoa procyanidins during the
gastric transit suggested by in vitro studies [15]. However, minor quantities of procyanidin dimers B1
and B2 were detected in human plasma after the consumption of a flavan-3-ol-rich cocoa [36]. A trend
is observed in the available studies: the smaller the polyphenol structure, the higher the concentration
in plasma, which gives it a greater chance of reaching its target organs in the body.
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Bioavailability can also be affected by the matrix in which the cocoa polyphenols are delivered.
To overcome this item, several trials have been focused on the assessment of the matrix effect in the
bioavailability of polyphenols. For example, Schram et al. [39] examined the absorption of flavonoid
aglycones after a carbohydrate-rich meal (bread, sucrose). This study showed an enhanced bioavail-
ability of flavonols that could be affected by the carbohydrate source. Likewise, Neilson et al. [40]
also observed that bioavailability of cocoa polyphenols was influenced by the sucrose content as well
as by the physical matrix form that evolved the cocoa polyphenols, both affecting mainly the rate of
absorption (T __ ) and the peak serum levels (C_ ).

High molecular weight polyphenols such as procyanidins may interact with protein, indicating that
the addition of milk could reduce the polyphenol bioavailability. Previous studies showed contradic-
tory results about the milk effect on bioavailability of polyphenols in other foodstuffs. Catechin was
reported in plasma at low levels after the intake of tea with milk in relation to those levels detected
after the intake of black tea [41]. In contrast, the addition of milk to English and Indian black tea
showed comparable bioaccessibility of total catechins in relation to both tea controls [42]. Indeed, in
this study, no influence on catechin bioaccessibility was observed depending on the type of milk used
(skimmed or full-fat milk). Due to the controversial results, several works have been aimed at the
milk’s effect on flavonol cocoa absorption. In this sense, Keogh et al. [43] did not observe any correla-
tion between flavonoid absorption and the presence of milk. In the same light, Tomds-Barberdn et al.
[44] and Roure et al. [45] did not perceive any influence on the polyphenol absorption concentration
in relation to the presence of milk in the cocoa beverage intake. These studies indicated that milk did
not seem to influence the bioavailability of cocoa flavonols (mainly monomers and dimers).

Summary

The studies of bioavailability of phytochemicals carried out in animals or human subjects are com-
plex, expensive, and lengthy. In vitro digestion models permit the characterization of cocoa procyani-
dins during digestion under physiological conditions, caused by alimentary enzymes.

In combination with a cultured cell model that facilitates studies of small intestinal absorption and
metabolism, it is possible to determine the relationship between the molecular structures, gastrointes-
tinal stability, conjugation, and extent of absorption for cocoa procyanidins as an important step
towards elucidating the potential impact of these compounds on human health.

Characterization of the digestive species of cocoa procyanidins forming as a consequence of hydro-
lysis, conjugation, and colonic fermentation will provide valuable insight regarding the potential
alteration of these compounds during digestive transit and will provide a framework for future animal
and human studies in vivo.

The in vitro digestion models allow the screening of multiple samples and may provide data on the
relative bioavailability of different type of procyanidins. Moreover, these models could act as a first
directional influence on the reformulation of new cocoa products in order to achieve the required
“nutrient profiles,” in terms of sugar content and fatty acids, allowing the effect on potential bioacces-
sibility of procyanidins related with the food matrix composition.
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