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Preface

In the last 20 years, the role of food biochemistry
has assumed increasing significance in all major dis-
ciplines within the categories of food science, food
technology, food engineering, food processing, and
food biotechnology. In the five categories men-
tioned, progress has advanced exponentially. As
usual, dissemination of information on this progress
is expressed in many media, both printed and elec-
tronic. Books are available for almost every special-
ty area within the five disciplines mentioned, num-
bering in the hundreds. As is well known, the two
areas of food biochemistry and food processing are
intimately related. However, books covering a joint
discussion of these topics are not so common. This
book attempts to fill this gap, using the following
approaches:

e Principles of food biochemistry,

* Advances in selected areas of food biochemistry,

* Food biochemistry and the processing of muscle
foods and milk,

* Food biochemistry and the processing of fruits,
vegetables, and cereals,

* Food biochemistry and the processing of
fermented foods, and

e Microbiology and food safety.

The above six topics are divided over 31 chapters.
Subject matters discussed under each topic are
briefly reviewed below.

* The principles of food biochemistry are explored
in definitions, applications, and analysis and in
advances in food biotechnology. Specific
examples used include enzymes, protein cross-
linking, chymosin in cheesemaking, starch
synthesis in the potato tuber, pectinolytic

enzymes in tomatoes, and food hydration
chemistry and biochemistry.

e The chemistry and biochemistry of muscle foods
and milk are covered under the color of muscle
foods, raw meat and poultry, processed meat
and poultry, seafood enzymes, seafood pro-
cessing, proteomics and fish processing, milk
constituents, and milk processing. The chemistry
and biochemistry of fruits, vegetables, and
cereals are covered in raw fruits, fruits pro-
cessing, vegetable processing, rye flours, and
nonenzymatic browning of cereal baking
products. The chemistry and biochemistry of
fermented foods touch on four groups of
products: dairy products, bakery and cereal
products, fermented meat, and beer.

* The topic of microbiology and food safety covers
microbial safety and food processing, and
emerging bacterial foodborne pathogens.

This reference and classroom text is a result of the
combined effort of more than 50 professionals from
industry, government, and academia. These profes-
sionals are from more than 15 countries and have
diverse expertise and background in the discipline
of food biochemistry and food processing. These
experts were led by an international editorial team
of five members from three countries. All these in-
dividuals, authors and editors, are responsible for
assembling in one place the scientific topics of food
biochemistry and food processing, in their immense
complexity. In sum, the end product is unique, both
in depth and breadth, and will serve as

e An essential reference on food biochemistry
and food processing for professionals in the
government, industry, and academia.

xiii



X1V Preface

e A classroom text on food biochemistry and food
processing in an undergraduate food science
program.

The editorial team thanks all the contributors for
sharing their experience in their fields of expertise.
They are the people who made this book possible.
We hope you enjoy and benefit from the fruits of
their labor.

We know how hard it is to develop the content of
a book. However, we believe that the production of a

professional book of this nature is even more diffi-
cult. We thank the editorial and production teams at
Blackwell Publishing for their time, effort, advice,
and expertise. You are the best judge of the quality
of this book.

Y. H. Hui

W. K. Nip

L. M. L. Nollet
G. Paliyath

B. K. Simpson
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INTRODUCTION

Food losses and food poisoning have been recog-
nized for centuries, but the causes of these problems
were not understood. Improvements in food prod-
ucts by proper handling and primitive processing
were practiced without knowing the reasons. Food
scientists and technologists started to investigate
these problems about 60 years ago. Currently, some
of these causes are understood, and others are still
being investigated. These causes may be microbio-
logical, physical (mechanical), and/or chemical (in-
cluding biochemical). Food scientists and technolo-
gists also recognized long ago the importance of a
background in biochemistry, in addition to the basic
sciences (chemistry, physics, microbiology, and
mathematics). This was demonstrated by a general
biochemistry course requirement in the first Rec-
ommended Undergraduate Course Requirements of
the Institute of Food Technologists (IFT) in the
United States in the late 1960s. To date, food bio-
chemistry is still not listed in the IFT recommended
undergraduate course requirements. However, many
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4 Part I: Principles

universities in various countries now offer a gradu-
ate course in food biochemistry as an elective or
have food biochemistry as a specialized area of
expertise in their undergraduate and graduate pro-
grams. One of the reasons for not requiring such a
course at the undergraduate level may be that a bio-
chemistry course is often taken in the last two to
three semesters before graduation, and there is no
room for such a course in the last semesters. Also,
the complexity of this area is very challenging and
requires broader views of the students, such as those
at the graduate level. However, the importance of
food biochemistry is now recognized in the subdis-
cipline of food handling and processing, as many of
these problems are biochemistry related. A content-
specific journal, the Journal of Food Biochemistry,
has also been available since 1977 for scholars to
report their food biochemistry-related research
results, even though they can also report their find-
ings to other journals.

Understanding of food biochemistry followed by
developments in food biotechnology in the past
decades resulted in, besides better raw materials and
products, improved human nutrition and food safety,
and these developments are applied in the food
industry. For example, milk-intolerant consumers in
the past did not have the advantage of consuming
dairy products. Now they can, with the availability
of lactase (a biotechnological product) at the retail
level in some developed countries. Lactose-free milk
is also produced commercially in some developed
industrial countries. The socially annoying problem
of flatulence that results from consuming legumes
can be overcome by taking “Beano™” (alpha-galac-
tosidase preparation from food-grade Aspigillus
niger) with meals. Shark meat is made more palat-
able by bleeding the shark properly right after catch
to avoid the biochemical reaction of urease on urea,
both naturally present in the shark’s blood. Proper
control of enzymatic activities also resulted in better
products. Tomato juice production is improved by
proper control of its pectic enzymes. Better color in
potato chips is the result of control of the oxidative
enzymes and removal of substrates from the cut
potato slices. More tender beef is the result of prop-
er aging of carcasses and sometimes the addition of
protease(s) at the consumer level; although this
result had been observed in the past, the reasons
behind it were unknown. Ripening inhibition of
bananas during transport is achieved by removal of
the ripening hormone ethylene in the package to

minimize the activities of the ripening enzymes,
making bananas available worldwide all year round.
Proper icing or seawater chilling of tuna after catch
avoids/controls histamine production by inhibiting
the activities of bacterial histamine producers, thus
avoiding scombroid or histamine poisoning. These
are just a few of the examples that will be discussed
in more detail in this chapter and in the commodity
chapters in this book.

Problems due to biochemical causes are numer-
ous; some are simple, while others are fairly com-
plex. These can be reviewed either by commodity
group or by food component. This introductory
chapter takes the latter approach by grouping the
various food components and listing selected related
enzymes and their biochemical reactions (without
structural formulas) in tables and presenting brief
discussions. This will give the readers another way
of looking at food biochemistry, but as an introduc-
tion to the following material, effort is taken to avoid
redundancy with the chapters on commodities that
cover the related biochemical reactions in detail.

This chapter presents first selected biochemical
changes in the macrocomponents of foods (carbohy-
drates, proteins, and amino acids), then lipids, then
selected biochemical changes in flavors, plant pig-
ments, and other compounds important in food
handling and processing. Biotechnological develop-
ments as they relate to food handling and processing
are introduced only briefly, as new advances are
extensively reviewed in Chapter 3. As an example of
complexity in the food biochemistry area, a diagram
showing the relationship of similar biochemical re-
actions of selected food components (carbohy-
drates) in different commodities is presented. Ex-
amples of serial degradation of selected food
components are also illustrated with two other dia-
grams.

It should be noted that the main purpose of this
chapter is to present an overview of food biochem-
istry by covering some of the basic biochemical
activities related to various food components and
their relations with food handling and processing. A
second purpose is to get more students interested in
food biochemistry. Purposely, only essential refer-
ences are cited in the text, to make it easier to read;
more extensive listings of references are presented
at the ends of tables and figures. Readers should
refer to these references for details and also consult
the individual commodity chapters in this book (and
their references) for additional information.
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BIOCHEMICAL CHANGES IN
CARBOHYDRATES IN FOOD

CHANGES IN CARBOHYDRATES IN FOOD
SYSTEMS

Carbohydrates are abundant in foods of plant origin,
but are fairly limited in quantity in foods of animal
origin. However, some of the biochemical changes
and their effect(s) on food quality are common to all
foods regardless of animal or plant origin, while oth-
ers are specific to an individual food. Figure 1.1
shows the relationship between the enzymatic de-
gradation of glycogen and starch (glycolysis) and
lactic acid and alcohol formation, as well as the citric
acid cycle. Even though glycogen and starch are glu-
cose polymers of different origin, after they are con-
verted to glucose by the appropriate respective en-
zymes, the glycolysis pathway is common to all
foods. The conversions of glycogen in fish and mam-
malian muscles are now known to utilize different
pathways, but they end up with the same glucose-6-
phosphate. Lactic acid formation is an important
phenomenon in rigor mortis and souring and cur-
dling of milk, as well as in the manufacturing of
sauerkraut and other fermented vegetables. Ethanol
is an important end product in the production of
alcoholic beverages, bread making, and to a much
smaller extent in some overripe fruits. The citric acid
cycle is also important in alcoholic fermentation,
cheese maturation, and fruit ripening. In bread mak-
ing, a-amylase, either added or from the flour itself,
partially hydrolyzes the starch in flour to release glu-
cose units as an energy source for yeast to grow and
develop so that the dough can rise during the fermen-
tation period before punching, proofing, and baking.

CHANGES IN CARBOHYDRATES DURING SEED
GERMINATION

Table 1.1 lists some of the biochemical reactions
related to germination of cereal grains and seeds,
with their appropriate enzymes, in the production of
glucose and glucose or fructose phosphates from
their major carbohydrate reserve, starch. They are
then converted to pyruvate through glycolysis, as
outlined in Figure 1.1. From then on, the pyruvate is
utilized in various biochemical reactions. The glu-
cose and glucose/fructose phosphates are also used
in the building of various plant structures. The latter
two groups of reactions are beyond the scope of this
chapter.

METABOLISM OF COMPLEX CARBOHYDRATES

Besides starch, plants also possess other subgroups
of carbohydrates, such as cellulose, (3-glucans, and
pectins. Both cellulose and 3-glucans are composed
of glucose units but with different (3-glycosidic link-
ages. They cannot be metabolized in the human
body, but are important carbohydrate reserves in
plants and can be metabolized into smaller mole-
cules for utilization during seed germination. Pectic
substances (pectins) are always considered as the
“gluing compounds” in plants. They also are not
metabolized in the human body. Together with cel-
lulose and B-glucans, they are now classified in the
dietary fiber or complex carbohydrate category.

Interest in pectin stems from the fact that in
unripe (green) fruits, pectins exist in the propectin
form, giving the fruit a firm/hard structure. Upon
ripening, propectins are metabolized into smaller
molecules, giving ripe fruits a soft texture. Proper
control of the enzymatic changes in propectin is
commercially important in fruits, such as tomatoes,
apples, and persimmons. Tomato fruits usually don’t
ripen at the same time on the vines, but this can be
achieved by genetically modifying their pectic
enzymes (see below). Genetically modified toma-
toes can now reach a similar stage of ripeness before
consumption and processing without going through
extensive manual sorting. Fuji apples can be kept in
the refrigerator for a much longer time than other
varieties of apples before getting to the soft grainy
texture stage because the Fuji apple has lower pectic
enzyme activity. Persimmons are hard in the unripe
stage, but can be ripened to a very soft texture due to
pectic enzyme activity as well as the degradation of
its starches. Table 1.2 lists some of the enzymes and
their reactions related to these complex carbohy-
drates.

METABOLISM OF LACTOSE AND ORGANIC
AcIDS IN CHEESE PRODUCTION

Milk does not contain high molecular weight carbo-
hydrates; instead its main carbohydrate is lactose.
Lactose can be enzymatically degraded to glucose
and galactose-6-phosphate by phospho--galactosi-
dase (lactase) by lactic acid bacteria. Glucose and
galactose-6-phosphate are then further metabolized
to various smaller molecules through various bio-
chemical reactions that are important in the flavor
development of various cheeses. Table 1.3 lists some
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Glycogen Starch in plant tissues
Fish muscle Mammalian muscle iy
Hydrolytic or Phosphorolytic a-Amylase
amylolytic pathway \ 5 Xylose isomerase
pathwa ucose |
! Hexokinase

Fructose

Hexokinase Glycolysis
Glucose —» Glucose 6-phosphate

Glucose 6-phosphate isomerase

Fructose 6-phosphate

+ ATP
6-Phosphofructokinase

- ADP

Fructose 1,6-diphosphate

Fructose bisphosphate aldolase

Glycerone D-Glyceraldehyde
phosphate —»  3-phosphate

Triose phosphate isomerase

A series of reactions —J» ATP

v

Lactic dehydrogenase

L-Lactic acid « Pyruvic acid €
+ NADP*

Pyruvate dehydrogenase l

- NADPH + CO,

Acetylaldehyde

Alcohol dehydrogenase | +NADH, H*
Ethanol < y -Nao’

Citric acid (TCA) cycle

Figure 1.1. Degradation of glycogen and starch. a-Amylase (EC 3.2.1.1), Hexokinase (EC 2.7.1.1), Glucose-6-
phosphate isomerase (EC 5.3.1.9), 6-Phosphofructokinase (EC 2.7.1.11), Fructose bisphosphate aldolase (EC
4.1.2.13), Triose phosphate isomerase (EC 5.3.1.1), L-lactic dehydrogenase (EC 1.1.1.27), Pyruvate dehydrogenase
(NADP) (EC 1.2.1.51), Alcohol dehydrogenase (EC 1.1.1.1), Xylose isomerase (EC 5.3.15). [Eskin 1990, Lowrie
1992, Huff-Lonergan and Lonergan 1999, Cadwallader 2000, Gopakumar 2000, Simpson 2000, Greaser 2001,
IUBMB-NC website (www.iumb.org)]




1 Food Biochemistry—An Introduction 7

Table 1.1. Starch Degradation during Cereal Grain Germination

Enzyme

Reaction

a-amylase (EC 3.2.1.1)
Hexokinase (EC 2.7.1.1)
a-glucosidase (maltase, EC 3.2.1.20)

Oligo-1,6 glucosidase (limited dextrinase,
isomaltase, sucrase isomerase,
EC 3.2.1.10)

B-amylase (EC 3.2.1.2)

Phosphorylase (EC 2.4.1.1)

Phosphoglucomutase (EC 5.4.2.2)

Glucosephosphate isomerase (EC 5.3.1.9)

UTP-glucose 1-phosphate uridyl (UDP-
glucose pyrophosphorylase, Glucose-
1-phosphate uridyltransferase,
EC2.7.7.9)

Sucrose phosphate synthetase
(EC24.1.14)

Sugar phosphatase (EC 3.1.3.23)

Sucrose phosphatase (EC 3.1.3.24)

Starch — glucose + maltose + maltotriose + a-limited
dextrins + linear maltosaccharides

D-hexose (glucose) + ATP — D-hexose (glucose)-6-
phosphate + ADP

Hydrolysis of terminal, nonreducing 1,4-linked o-D-glucose
residues with release of a-D-glucose

a-limited dextrin — linear maltosaccharides

Linear maltosaccharides — Maltose

Linear maltosaccharides + phosphate — a-D-glucose-
1-phosphate

a-D-glucose-1-phosphate — a-D-glucose-6-phosphate

D-glucose-6-phosphate — D-fructose-6-phosphate

UTP + «-D-glucose-1-phosphate — UDP-glucose +
pyrophosphate transferase

UDP-glucose + D-fructose-6-phosphate — sucrose
phosphate + UDP

Sugar phosphate (fructose-6-phosphate) — sugar
(fructose) + inorganic phosphate

Sucrose-6-F-phosphate — sucrose + inorganic phosphate

Sucrose synthetase (EC 2.4.1.13)
B-fructose-furanosidase (invertase,
succharase, EC 3.2.1.26)

NDP-glucose + D-fructose — sucrose + NDP
Sucrose — glucose + fructose

Sources: Duffus 1987, Kruger and Lineback 1987, Kruger et al. 1987, Eskin 1990, Hoseney 1994, IUBMB-NC web-

site (www.iubmb.org).

of these enzymatic reactions. This table also lists
some enzymes and reaction products of organic acids
present in very small amounts in milk. However, they
are important flavor components (e.g., propionate,
butyrate, acetaldehyde, diacetyl, and acetoine).

REMOVAL OF GLUCOSE IN EGG POWDER
PRODUCTION

Glucose is present in very small quantities in egg
albumen and egg yolk. However, in the production
of dehydrated egg products, this small amount of
glucose can undergo nonenzymatic reactions that
lower the quality of the final products. This problem
can be overcome by the glucose oxidase—catalase
system. Glucose oxidase converts glucose to glu-
conic acid and hydrogen peroxide. The hydrogen
peroxide is then decomposed into water and oxygen

by the catalase. Application of this process is used
almost exclusively for whole egg and other yolk-
containing products. However, for dehydrated egg
albumen, bacterial fermentation is applied to re-
move the glucose. Application of yeast fermentation
to remove glucose is also possible. The exact pro-
cesses of glucose removal in egg products are the
proprietary information of individual processors
(Hill 1986).

PRODUCTION OF STARCH SUGARS AND SYRUPS

The hydrolysis of starch by means of enzymes (o-
and (3- amylases) and/or acid to produce glucose
(dextrose) and maltose syrups has been practiced for
many decades. Application of these biochemical
reactions resulted in the availability of various
starch (glucose and maltose) syrups, maltodextrins,
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Table 1.2. Degradation of Complex Carbohydrates

Enzyme

Reaction

Cellulose degradation during seed germination”

Cellulase (EC 3.2.1.4)

Glucan 1,4-3-glucosidase
(Exo-1,4-B-glucosidase, EC 3.2.1.74)

Cellulose 1,4-B-cellubiosidase
(EC3.2.1.91)

B-galactosan degradation”
[3-galactosidase (EC 3.21.1.23)
B-glucan degradation”
Glucan endo-1,6-3-glucosidase
(EC 3.2.1.75)
Glucan endo-1,4-3-glucosidase
(EC 3.2.1.74)
Glucan endo-1,3-3-D-glucanase
(EC 3.2.1.58)
Glucan 1,3-B-glucosidase
(EC 3.2.1.39)
Pectin degradation”
Polygalacturonase (EC 3.2.1.15)

Galacturan 1,4-a-galacturonidase
[Exopolygalacturonase, poly
(galacturonate) hydrolase,

EC 3.2.1.67)

Pectate lyase (pectate transeliminase,

EC4.2.2.2)

Pectin lyase (EC 4.2.2.10)

Endohydrolysis of 1,4-3-glucosidic linkages in cellulose and
cereal B-D-glucans

Hydrolysis of 1,4 linkages in 1,4-3-D-glucan so as to remove
successive glucose units

Hydrolysis of 1,4-3-D-glucosidic linkages in cellulose and
cellotetraose releasing cellubiose from the nonreducing
ends of the chains

B-(1—4)-linked galactan — D-galactose
Random hydrolysis of 1,6 linkages in 1,6-3-D-glucans

Hydrolysis of 1,4 linkages in 1,4-3-D-glucans so as to
remove successive glucose units

Successive hydrolysis of 3-D-glucose units from the
nonreducing ends of 1,3-B-D-glucans, releasing B-glucose

1,3-B-D-glucans — a-D-glucose

Random hydrolysis of 1,4-a-D-galactosiduronic linkages in
pectate and other galacturonans

(1,4-a-D-galacturoniside),, + H,O — (1,4-a-D-
galacturoniside),_; + D-galacturonate

Eliminative cleavage of pectate to give oligosaccharides with
4-deoxy-a-D-galact-4-enuronosyl groups at their
nonreducing ends

Eliminative cleavage of pectin to give oligosaccharides with
terminal 4-deoxy-6-methyl-a-D-galact-4-enduronosyl
groups

Sources: *Duffus 1987, Kruger and Lineback 1987, Kruger et al. 1987, Smith 1999.

"Eskin 1990, [IUBMB-NC website (www.iubmb.org).

maltose, and glucose for the food, pharmaceutical,
and other industries. In the 1950s, researchers dis-
covered that some xylose isomerase (D-xylose-keto-
isomerase, EC 5.3.1.5) preparations possessed the
ability to convert D-glucose to D-fructose. In the
early 1970s, researchers succeeded in developing
the immobilized enzyme technology for various ap-
plications. Because of the more intense sweetness of
fructose as compared to glucose, selected xylose
isomerase was successfully applied to this new tech-
nology with the production of high fructose syrup
(called high fructose corn syrup in the United States).
High fructose syrups have since replaced most of the

glucose syrups in the soft drink industry. This is
another example of the successful application of
biochemical reactions in the food industry.

BIOCHEMICAL CHANGES OF
PROTEINS AND AMINO ACIDS IN
FOODS

PROTEOLYSIS IN ANIMAL TISSUES

Animal tissues have similar structures even though
there are slight differences between mammalian land
animal tissues and aquatic (fish and shellfish) animal
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Table 1.3. Changes in Carbohydrates in Cheese Manufacturing

Action, Enzyme or Enzyme System

Reaction

Formation of lactic acid
Lactase (EC 3.2.1.108)
Tagatose pathway
Embden-Meyerhoft pathway

Formation of pyruvate from citric acid
Citrate (pro-3S) lyase (EC 4.1.3.6)
Oxaloacetate decarboxylase

(EC4.1.1.3)

Formation of propionic and acetic acids

Propionate pathway

Formation of succinic acid
Mixed acid pathway
Formation of butyric acid
Butyric acid pathway
Formation of ethanol
Phosphoketolase pathway
Pyruvate decarboxylase (EC 4.1.1.1)
Alcohol dehydrogenase (EC 1.1.1.1)
Formation of formic acid
Pyruvate-formate lyase (EC 2.3.1.54)

Lactose + H,O — D-glucose + D-galactose
Galactose-6-P — lactic acid

Glucose — pyruvate — lactic acid

Citrate — oxaloaceate

Oxaloacetate — pyruvate + CO,

3 lactate — 2 propionate + 1 acetate + CO, + H,O
3 alanine — propionic acid + 1 acetate + CO, + 3 ammonia
Propionic acid + CO, — succinic acid

2 lactate — 1 butyrate + CO, + 2H,

Glucose — acetylaldehyde — ethanol

Pyruvate — acetylaldehyde + CO,

Acetylaldehyde + NAD + H" — ethanol + NAD™

Pyruvate + CoA — formic acid + acetyl CoA

Formation of diacetyl, acetoine, 2-3 butylene glycol

Citrate fermentation pathway

Formation of acetic acid
Pyruvate-formate lyase (EC 2.3.1.54)
Acetyl-CoA hydrolase (EC 3.1.2.1)

Citrate — pyruvate — acetyl CoA — diacetyl — acetoine
— 2-3 butylene glycol

Pyruvate + CoA — formic acid + acetyl CoA
Acetyl CoA + H,O — acetic acid + CoA

Sources: Schormuller 1968; Kilara and Shahani 1978; Law 1984a,b; Hutlins and Morris 1987; Kamaly and Marth

1989; Eskin 1990; Khalid and Marth 1990; Steele 1995; Walstra et al. 1999; IUBMB-NC website (www.iubmb.org).

tissues. The structure will break down slowly after
the animal is dead. The desirable postmortem situa-
tion is meat tenderization, and the undesirable sit-
uation is tissue degradation/spoilage.

In order to understand these changes, it is impor-
tant to understand the structure of animal tissues.
Table 1.4 lists the location and major functions of
myofibrillar proteins associated with contractile ap-
paratus and cytoskeletal framework of animal tis-
sues. Schematic drawings and pictures (microscopic,
scanning, and transmission electronic microscopic
images) of tissue macro- and microstructures are
available in various textbooks and references. Chap-
ter 13 in this book, Biochemistry of Raw Meat and
Poultry, also shows a diagram of meat macro- and
microstructures. To avoid redundancy, readers not
familiar with meat structures are advised to refer to

Figure 13.1 when reading the following two para-
graphs that give a brief description of the muscle
fiber structure and its degradation (Lowrie 1992,
Huftf-Lonergan and Lonergan 1999, Greaser 2001).
Individual muscle fibers are composed of myofib-
rils 1-2 m thick and are the basic units of muscular
contraction. The skeletal muscle of fish differs from
that of mammals in that the fibers arranged between
the sheets of connective tissue are much shorter. The
connective tissue is present as short transverse sheets
(myocommata) that divide the long fish muscles into
segments (myotomes) corresponding in numbers to
those of the vertebrae. A fine network of tubules, the
sarcoplasmic reticulum separates the individual myo-
fibrils. Within each fiber is a liquid matrix, referred
to as the sarcoplasm, that contains mitochondria, en-
zymes, glycogen, adenosine triphosphate, creatine,
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Table 1.4. Locations and Major Functions of Myofibrillar Proteins Associated with the Contractile

Apparatus and Cytoskeletal Framework

Location Protein Major Function
Contractile apparatus
A-band Myosin Muscle contraction
c-protein Binds myosin filaments
F-, H-, I-proteins Binds myosin filaments
M-line M-protein Binds myosin filaments
Myomesin Binds myosin filaments
Creatine kinase ATP synthesis
I-band Actin Muscle contraction
Tropomyosin Regulates muscle contraction

Troponins T, I, C
[3-, y-actinins
Cytoskeletal framework

GAP filaments Connectin (titin)
N,-Line Nebulin

By sarcolemma Vinculin

Z-line a-actinin

Eu-actinin, filamin
Desmin, vimmentin

Synemin, Z-protein, Z-nin

Regulates muscle contraction
Regulates actin filaments

Links myosin filaments to Z-line
Unknown

Links myofibrils to sarcolemma
Links actin filaments to Z-line
Links actin filaments to Z-line
Peripheral structure to Z-line
Lattice structure of Z-line

Sources: Eskin 1990, Lowrie 1992, Huff-Lonergan and Lonergan 1999, Greaser 2001.

myoglobin, and other substances. Examination of
myofibrils under a phase contrast light microscope
shows them to be cross-striated due to the presence
of alternating dark or A-bands and light or I-bands.
These structures in the myofibril appear to be very
similar in both fish and meat. A lighter band or H-
zone transverses the A-band, while the I-band has a
dark line in the middle known as the Z-line. A further
dark line, the M-line, can also be observed at the
center of the H-zone in some cases (not shown in
Fig. 13.1). The basic unit of the myofibril is the sar-
comere, defined as the unit between adjacent Z-lines.
Examination of the sarcomere by electron micro-
scope reveals two sets of filaments within the fibrils, a
thick set consisting mainly of myosin and a thin set
containing primarily of F-actin. In addition to the
paracrystalline arrangement of the thick and thin set
of filaments, there is a filamentous “cytoskeletal
structure” composed of connectin and desmin.

Meat tenderization is the result of the synergetic
effect of glycolysis and actions of proteases such as
cathepsins and calpains. Meat tenderization is a very
complex multifactorial process controlled by a num-
ber of endogenous proteases and some as yet poorly
understood biological parameters. With currently

available literature, the following explanation can be
considered. At the initial postmortem stage, cal-
pains, having optimal near neutral pH, attack certain
proteins of the Z-line, such as desmin, filamin, neb-
ulin, and to a lesser extent, connectin. With the pro-
gression of postmortem glycolysis, the pH drops to
5.5 to 6.5, which favors the action of cathepsins on
myosin heavy chains, myosin light chains, a-actinin,
tropnin C, and actin. This explanation does not rule
out the roles played by other postmortem proteolytic
systems that can contribute to this tenderization.
(See Eskin 1990, Haard 1990, Huff-Lonergan and
Lonergan 1999, Gopakumar 2000, Jiang 2000, Simp-
son 2000, Lowrie 1992, and Greaser 2001.)

Table 1.5 lists some of the more common enzymes
used in meat tenderization. Papain, ficin, and brome-
lain are proteases of plant origin that can breakdown
animal proteins. They have been applied in meat ten-
derization or in tenderizer formulations industrially
or at the household or restaurant levels. Enzymes
such as pepsins, trypsins, cathepsins, are well known
in the degradation of animal tissues at various sites
of the protein peptide chains. Enteropeptidase (en-
terokinase) is also known to activate trypsinogen
by cleaving its peptide bond at Lys®-Ile’. Plasmin,
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Table 1.5. Proteases in Animal Tissues and Their Degradation

Enzyme

Reaction

Acid/aspartyl proteases
Pepsin A (Pepsin, EC 3.4.23.1)

Gastricsin (pepsin C, EC 3.4.23.3)

Cathepsin D (EC 3.4.23.5)
Serine proteases

Trypsin (a- and B-trypsin, EC 3.4.21.4)

Chymotrypsin (Chymotrypsin A and B,
EC3.4.21.1)

Chymotrysin C (EC 3.4.21.2)

Pancreatic elastase (pancreato-
peptidase E, pancreatic elastase I,
EC 3.4.21.36)

Plasmin (fibrinase, fibrinolysin,
EC 3.4.21.7)

Enteropeptidase (enterokinase,
EC 3.4.21.9)

Collagenase

Thio/cysteine proteases
Cathepsin B (cathepsin B1, EC 3.4.22.1)

Papain (EC 3.4.22.2)

Fiacin (ficin, EC 3.4.23.3)

Bromelain (3.4.22.4)

v-glutamyl hydrolase (EC 3.4.22.12
changed to 3.4.1.99)

Cathepsin H (EC 3.4.22.16)

Calpain-1 (EC 3.4.22.17 changed to
3.4.22.50)

Metalloproteases
Procollagen N-proteinase (EC 3.4.24.14)

Preferential cleavage, hydrophobic, preferably aromatic,
residues in P1 and P'1 positions

More restricted specificity than pepsin A; high preferential
cleavage at Tyr bond

Specificity similar to, but narrower than that of pepsin A

Preferential cleavage: Arg-, Lys-
Preferential cleavage: Tyr-, Trp-, Phe-, Leu-

Preferential cleavage: Leu-, Tyr-, Phe-, Met-, Trp-, Gln-, Asn-
Hydrolysis of proteins, including elastin. Preferential
cleavage: Ala+

Preferential cleavage: Lys- > Arg-; higher selectivity
than trypsin

Activation of trypsinogen be selective cleavage of Lys6-Ile7
bond

General term for hydrolysis of collagen into smaller
molecules

Hydrolysis of proteins, with broad specificity for peptide
bonds, preferentially cleaves -Arg-Arg- bonds in small
molecule substrates

Hydrolysis of proteins, with broad specificity for peptide
bonds, but preference for an amino acid bearing a large
hydrophobic side chain at the P2 position. Does not accept
Val in P1’

Similar to that of papain

Broad specificity similar to that of pepsin A

Hydrolyzes y-glutamyl bonds

Hydrolysis of proteins; acts also as an aminopeptidase
(notably, cleaving Arg bond) as well as an endopeptidase

Limited cleavage of tropinin I, tropomyosin, and C-protein
from myofibrils and various cytoskeletal proteins from
other tissues. Activates phosphorylase, kinase, and cyclic-
nucleotide-dependent protein kinase

Cleaves N-propeptide of procollagen chain a1(I) at Pro+
Gln and a1(IT) and o2(I) at Ala+GlIn

Sources: Eskin 1990, Haard 1990, Lowrie 1992, Huff-Lonergan and Lonergan 1999, Gopakumar 2000, Jiang 2000,
Simpson 2000, Greaser 2001, IUBMB-NC website (www.iubmb.org).
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pancreatic elastase and collagenase are responsible
for the breakdown of animal connective tissues.

TRANSGLUTAMINASE ACTIVITY IN SEAFOOD
PROCESSING

Transglutaminase (TGase, EC 2.3.2.13) has the sys-
tematic name of protein-glutamine y-glutamyltrans-
ferase. It catalyzes the acyl transfer reaction between
vy-carboxyamide groups of glutamine residues in pro-
teins, peptides, and various primary amines. When
the e-amino group of lysine acts as acyl acceptor, it
results in polymerization and inter- or intramolecular
cross-linking of proteins via formation of e-(y-glu-
tamyl) lysine linkages. This occurs through exchange
of the e-amino group of the lysine residue for ammo-
nia at the carboxyamide group of a glutamine residue
in the protein molecule(s). Formation of covalent
cross-links between proteins is the basis for TGase to
modify the physical properties of protein foods. The
addition of microbial TGase to surimi significantly
increases its gel strength, particularly when the suri-
mi has lower natural setting abilities (presumably
due to lower endogenous TGase activity). Thus far,
the primary applications of TGase in seafood pro-
cessing have been for cold restructuring, cold gela-
tion of pastes, or gel-strength enhancement through
myosin cross-linking. In the absence of primary
amines, water may act as the acyl acceptor, resulting
in deamination of y-carboxyamide groups of gluta-
mine to form glutamic acid (Ashie and Lanier 2000).

PROTEOLYSIS DURING CHEESE FERMENTATION

Chymosin (rennin) is an enzyme present in the calf
stomach. In cheese making, lactic acid bacteria
(starter) gradually lower the milk pH to the 4.7 that
is optimal for coagulation by chymosin. Most lactic
acid starters have limited proteolytic activities. How-
ever, other added lactic acid bacteria have much
stronger proteolytic activities. These proteases and
peptidases break down the milk caseins to smaller
protein molecules and, together with the milk fat,
provide the structure of various cheeses. Other en-
zymes such as decarboxylases, deaminases, and
transaminase are responsible for the degradations of
amino acids into secondary amines, indole, a-keto
acids, and other compounds that give the typical fla-
vor of cheeses. Table 1.6 lists some of these en-
zymes and their reactions.

PROTEOLYSIS IN GERMINATING SEEDS

Proteolytic activities are much lower in germinating
seeds. Only aminopeptidase and carboxypeptidase
A are better known enzymes (Table 1.7). They pro-
duce peptides and amino acids that are needed in the
growth of the plant.

PROTEASES FOR CHILL-HAZE REDUCTION IN
BEER PRODUCTION

In beer production, a small amount of protein is dis-
solved from the wheat and malt into the wort.
During extraction of green beer from the wort, this
protein fraction is also carried over to the beer.
Because of its limited solubility in beer at lower
temperatures, it precipitates out and causes hazing in
the final product. Proteases of plant origin such as
papain, ficin, and bromelain, and possibly other
microbial proteases, can break down these proteins.
Addition of one or more of these enzymes is com-
monly practiced in the brewing industry to reduce
this chill-haze problem.

BIOCHEMICAL CHANGES OF
LIPIDS IN FOODS

CHANGES IN L1rIDS IN FOOD SYSTEMS

Research reports on enzyme-induced changes in
lipids in foods are abundant. In general, they are
concentrated on changes in the unsaturated fatty
acids or the unsaturated fatty moieties in acylglyc-
erols (triglycerides). The most studied are linoleate
(linoleic acid) and arachidonate (arachidonic acid)
as they are quite common in many food systems
(Table 1.8). Because of the number of double bonds
in arachidonic acid, enzymatic oxidation can occur
at various sites, and the responsible lipoxygenases
are labeled according to these sites (Table 1.8).

CHANGES IN LIPIDS DURING CHEESE
FERMENTATION

Milk contains a considerable amount of lipids and
these milk lipids are subjected to enzymatic oxida-
tion during cheese ripening. Under proper cheese
maturation conditions, these enzymatic reactions
starting from milk lipids create the desirable flavor
compounds for these cheeses. These reactions are
numerous and not completely understood, so only
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Table 1.6. Proteolytic Changes in Cheese Manufacturing

Action and Enzymes

Reaction

Coagulation
Chymosin (rennin, EC 3.4.23.4)

k-Casein — Para-k-casein + glycopeptide, similar to

pepsin A

Proteolysis
Proteases
Amino peptidases, dipeptidases,
tripeptidases
Proteases, endopeptidases,
aminopeptidases
Decomposition of amino acids
Aspartate transaminase (EC 2.6.1.1)
Methionine y-lyase (EC 4.4.1.11)
Tryptophanase (EC 4.1.99.1)
Decarboxylases

Proteins — high molecular weight peptides + amino acids
Low molecular weight peptides — amino acids

High molecular weight peptides — low molecular weight
peptides

L-Asparate + 2-oxoglutarate — oxaloacetate + L-glutamate
L-methionine — methanethiol + NH; + 2-oxobutanolate
L-tryptophan + H,O — indole + pyruvate + NH;

Lysine — cadaverine

Glutamate — aminobutyric acid
Tyrosine — tyramine
Tryptophan — tryptamine
Arginine — putrescine
Histidine — histamine

Deaminases

Alanine — pyruvate

Tryptophan — indole
Glutamate — a-ketoglutarate
Serine — pyruvate
Threonine — a-ketobutyrate

Sources: Schormuller 1968; Kilara and Shahani 1978; Law 1984a,b; Grappin et al. 1985; Gripon 1987; Kamaly and
Marth 1989; Khalid and Marth 1990; Steele 1995; Walstra et al. 1999; [IUBMB-NC website (Www.iubmb.org).

Table 1.7. Protein Degradation in Germinating Seeds

Enzyme

Reaction

Aminopeptidase (EC 3.4.11.11* deleted in 1992,
referred to corresponding aminopeptidase)
Carboxypeptidase A (EC 3.4.17.1)

Neutral or aromatic aminoacyl-peptide + H,O —
neutral or aromatic amino acids + peptide

Release of a C-terminal amino acid, but little or no
action with -Asp, -Glu, -Arg, -Lys, or -Pro

Sources: Stauffer 1987a,b; Bewley and Black 1994; IUBMB-NC website (www.iubmb.org).

general reactions are provided (Table 1.9). Readers
should refer to chapters 19, 20, and 26 in this book
for a detailed discussion.

L1pID DEGRADATION IN SEED GERMINATION

During seed germination, the lipids are degraded
enzymatically to serve as energy source for plant
growth and development. Because of the presence of
a considerable amount of seed lipids in oilseeds,

they have attracted the most attention, and various
pathways in the conversion of fatty acids have been
reported (Table 1.10). The fatty acids hydrolyzed
from the oilseed glycerides are further metabolized
into acyl-CoA. From acyl-CoA, it is converted to
acetyl-CoA and eventually used to produce energy.
It is reasonable to believe that similar patterns also
exist in other nonoily seeds. Seed germination is
important in production of malted barley flour for
bread making and brewing. However, the changes of
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Table 1.8. Enzymatic Lipid Oxidation in Food Systems

Enzyme

Reaction

Arachidonate-5-lipoxygenase (5-lipoxygenase,
EC 1.13.11.34)

Arachidonate-8-lipoxygenase (8-lipoxygeanse,
EC 1.13.11.40)

Arachidonate 12-lipoxygenase (12-lipoxygenase,
EC 1.13.11.31)

Arachidonate 15-lipoxygenase (15-lipoxygenase,
EC 1.13.11.33)

Lipoxygenase (EC 1.13.11.12)

Arachidonate + O, — (6FE, 8Z, 11Z, 14Z)-(55)-
5-hydroperoxyicosa-6-8-11,14-tetraenoate
Arachidonate + O, — (5Z, 9E, 11Z, 147Z)-(8R)-
8-hydroperoxyicosa-5,9,11,14-tetraenoate
Arachidonate + O, — (5Z, 8Z, 10E, 147)-(12S)-
12-hydroperoxyicosa-5,8,10,14-tetraenoate
Arachidonate + O, — (5Z, 87, 11Z, 13E)-(155)-
15-hydroperoxyicosa-5,8,11,13-tetraenoate
Linoleate + O, — (9Z, 11E)-(13§)-13-
hydroperoxyoctadeca-9, 11-dienoate

Sources: Lopez-Amaya and Marangoni 2000a,b; Pan and Kuo 2000; Kolakowska 2003; [UBMB-NC website

(www.iubmb.org).

Table 1.9. Changes in Lipids in Cheese Manufacturing

Enzyme or Actions

Reaction

Lipolysis
Lipases, esterases

Acetoacetate decarboxylase (EC 4.1.1.4)
Acetoacetate-CoA ligase (EC 6.2.1.16)

Esterases
Conversion of fatty acids
[3-oxidation and decarboxylation

Triglycerides — [3-keto acids, acetoacetate, fatty
acids

Acetoacetate + H™ — acetone + CO,

Acetoacetate + ATP + CoA — acetyl CoA +
AMP + diphosphate

Fatty acids — esters

B-Keto acids — methyl ketones

Sources: Schormuller 1968, Kilara and Shahani 1978, IUBMB-NC website (www.iubmb.org).

Table 1.10. Lipid Degradation in Seed Germination

Enzyme or Enzyme System

Reaction

Lipase (oil body)

B-oxidation (glyoxysome)
Glyoxylate cycle (glyoxysome)
Mitochondrion

Reverse glycolysis (Cytosol)

Triacylglycerol — diacylglycerol + fatty acid
Triacylglycerol — monoacylglycerol + fatty acids
Diacylglycerol — monoacylglycerol + fatty acid
Fatty acid + CoA — acyl CoA

Acyl CoA — acetyl CoA

Acetyl CoA — succinate

Succinate — phosphoenol pyruvate

Phosphoenol pyruvate — hexoses — sucrose

Sources: Bewley and Black 1994, Murphy 1999.
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lipids in these seeds are of less importance than the
activity of a-amylase.

BIOGENERATION OF FRESH-F1SH ODOR

The main enzymes involved in biogeneration of the
aroma in fresh fish have been reported as the 12- and
15-lipoxygenases (Table 1.8) and hydroperoxide
lyase. The 12-lipoxygenase acts on specific polyun-
saturated fatty acids and produces n-9-hydroperox-
ides. Hydrolysis of the 9-hydroperoxide of eicos-
apentenoic acid by specific hydroperoxide lyases
leads to the formation of mainly (Z,Z)-3-6-nonadi-
enal, which can undergo spontaneous or enzyme-
catalyzed isomerization to (E,Z)-2,6-nonadienal.
These aldehydes may undergo reduction to their
corresponding alcohols. This conversion is a signifi-
cant step in the general decline of the aroma intensi-
ty due to the fact that alcohols have somewhat higher
odor detection thresholds than the aldehydes (John-
son and Linsay 1986, German et al. 1992).

BIOCHEMICALLY INDUCED
FOOD FLAVORS

Many fruits and vegetables produce flavors that are
significant in their acceptance and handling. There
are a few well-known examples (Table 1.11). Garlic
is well known for its pungent odor due to the enzy-
matic breakdown of its alliin to the thiosulfonate
allicin, with the characteristic garlic odor. Straw-
berries have a very typical pleasant odor when they
ripen. Biochemical production of the key compound

responsible for strawberry flavor [2,5-dimethyl-4-
hydroxy-2H-furan-3-one (DMHF)] is now known. It
is the result of hydrolysis of terminal nonreducing
B-D-glucose residues from DMHF-glucoside with
release of (3-D-glucose and DMHF. Lemon and
orange seeds contain limonin, a bitter substance that
can be hydrolyzed to limonate, which creates a less
bitter taste sensation. Many cruciferous vegetables
such as cabbage and broccoli have a sulfurous odor
due to the production of a thiol after enzymatic
hydrolysis of its glucoside. These are just some
examples of biochemically induced fruit and veg-
etable flavors. Brewed tea darkens after it is exposed
to air due to enzymatic oxidation. Flavors from
cheese fermentation and fresh-fish odor have al-
ready been described earlier. Formation of fishy
odor will be described later (see below). Readers
interested in this subject should consult Wong
(1989) for earlier findings of chemical reactions.
Huang’s review on biosynthesis of natural aroma
compounds derived from amino acids, carbohy-
drates, and lipids should also be consulted (2005).

BIOCHEMICAL DEGRADATION
AND BIOSYNTHESIS OF PLANT
PIGMENTS

DEGRADATION OF CHLOROPHYL IN FRUIT
MATURATION

Green fruits are rich in chlorophylls that are gradu-
ally degraded during ripening. Table 1.12 shows

Table 1.11. Selected Enzyme-Induced Flavor Reactions

Enzyme

Reaction

Alliin lyase (EC 4.4.1.4), (garlic, onion)

B-glucosidase (EC 3.2.1.21) (strawberry)

Catechol oxidase (EC 1.10.3.1), (tea)

Limonin-D-ring-lactonase (EC 3.1.1.36) (Ilemon
and orange seeds)

Thioglucosidase (EC 3.2.1.147) (cruciferous
vegetables)

An S-alkyl-L-cysteine S-oxide — an alkyl
sufenate + 2-aminoacrylate

Hydrolysis of terminal nonreducing 3-D-glucose
residues with release of 3-D-glucose

[2,5-Dimethyl-4-hydroxy-2H-furan-3-one
(DMHF)-glucoside —» DMHF]

2 Catechol + O, — 2 1,2-benzoquinone + 2 H,O

Limonoate-D-ring-lactone + H,O — limonate

A thioglucoside + H,O — A thiol + a sugar

Sources: Wong 1989, Eskin 1990, Chin and Lindsay 1994, Orruno et al. 2001, [IUBMB-NC website (www.iubmb.org).
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Table 1.12. Degradation of Chlorophyll

Enzyme

Reaction

Chlorophyllase (EC 3.1.1.4)
Magnesium dechelatase (EC not available)
Phyeophorbide a oxygenase (EC not available)

RCC reductase (EC not available)
Various enzymes

Chlorophyll — chlorophyllide + phytol

Chlorophyllide a — phyeophorbide a + Mg**

Phyeophorbide a + O, — red chlorophyll
catabolite (RCC)

RCC — fluorescent chlorophyll catabolite (FCC)

FCC — nonfluorescent chlorophyll catabolites
(NCO)

Sources: Eskin 1990, Dangl et al. 2000, IUBMB-NC website (www.iubmb.org).

some of the enzymatic reactions proposed in the
degradation of chlorophyll a (Table 1.12).

MEVALONATE AND ISOPENTYL DIPHOSPHATE
BIOSYNTHESIS PRIOR TO FORMATION OF
CAROTENOIDS

Table 1.13 lists the sequence of reactions in the for-
mation of (R)-mevalonate from acetyl-CoA, and
from (R)-mevalonate to isopentyl diphosphate. Iso-
pentyl diphosphate is a key building block for caro-
tenoids (Croteau et al. 2000). Carotenoids are the
group of fat-soluble pigments that provides the yel-
low to red colors of many common fruits such as
yellow peaches, papayas, and mangoes. During post-
harvest maturation, these fruits show intense yellow
to yellowish orange colors due to synthesis of caro-
tenoids from its precursor isopentyl diphosphate,
which is derived from (R)-mevalonate. Biosyntheses
of carotenoids and terpenoids have a common pre-

cursor, (R)-mevalonate derived from acetyl-CoA
(Table 1.13). (R)-mevalonate is also a building block
for terpenoid biosynthesis (Croteau et al. 2000;
IUBMB website).

NARINGENIN CHALCONE BIOSYNTHESIS

Flavonoids are a group of interesting compounds
that not only give fruits and vegetables various
red, blue, or violet colors, but also are related to
the group of bioactive compounds called stilbenes.
They have a common precursor of frans-cinnamate
branching out into two routes, one leading to the
flavonoids, and the other leading to stilbenes (Table
1.14; TUBMB website). Considerable interest has
been given to the stilbene trans 3,5,4’-trihydroxystil-
bene (commonly called reveratrol or resveratrol) in
red grapes and red wine that may have potent antitu-
mor properties and to another stilbene, combretas-
tatin, with potential antineoplastic activity (Croteau

Table 1.13. Mevalonate and Isopentyl Diphosphate Biosyntheses

Enzyme

Reaction

Acetyl-CoA C-acetyltransferase (EC 2.3.1.9)
Hydroxymethylglutaryl-CoA-synthase
(EC 2.3.3.10)
Hydroxymethylglutaryl-CoA reductase (NADPH,)
(EC1.1.1.34)
Mevaldate reductase (EC 1.1.1.32)
Mevalonate kinase (EC 2.7.1.36)

Phosphomevalonate kinase (EC 2.7.4.2)

Diphosphomevalonate decarboxylase (EC 4.1.1.33)

2 acetyl-CoA — acetoacetyl-Co-A + CoA
Acetoacetyl-CoA + acetyl-CoA + H,0 — (S)-
3-hydroxy-3-methylglutaryl CoA + CoA
(5)-3-hydroxy-3-methylglutaryl-CoA + 2 NADPH,
— (R)-mevalonate + CoA + 2 NADP
(R)-mevalonate + NAD — mevaldate + NADH,
(R)-mevalonate + ATP — (R)-5-
phosphomevalonate + ADP
(R)-5-phosphomevalonate + ATP — (R)-5-
diphosphomevalonate + ADP
(R)-5-diphosphomevalonate + ATP — isopentyl
diphosphate + ADP + phosphate + CO,

Sources: Croteau et al. 2000, IUBMB-NC Enzyme website (www.iubmb.org).
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Table 1.14. Naringenin Chalcone Biosynthesis

Enzyme

Reaction

Phenylalanine ammonia-lyase (EC 4.3.1.5)
Trans-cinnamate 4-monoxygenase (EC 1.14.13.11)

4-Coumarate-CoA ligase (EC 6.2.1.12)

Naringinin-chalcone synthase (EC 2.3.1.74)

L-phenylalanine — trans-cinnamate + NH;

Trans-cinnamate + NADPH, + O, — 4-
hydroxycinnamate + NADP + H,O

4-hydroxycinnamate (4-coumarate) + ATP + CoA
— 4-coumaroyl-CoA + AMP + diphosphate

4-coumaroyl-CoA + 3 malonyl-CoA — naringinin
chalcone + 4 CoA + 3 CO,

Sources: Eskin 1990, Croteau et al. 2000, [UBMB-NC Enzyme website (www.iubmb.org).

et al. 2000). Table 1.14 gives the series of reactions
in the biosynthesis of naringenin chalcone. Naring-
enin chalcone is the building block for flavonoid
biosynthesis. The pathway for the biosynthesis of a
stilbene pinosylvin and 3,4’5’-trihydroxystilbene
has been postulated (IUBMB website).

SELECTED BIOCHEMICAL
CHANGES IMPORTANT IN THE
HANDLING AND PROCESSING OF
FOODS

PRODUCTION OF AMMONIA AND
FORMALDEHYDE FROM TRIMETHYLAMINE AND
ITS N-OXIDE

Trimethylamine and its N-oxide have long been
used as indices for freshness in fishery products.
Degradation of trimethylamine and its N-oxide leads
to the formation of ammonia and formaldehyde with
undesirable odors. The pathway on the production of
formaldehyde and ammonia from trimethylamine
and its N-oxide is shown in Figure 1.2.

PRODUCTION OF BIOGENIC AMINES

Most live pelagic and scombroid fish (e.g., tunas,
sardines, and mackerel) contain an appreciable
amount of histidine in the free state. In postmortem
scombroid fish, the free histidine is converted by the
bacterial enzyme histidine decarboxylase into free
histamine. Histamine is produced in fish caught 40—
50 hours after death when fish are not properly
chilled. Improper handling of tuna and mackerel
after harvest can produce enough histamine to cause
food poisoning (called scombroid or histamine poi-
soning). The common symptoms of this kind of food
poisoning are facial flushing, rashes, headache, and

gastrointestinal disorder. These disorders seem to be
strongly influenced by other related biogenic amines,
such as putrescine and cadaverine, produced by sim-
ilar enzymatic decarboxylation (Table 1.15). The

Trimethylamine

Trimethylamine
N-oxide reductase
+ Hx0, NADH
Trimethylamine — NAD*
dehydrogenase

+ H20, Flavoprotein

.

Formaldehyde
v

Trimethylamine
N-oxide

Trimethylamine oxide
aldolase

Dimethylamine

+Hx0, FAD
Dimethylamine
dehydrogenase

— FADH
v
Methylamine ——— Formaldehyde

Amine | + H0
dehydrogenase | — Formaldehyde

v
Ammonia

Figure 1.2. Degradation of trimethylamine and its N-
oxide. Trimethylamine N-oxide reductase (EC 1.6.6.9),
Trimethylamine dehydrogenase (EC 1.5.8.2),
Dimethylamne dehydrogenase (EC 1.5.8.1), Amine
dehydrogenase (EC 1.4.99.3). [Haard et al. 1982,
Gopakumar 2000, Stoleo and Rehbein 2000, IUBMB-
NC website (www.iubmb.org)]
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Table 1.15. Secondary Amine Production in Seafoods

Enzyme

Reaction

Histidine decarboxyalse (EC 4.1.1.22)
Lysine decarboxylase (EC 4.1.1.18)
Ornithine decarboxylase (EC 4.1.1.17)

L-Histidine — histamine + CO,
L-Lysine — cadaverine + CO,
L-Ornithine — putrescine + CO,

Sources: Gopakumar 2000, [IUBMB-NC website (www.iubmb.org).

presence of putrescine and cadaverine is more sig-
nificant in shellfish, such as shrimp. The detection
and quantification of histamine is fairly simple and
inexpensive. However, the detection and quantifica-
tion of putrescine and cadaverine are more compli-
cated and expensive. It is suspected that histamine
may not be the real and main cause of poisoning, as
histamine is not stable under strong acidic condi-
tions such as pH 1 in the stomach. However, the
U.S. Food and Drug Administration (FDA) has strict
regulations governing the amount of histamine per-
missible in canned tuna, as an index of freshness of
the raw materials, because of the simplicity of hista-
mine analysis (Gopakumar 2000).

PRODUCTION OF AMMONIA FROM UREA

Urea is hydrolyzed by urease (EC 3.5.1.5) to ammo-
nia, which is one of the components of total volatile
base (TVB). TVB nitrogen has been used as a quality
index of seafood acceptability by various agencies
(Johnson and Linsay 1986, Cadwallader 2000, Go-
pakumar 2000). A good example is shark, which
contains fairly high amounts of urea in the live fish.
Under improper handling, urea is converted to am-
monia by urease, giving shark meat an ammonia
odor that is not well accepted by consumers. To
overcome this problem, the current practice of
bleeding the shark near its tail right after harvest is
very promising.

ADENOSINE TRIPHOSPHATE DEGRADATION

Adenosine triphosphate (ATP) is present in all bio-
logical systems. Its degradation in seafood has often
been reported (Fig. 1.3) (Gill 2000, Gopakumar
2000). The degradation products, such as inosine
and hypoxanthine, have been used individually or in
combination as indices of freshness for many years.

POLYPHENOL OXIDASE BROWNING

Polyphenol oxidase (PPO, EC 1.10.3.1, systematic
name 1,2 benzenediol:oxygen oxidoreductase) is
also labeled as phenoloxidase, phenolase, monophe-
nol and diphenol oxidase, and tyrosinase. This en-
zyme catalyzes one of the most important color re-
actions that affects many fruits, vegetables, and
seafood, especially crustaceans. This postmortem
discoloration in crustacean species such as lobster,
shrimp, and crab is also called melanosis or black
spot. It connotes spoilage, is unacceptable to con-
sumers, and thus reduces the market value of these
products.

Polyphenol oxidase is responsible for catalyzing
two basic reactions. In the first reaction, it catalyzes
the hydroxylation of phenols with oxygen, to the
o-position adjacent to an existing hydroxyl group.
For example, tyrosine, a monohydroxy phenol, is
present naturally in crustaceans. PPOs from shrimp
and lobster are activated by trypsin or by a trypsin-
like enzyme in the tissues to hydroxylate tyrosine
with the formation of dihydroxylphenylamine
(DOPA). The second reaction is the oxidation of the
diphenol to o-benzoquinones, which are further oxi-
dized to melanins (brown to dark products), usually
by nonenzymatic mechanisms.

The major effect of reducing agents or antioxi-
dants in the prevention of browning is their ability to
reduce the o-quinones to the colorless diphenols, or
to react irreversibly with the o-quinones to form
stable colorless products. The use of reducing com-
pounds is the most effective control method for PPO
browning. The most widespread antibrowning treat-
ment used by the food industry was the addition of
sulfiting agents. However, because of safety con-
cerns, other methods have been developed, including
the use of other reducing agents (such as ascorbic
acid and analogs, cysteine and glutathione), chelat-
ing agents (phosphates, EDTA), acidulants (citric
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Adenosine triphosphate (ATP)

+ Hzo
ATP phosphohydrolase ——— > Inorganic phosphate

v
Adenosine diphosphate (ADP)

+ H20
ADPase | Inorganic phosphate

v

Adenosine monophosphate (AMP)

+ H20
AMP deaminase I Ammonia

v

Inosine monophosphate (IMP)

S-nucleotidase | ) |norganic phosphate

v

Inosine (HxR)

+ H20
Inosine nucleosidase » Ribose
v

Hypoxanthine (Hx)

Xanthineoxidase | .0
+ 0o

v
Uric acid

Figure 1.3. Degradation of adenosine triphosphate
(ATP) in seafoods. ATP phosphohydrolase (EC
3.6.3.15), ADPase (EC 3.6.1.6), AMP deaminase (EC
3.5.4.6), 5’-nucleotidase (EC 3.1.3.5), Inosine nucleoti-
dase (EC 3.1.3.5), Xanthine oxidase (EC 1.1.3.22). [Gill
2000, Gopakumar 2000, IUBMB-NC website
(www.iubmb.org)]

acid, phosphoric acid), enzyme inhibitors, enzyme
treatment, and complexing agents. Application of
these inhibitors of enzymatic browning is strictly
regulated in different countries (Eskin 1990, Gopa-
kumar 2000, Kim et al. 2000).

ETHYLENE PRODUCTION IN FRUIT RIPENING

Ethylene acts as one of the initiators in fruit ripen-
ing. Its concentration is very low in green fruits but
can accumulate inside the fruit and subsequently
activates its own production. Table 1.16 lists the
enzymes in the production of ethylene starting from
methionine. The effect of ethylene is commonly
observed in the shipping of bananas. The banana is a
climacteric fruit with a fast ripening process. During
shipping of green bananas, ethylene is removed
through absorption by potassium permanganate to
render a longer shelf life.

REDUCTION OF PHYTATE IN CEREALS

Phytic acid (myo-inositol hexaphosphate) is the
major phosphate reserve in many seeds. Since it
exists as a mixed salt with elements such as potassi-
um, magnesium, and calcium (and as such is called
phytin or phytate), it is also a major source of these
macronutrient elements in the seed. However, this
salt form of macronutrients renders them unusable
by the human body. During seed germination, phy-
tase (4-phytase, phytate-6-phosphatase, EC 3.1.3.26)
hydrolyzes the phytic acid to release phosphate, its
associated phosphate cation, and 1-D-myo-inositol
1,2,3,4,5-pentakisphosphate. Breakdown of phytate
is rapid and complete (Stauffer 1987a,b; Berger
1994; Bewley 1997). This enzymatic reaction re-
leases the macronutrients from their bound forms so
they are more easily utilized by the human body.
This explains why breads utilizing flour from germi-
nated wheat are more nutritious than those made
from regular wheat flour.

BIOTECHNOLOGY IN FOOD
PRODUCTION, HANDLING, AND
PROCESSING

BIOTECHNOLOGY-DERIVED FOOD ENZYMES

With the advancement of biotechnology, the food
industry was not slow in jumping on the wagon for
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Table 1.16. Ethylene Biosynthesis

Principles

Enzyme

Reaction

Methionine adenosyltransferase
(adenosylmethionine synthase, EC 2.5.1.6)

Aminocyclopropane carboxylate synthetase
(EC4.4.1.14)

Aminocyclopropane carboxylate oxidase
(EC 4.14.17.4)

L-methionine + ATP + H,O — S-adenosyl-y-
methionine + diphosphate + phosphate
S-adenosyl-y-methionine — 1-aminocyclopropane-
1-carboxylate + 5'-methylthio-adenosine
1-aminocyclopropane-1-carboxylate + ascorbate
+ Y2 O, — ethylene + dedroascorbate + CO,
+ HCN + H,0

Sources: Eskin 1990, Bryce and Hill 1999, Crozier et al. 2000, Dangl et al. 2000, IUBMB-NC website

(www.iubmb.org).

better processing aids. At least six biotechnology-
derived enzymes have been developed: acetolactate
decarboxylase, a-amylase, amylo-1,6-glucosidase,
chymosin, lactase, and maltogenic a-amylase (Table
1.17). Chymosin has now been well adopted by the
cheese industry because of reliable supply and rea-
sonable cost. Lactase is also well accepted by the
dairy industry for the production of lactose-free milk
and as a dietary supplement for lactose-intolerant
consumers. Amylases are also being used for the
production of high fructose corn syrup and as an
anti-staling agent for bread. The application of pec-
tic enzymes in genetically modified tomatoes was
mentioned earlier. It should be noted that each coun-
try has its own regulations governing the use of
these biotechnology-derived enzymes.

GENETICALLY MODIFIED MICROORGANISMS
USEFUL IN FOOD PROCESSING

Like the biotechnology-derived food enzymes, ge-
netically modified microorganisms are being devel-
oped for specific needs. Lactic acid bacteria and
yeast have been developed to solve problems in the

dairy, baking, and brewing industries (Table 1.18).
As with the biotechnology-derived food enzymes,
their use is governed by the regulations of individual
countries.

CONCLUSION

The Institute of Food Technologists (IFT), formed in
the United States in 1939, was the world’s first such
organization to pull together those working in food
processing, chemistry, engineering, microbiology,
and other subdisciplines who were trying to better
understand food and help solve some of its related
problems. Now, most countries have similar organi-
zations, and the IFT has developed into a world
organization and the leader in this field.

When we look back into the history of food sci-
ence as a discipline, we see that it started out with a
few universities in the United States, mainly in com-
modity departments, such as animal science, dairy
science, horticulture, cereal science, poultry science,
and fishery. Now, in the United States and Canada,
most of these programs (about 50 in total) have
evolved into a food science or food science and

Table 1.17. Selected Commercial Biotechnology-Derived Food Enzymes

Enzyme

Application

Acetolactate decarboxylase (EC 4.1.1.5)

a-amylase (EC 3.2.1.1)

Amylo-1,6-glucosidase (EC 3.2.1.33)

Chymosin (EC 3.4.23.4)

Lactase (EC 3.2.1.108)

Glucan 1,4-a-maltohydrolase (maltogenic
a-amylase, EC 3.2.1.133)

Beer aging and diacetyl reduction

High fructose corn syrup (HFCS) production
High fructose corn syrup (HFCS) production
Milk clotting in cheese manufacturing
Lactose hydrolysis

Anti-staling in bread

Sources: Roller and Goodenough 1999, Anonymous 2000, [IUBMB-NC website (www.iubmb.org).
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Table 1.18. Selected Genetically Modified Microorganisms Useful in Food Processing

Microorganisms

Application

Lactobacillus lactis
Saccharomyces (Baker’s yeast)

Saccharomyces cervisiae (Brewer’s yeast)

Phage resistance, lactose metabolism, proteolytic
activity, bacteriocin production

Gas (carbon dioxide) production in sweet,
high-sugar dough

Manufacture of low-calorie beer (starch
degradation)

Sources: Hill and Ross 1999, Roller and Goodenough 1999, Anonymous 2000.

human nutrition department. The IFT has played an
important role in these developments. There are also
programs in other countries where food science is
grouped under other traditional disciplines such as
biology or chemistry. However, some universities in
a few countries put more emphasis on food science
and form a school or a college. Many food science
departments with a food biochemistry emphasis are
now available all over the world, and they promote
their programs through the Internet. These depart-
ments place their emphases on one or more com-
modities.

Research reports on various topics of food sci-
ence and food technology have been published in
various journals including the Journal of Food
Science, Food Technology, and others. Food-related
biochemical studies were published in various jour-
nals until 1977, when the first issue of Journal of
Food Biochemistry was published. Although food
biochemistry—-related reports are still published in
other journals, establishment of this journal is a
milestone for this subdiscipline of food science. A
few books with emphasis on food biochemistry in
general and on specific commodities/components
have also become available in the past 40 years.

Over the past several decades, many food bio-
chemistry—related problems have been resolved, and
these solutions have resulted in industry applica-
tions. Examples of such achievements as lactase,
lactose-free milk, “Beano™,” transgenic tomatoes
with easier ripening control, application of transglu-
taminase to control seafood protein restructuring,
proteases for meat tenderization, production of high
fructose syrups, and others have been discussed ear-
lier. With the recent interest and development in
biotechnology, food biochemists are trying to apply
this new technique to help solve many food-related
biochemical problems. These may include but not

be limited to those in food safety, improved nutrient
content, delayed food spoilage, better raw materials
for processing and product development, better pro-
cessing technology, and less expensive flavoring
materials. In the near future, we should not be sur-
prised when researchers report breakthroughs that
are food biochemistry related. In fact, this is expect-
ed, as we now have better trained researchers and
more advanced research tools. Although its study
requires a diversified background, food biochem-
istry is gaining more interest in the food science dis-
cipline. It is an area that will attract more students,
especially with the current interest in biotechnology.
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Protein Analysis
Lipid Analysis . Proteins are considered to be among the most abun-
Carbohydrate Analysis dant cell components and, except for storage pro-
gmerfd //:nallys%s teins, are important for biological functions within
Jtamin Anazysis the organism—plant or animal. Many food proteins

Pigment Analysis . .

have been purified and characterized over the years
References ;

and found to range from approximately 5000 to

more than a million Daltons. In general, they are all
INTRODUCTION composed of various elements including carbon,

Without question, food can be considered as a very
complex and heterogeneous composition of hun-
dreds, if not thousands, of different biochemical
compounds. In the area of food biochemistry, the
isolation and quantitative measurement of these
chemical components has posed, and continues to
pose, immense challenges to the analytical bio-
chemist. Without the ability to measure both specifi-
cally and quantitatively those biochemical compo-
nents in food matrices, further advancements in the
understanding of how foods change during matura-
tion or processing would not be possible.

Although it is impossible to address the quantita-
tive analysis of all the different food components, the
major techniques for the analysis of protein, lipids,
carbohydrates, minerals, vitamins, and pigments
will be addressed in detail in this chapter. The prin-
ciples behind their analysis are the building blocks
for other analytical determinations, including tech-
niques such as gas chromatography, high perform-
ance liquid chromatography (HPLC), and spectros-
copy, including infrared and mass spectroscopy.

hydrogen, nitrogen, oxygen, and sulfur. These ele-
ments are formed into twenty different amino acids,
which are linked together by peptide bonds to form
proteins. In general, nitrogen is the most distin-
guishing element in proteins, varying from approxi-
mately 13 to 19% due to variations in the specific
amino acid composition of proteins (Chang 1998).
For the past several decades, protein analysis has
been performed by determining the nitrogen content
of the food product after complete acidic hydrolysis
and digestion by the Kjeldahl method and subse-
quent conversion to protein content using various
conversion factors (Chang 1998, Diercky and Huy-
ghebaert 2000). As far back as the turn of the centu-
ry, colorimetric protein determination methods such
as the Biuret procedure (which exploited the devel-
opment of the violet-purplish color that is produced
when cupric ions complex with peptide bonds under
alkaline conditions) became available. The color ab-
sorbance is measured at 540 nm, with the color in-
tensity (absorbance) being proportional to the pro-
tein content (Chang 1998) with a sensitivity of 1-10
mg protein/mL. Over the years, further modifications

25
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were made with the development of the Lowry
method (Lowry et al. 1951, Peterson 1979), which
combines the Biuret reaction with the reduction
of the Folin-Ciocalteau phenol reagent (phospho-
molybdic-phosphotungstic acid) by tyrosine and
tryptophan residues in the proteins. The resulting
bluish color is read at 750 nm, which is highly sensi-
tive for low protein concentrations (sensitivity 20—
100 pg). Other methods exploit the tendency of pro-
teins to absorb strongly in the ultraviolet spectrum
(i.e., 280 nm), primarily due to tryptophan and tyro-
sine residues. Since the tryptophan and tyrosine con-
tents in proteins are generally constant, the absorb-
ance at 280 nm has been used to estimate the
concentration of proteins using Beer’s law. Because
each protein has a unique aromatic amino acid com-
position, the extinction coefficient (E,g;) must be
determined for each individual protein for protein
content estimation.

Although these methods are appropriate for quan-
titating the actual amounts of proteins available
within a sample or commodity, they do not possess
the ability to differentiate and quantitate the actual
types of proteins within a mixture. The most cur-
rently used methods for detecting and/or quantitat-
ing specific protein components can be cataloged in
the fields of spectrometry, chromatography, elec-
trophoresis, or immunology or a combination of
these (VanCamp and Huyghebaert 1996).

Electrophoresis is defined as the migration of
charged molecules in a solution through an electri-
cal field (Smith 1998). Although several forms of
this technique exist, zonal electrophoresis (in which
proteins are separated from a complex mixture into
bands by migrating in aqueous buffers through a sol-
id polymer matrix called a polyacrylamide gel) is
perhaps the most common. In nondenaturing/native
electrophoresis, proteins are separated based on
their charge, size, and hydrodynamic shape. In dena-
turing polyacrylamide gel electrophoresis (PAGE),
an anionic detergent, sodium dodecyl sulfate (SDS),
is used to separate protein subunits by size (Smith
1998). Isoelectric focusing is a modification of elec-
trophoresis in which proteins are separated by charge
in an electrophoretic field on a gel matrix in which a
pH gradient has been generated using ampholytes.
Proteins will focus or migrate to the location in the
pH gradient that equals the isoelectric point (pl) of
the protein. Resolution is among the highest of any

protein separation technique and can separate pro-
teins with pl differences as small as 0.02 pH units
(Smith 1998, Chang 1998). More recently, with the
advent of capillary electrophoresis, proteins can be
separated on the basis of charge or size in an electric
field within a very short period of time. The primary
difference between capillary electrophoresis and
conventional electrophoresis (described above) is
that a capillary tube is used in place of a polyacry-
lamide gel. Unlike a gel, which must be made and
cast each time, the capillary tube can be reused over
and over. Electrophoresis flow within the capillary
also can influence separation of the proteins in capil-
lary electrophoresis (Smith 1998).

High performance liquid chromatography (HPLC)
is another extremely fast analytical technique that
possesses excellent precision and specificity as well
as the proven ability to separate protein mixtures
into individual components. Many different kinds of
HPLC techniques exist, depending on the nature of
the column characteristics (chain length, porosity,
etc.) and the elution characteristics (mobile phase,
pH, organic modifiers). In principle, proteins can be
analyzed based on the polarity, solubility, or size of
their constituent components.

Reversed-phase chromatography was introduced
in the 1950s (Howard and Martin 1950, Diercky
and Huyghebaert 2000) and has become a widely
applied HPLC method for the analysis of both pro-
teins and a wide variety of other biological com-
pounds. Reversed-phase chromatography is gener-
ally achieved on an inert column packing, typically
covalently bonded with a high density of hydropho-
bic functional groups, such as linear hydrocarbons
with 4, 8, or 18 residues in length, or the relatively
more polar phenyl group. In fact, reversed-phase
HPLC has proven itself useful and indispensable in
the field of varietal identification. It has been shown
that the processing quality of various grains depends
on their physical and chemical characteristics,
which are at least partially genetic in origin, and that
a wide range of qualities exists within varieties of
each species (Osborne 1996). The selection of the
appropriate cultivar is therefore an important deci-
sion for a farmer, since it greatly influences the
return he receives on his investment (Diercky and
Huyghebaert 2000).

Size-exclusion chromatography separates protein
molecules based on their size or, more precisely,
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their hydrodynamic volume, and it has become very
popular in recent years. Size-exclusion chromatog-
raphy utilizes uniform rigid particles whose uniform
pores are sufficiently large for the protein molecules
to enter. Large molecules do not enter the pores of
the column particles and are therefore excluded, that
is, they are eluted in the void volume of the column
(i.e., elute first), whereas smaller molecules enter
the column pores and therefore take longer to elute
from the column. An application example of size-
exclusion chromatography is the separation of soy-
bean proteins (Oomah et al. 1994). In one particular
study, nine peaks were eluted for soybean, corre-
sponding to different protein size fractions; one peak
showed a high variability for the relative peak area
and could serve as a possible differentiation among
different cultivars. Differences, qualitatively and
quantitatively, in peanut seed protein composition
were detected by size-exclusion chromatography
and contributed to evaluation of genetic differences,
processing conditions, and seed maturity. Basha
(1990) found that size-exclusion chromatography
was an excellent indicator of seed maturity. Basha
(1990) discovered that the area of one particular
component (peak) decreased with increasing maturi-
ty and remained unchanged towards later stages of
seed maturity. The peak was present in all studied
cultivars, all showing a “mature seed protein profile”
with respect to this particular peak, which was there-
fore called “Maturin.”

LIPID ANALYSIS

By definition, lipids are soluble in various organic
solvents but insoluble in water. For this reason, lipid
insolubility in water becomes an important distin-
guishing and analytical factor used in separating
lipids from other cellar components such as carbo-
hydrates and proteins (Min and Steenson 1998). Fats
(solids at room temperature) and oils (liquid at room
temperature) are composed primarily of tri-esters of
glycerol with fatty acids and are commonly called
triglycerides. Other major lipid types found in foods
include free fatty acids, mono- and diacylglycerols,
and phospholipids.

Fats and oils are widely distributed in nature and
play many important biological roles, especially
within cell membranes. In general, many naturally
occurring lipids are composed of various numbers of

fatty acids (one to three) with various chain lengths,
usually greater than 12 carbons, although the vast
majority of animal and vegetable fats are made up of
fatty acid molecules of greater than 16 carbons.

The total lipid content of a food is commonly
determined using various organic solvent extraction
methods. Unfortunately, the wide range of relative
hydrophobicity of different lipids makes the selec-
tion of a single universal solvent almost impossible
for lipid extraction and quantitation (Min and Steen-
son 1998). In addition to various solvent extraction
methods (using various solvents), there are nonsol-
vent wet extraction methods and other instrumental
methods that utilize the chemical and physical prop-
erties of lipids for content determination.

Perhaps one of the most commonly used and eas-
iest to perform methods is the Soxhlet method, a
semicontinuous extraction method that allows for
the sample in the extraction chamber to be com-
pletely submerged in solvents for 10 minutes or
more before the extracted lipid and solvent are
siphoned back into the boiling flask reservoir. The
whole process is repeated numerous times until all
the fat is removed. The fat content is determined
either by measuring the weight loss of the sample or
the weight of lipid removed.

Another excellent method for total fat determina-
tion includes supercritical fluid extraction. In this
method, a compressed gas (usually CO,) is brought
to a specific pressure-temperature combination that
allows it to attain supercritical solvent properties for
the selective extraction of lipid from a matrix. In this
way specific types of lipids can be selectively ex-
tracted while others remain in the matrix (Min and
Steenson 1998). The dissolved fat is then separated
from the compressed, liquified gas by a drop in pres-
sure, and the precipitated lipid is then quantified as
percent lipid by weight (Min and Steenson 1998).

Another method often used for total lipid quanti-
tation is the infrared method, which is based on the
absorption of infrared energy by fat at a wavelength
of 5.73 pm (Min and Steenson 1998). In general, the
more energy is absorbed at 5.73 wm, the higher
the lipid content in the material. Near-infrared spec-
troscopy has been successfully used to measure the
lipid content of various oilseeds, cereals, and meats;
it has the added advantage of being nondisruptive to
the sample, in contrast to other previously reviewed
methods.
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Although the above-cited methods are appropri-
ate for quantitating the actual amounts of lipids
within a given sample, they do not offer the ability
to characterize the types of fatty acids within a mix-
ture. Gas chromatography, however, does offer the
ability to characterize these lipids in terms of their
fatty acid composition (Pike 1998). First of all,
mono-, di-, and triglycerides need to be isolated
individually if a mixture exists, usually by simple
adsorption chromatography on silica. The isolated
glycerides can then be hydrolyzed to release individ-
ual fatty acids, which are subsequently converted to
their ester form; that is, the glycerides are saponified
and the fatty acids thus liberated are esterified to
form fatty acid methyl esters. The fatty acids are
now volatile and can be separated chromatographi-
cally using various packed and capillary columns
using a variety of temperature-time gradients.

Separation of the actual mono-, di-, and triglyc-
erides is usually much more problematic than deter-
mining their individual fatty acid constituents or
building blocks. Although gas chromatography has
also been used for this purpose, such methods give
insufficient information to provide a complete tri-
glyceride composition of a complex mixture. Such
analyses are important for the edible oil industry for
process and product quality control purposes as well
as for the understanding of triglyceride biosynthesis
and deposition in plant and animal cells (Marini
2000).

With HPLC analysis, Plattner et al. (1977) were
able to establish that, under isocratic conditions, the
logarithm of the elution volume of a triacylglycerol
was directly proportional to the total number of car-
bon atoms (CN) and inversely proportional to the
total number of double bonds (X) in the three fatty
acyl chains (Marini 2000). The elution behavior is
controlled by the equivalent carbon number (ECN)
of a triacylglycerol, which may be defined as ECN =
CN — Xn where n is the factor for double bond con-
tribution, normally close to 2.

The IUPAC Commission on Oils, Fats, and Deriv-
atives undertook the development of a method for
the determination of triglycerides in vegetable oils
by liquid chromatography. Materials studied includ-
ed soybean oil, almond oil, sunflower oil, olive oil,
rapeseed oil, and blends of palm and sunflower oils
and almond and sunflower oils (Marini 2000,
Fireston 1994). AOAC International adopted this

method for determination of triglycerides (by parti-
tion numbers) in vegetable oils by liquid chromatog-
raphy as an [UPAC-AOC-AOAC method. In this
method, triglycerides in vegetable oils are separated
according to their equivalent carbon number by
reversed-phase HPLC and detected by differential
refractometry. Elution order is determined by calcu-
lating the equivalent carbon numbers, ECN = s and
CN — 2n, where CN is the carbon number and n is
the number of double bonds (Marini 2000).

CARBOHYDRATE ANALYSIS

Carbohydrates play several important roles in foods,
including among other things, imparting important
physical properties to the foods as well as constitut-
ing a major source of energy in the human diet. In
fact, it has been estimated that carbohydrates ac-
count for greater than 70% of the total daily caloric
intake in many parts of the world (BeMiller and
Low 1998).

Carbohydrates found in nature are almost exclu-
sively of plant origin, with at least 90% of them
occurring in the form of polysaccharides (BeMiller
and Low 1998). Interestingly, although the most
carbohydrates are in the form of polysaccharides,
starches are about the only polysaccharide that is
digestible by humans. The vast majority of polysac-
charides are therefore nondigestible, and they have
been divided into two classes, soluble and insoluble,
which form what is commonly called dietary fiber.

For decades total carbohydrate was determined
by exploiting the tendency of carbohydrates to
condense with various phenolic-type compounds in-
cluding phenol, orcinol, resorcinol, napthoresorcinol,
and a-naphthol (BeMiller and Low 1998). The most
widely used condensation was with phenol, which
offered a rapid, simple, and specific determination
for carbohydrates. Virtually all types of carbohy-
drates, mono-, di, oligo-, and polysaccharides, could
be determined. After reaction with phenol in acid in
the presence of heat, a stable color is produced that
can be read spectrophotometrically. A standard
curve is usually prepared with a carbohydrate simi-
lar to these being measured.

Although the above method was, and still is, used
to quantitate the total amount of carbohydrate in a
given sample, it does not offer the ability to deter-
mine the actual types and/or building blocks of
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individual carbohydrates. Earlier methods, which
included paper chromatography, open column chro-
matography, and thin-layer chromatography, have
largely been replaced by HPLC and/or gas chro-
matography (Peris-Tortajada 2000). Gas chromatog-
raphy has been established as an important method
in carbohydrate determinations since the early
1960s (Sweeley et al. 1963, Peris-Tortajada 2000),
and several unique applications have since then been
reported (El Rassi 1995).

For carbohydrates to be analyzed by gas chro-
matography, they must first be converted into vol-
atile derivatives. Perhaps the most commonly used
derivatizing agent is trimethylsilyl (TMS). In this
procedure, the aldonic acid forms of carbohydrates
are converted into their TMS ethers. The reaction
mixtures are then injected directly into the chro-
matograph, and temperature programming is uti-
lized to optimize the separation and identification of
individual components. A flame ionization detector
is still the detector of choice for carbohydrates. Un-
like gas chromatography, HPLC analysis of carbo-
hydrates requires no prior derivatization of carbohy-
drates and gives both qualitative (identification of
peaks) and quantitative information for complex
mixtures of carbohydrates. HPLC has been shown to
be an excellent choice for the separation and analy-
sis of a wide variety of carbohydrates, ranging from
monosaccharides to oligosaccharides. For the analy-
sis of larger polysaccharides, a hydrolysis step is
required prior to chromatographic analysis. A vari-
ety of different columns can be used, with bonded
amino phases used to separate carbohydrates with
molecular weights up to about 2500, depending up-
on carbohydrate composition and, therefore, solubil-
ity properties (Peris-Tortajada 2000). The elution
order on amine-bonded stationary phases is usually
monosaccharide and sugar alcohols followed by dis-
accharides and oligosaccharides. Such columns have
been successfully used to analyze carbohydrates in
anything from fruits and vegetables all the way to
processed foods such as cakes, confectionaries, bev-
erages, and breakfast cereals (BeMiller and Low
1998). With larger polysaccharides, gel filtration be-
comes the preferred chromatographic technique, as
found in the literature. Gel filtration media such as
Sephadex® and Bio-Gel® have been successfully
used to characterize polysaccharides according to
molecular weight.

MINERAL ANALYSIS

Minerals are extremely important for the structural
and physiological functioning of the body. It has
been estimated that 98% of the calcium and 80%
of the phosphorous in the human body are bound
up within the skeleton (Hendricks 1998). Those
minerals that are directly involved in physiological
function (e.g., in muscle contraction) include sodi-
um, calcium, potassium, and magnesium. Certain
minerals (or macrominerals) are required in quanti-
ties of more than 100 mg per day; these include
sodium, potassium, magnesium, phosphorous, calci-
um, chlorine, and sulfur. Another 10 minerals (trace
minerals) are required in milligram quantities per
day; these include silica, selenium, fluoride, molyb-
denum, manganese, chromium, coppet, zinc, iodine,
and iron (Hendricks 1998). Each of the macro- and
trace minerals has a specific biochemical role in
maintaining body function and is important to over-
all health and well-being.

Although minerals are naturally found in most
food materials, some are added to foods during pro-
cessing to accomplish certain objectives. An exam-
ple of this is salt, which is added during processing
to decrease water activity and to act as a preservative
(e.g., pickles and cheddar cheese; Hendricks 1998).
Iron is added to fortify white flour, and various other
minerals such as calcium, iron, and zinc are added to
various breakfast cereals. In fact, salt itself is forti-
fied with iodine in North America in order to control
goiter.

It should also be noted that food processing can
decrease the mineral content (e.g., the milling of
wheat removes the mineral-rich bran layer). During
the actual washing and blanching of various foods,
important minerals are often lost. It can therefore be
concluded that accurate and specific methods for
mineral determination are in fact important for nu-
tritional purposes as well as for properly processing
food products for both human and animal consump-
tion.

In order to determine the total mineral content of
a food material, the ashing procedure is usually per-
formed. Ash refers to the inorganic residue that re-
mains after ignition, or in some cases complete oxi-
dation, of organic material (Harbers 1998). Ashing
can be divided into three main types: (1) dry ashing
(most commonly used); (2) wet ashing (oxidation),
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for samples with high fat content (such as meat
products) or for preparation for elemental analysis;
and (3) plasma ashing (low temperature) for when
volatile elemental analysis is conducted.

In dry ashing, samples usually are incinerated in a
muffle furnace at temperatures of 500-600°C. Most
minerals are converted to oxides, phosphates, sul-
fates, chlorides, or silicates. Unfortunately, elements
such as mercury, iron, selenium, and lead may be
partially volatized using this procedure.

Wet ashing utilizes various acids to oxidize or-
ganic materials and minerals that are solubilized
without their volatilization. Nitric and perchloric
acids are often used, and reagent blanks are carried
throughout the procedure and are subtracted from
sample results.

In low-temperature plasma ashing, samples are
treated in a similar way to those in dry ashing, but
under a partial vacuum, with samples being oxidized
by nascent oxygen formed by an electromagnetic
field.

Although the above three methods have been
proven to be appropriate for quantitating the total
amount of mineral within a sample, they do not pos-
sess the ability to either differentiate or quantitate
actual mineral elements within a mixture.

When atomic absorption spectrometers became
widely used in the 1960s and 1970s, they paved the
way for measuring trace amounts of mineral ele-
ments in various biological samples (Miller 1998).
Essentially, atomic absorption spectroscopy is an
analytical technique based on the absorption of
ultraviolet or visible radiation by free atoms in the
gaseous state. The sample must be first ashed and
then diluted in weak acid. The solution is then atom-
ized into a flame. According to Beer’s Law, absorp-
tion is directly related to the concentration of a par-
ticular element in the sample.

Atomic emission spectroscopy differs from atom-
ic absorption spectroscopy in that the source of radi-
ation is, in fact, excited atoms or ions in the sample
rather than from external source, has in part taken
over. Atomic emission spectroscopy does have
advantages with regard to sensitivity, interference,
and multielement analysis (Miller 1998).

Recently, the use of ion-selective electrodes has
made on-line testing of the mineral composition of
samples a reality. In fact, many different electrodes
have been developed for the direct measurement of
various anions and cations such as calcium, bromide,

fluoride, chloride, potassium, sulfide, and sodium
(Hendricks 1998). Typically, levels down to 0.023
ppm can be measured. When working with ion-
selective electrodes it is common procedure to meas-
ure a calibration curve.

VITAMIN ANALYSIS

By definition, vitamins are organic compounds of
low molecular weight that must be obtained from
external sources in the diet and are also essential for
normal physiological and metabolic function
(Russell 2000). Since the vast majority of vitamins
cannot be synthesized by humans, they must be
obtained from either food or dietary supplements.
When vitamins are absent or at inadequate levels in
the diet, deficiency disease commonly occurs, (e.g.,
scurvy and pellagra from a lack of ascorbic acid and
niacin, respectively; Eitenmiller et al. 1998).

Analyses of vitamins in foods are performed for
numerous reasons; for example, to check for regula-
tory compliance, to obtain data for nutrient labeling,
or to study the changes in vitamin content attributa-
ble to food processing, packaging, and storage (Ball
2000). Therefore, numerous analytical methods have
been developed to determine vitamin levels during
processing and in the final product.

Vitamins have been divided into two distinct
groups: (1) those that are water soluble (B vitamins,
vitamin C) and (2) those that are fat soluble (vita-
mins A, D, E, and K).

The scientific literature contains numerous ana-
lytical methods for the quantitation of water-soluble
vitamins including several bio-, calorimetric, and
fluorescent assays that have been proven to be accu-
rate, specific, and reproducible for both raw and pro-
cessed food products (Eitenmiller et al. 1998). The
scientific literature also contains an abundance of
HPLC-based methodologies for the quantitation
of water-soluble vitamins (Russell 2000). High per-
formance liquid chromatography (HPLC) has be-
come by far the most popular technique for the
quantitation of these water-soluble vitamins. In gen-
eral, it is the nonvolatile and hydrophilic nature of
these vitamins that make them excellent candidates
for reversed-phase HPLC analysis (Russell 2000).
The ability to automate these analyses using auto-
samplers and robotics makes HPLC an increasingly
popular technique. Since the vast majority of vita-
mins occur in food in trace amounts, detection sensi-
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tivity is paramount to their detection. Although
ultraviolet absorbance is the most common detec-
tion method, both fluorescence and electrochemical
detection are also used in specific cases. Refractive
index detection is seldom used for vitamin detection
due to its inherent lack of specificity and sensitivity.

During the 1960s, gas chromatography using
packed columns was widely applied to the determi-
nation of various fat-soluble vitamins, especially
vitamins D and E. Unfortunately, thin-layer chroma-
tographic and open-column techniques were still nec-
essary for preliminary separation of the vitamins, fol-
lowed by derivatization to increase the vitamins’
thermal stability and volatility (Ball 2000). More
recently, the development of fused-silica, open tubu-
lar capillary columns has revived the use of gas
chromatography, leading to a number of recent ap-
plications for the determination of fat-soluble vita-
mins, especially vitamin E (Marks 1988, Ulberth
1991, Kmostak and Kurtz 1993, Mariani and Bellan
1996). This being said, the method of choice for
determining fat-soluble vitamins in foods is HPLC
(Ball 2000). The interest in this chromatographic
technique is due to the lack of need for derivatiza-
tion and the greater separation and detection selec-
tivity this technique offers. Various HPLC methods
of analysis were introduced for the first time in the
1995 edition of the Official Methods of Analysis of
AOAC International; these include vitamin A in
milk (AOAC 992.04, 1995) and vitamins A (AOAC
992.26, 1995), E (AOAC 992.03, 1995), and K
(AOAC 992.27, 1995) in various milk-based infant
formulas (Ball 2000).

It should be noted that at present there is no uni-
versally recognized standard method for determin-
ing any of the fat-soluble vitamins that can be ap-
plied to all food types (Ball 2000).

PIGMENT ANALYSIS

Color is a very important characteristic of foods and
is often one of the first quality attributes used to
judge the quality or acceptability of a particular food
(Schwartz 1998). There are a vast number of natural
and synthetic pigments, both naturally occurring and
added to foods, that contribute to food color. Of the
naturally occurring pigments in foods, the vast ma-
jority can be divided into five major classes, four of
which are distributed in plant tissues and one in ani-
mal tissues (Schwartz 1998). Of those found in

plants, two types are lipid soluble (i.e., the chloro-
phylls and the carotenoids), and the other two are
water soluble (i.e., anthocyanins and betalains).
Carotenoids are found in animals but are not biosyn-
thesized; that is, they are derived from plant sources
(Schwartz 1998).

Several analytical methods have been developed
for the analysis of chlorophylls in a wide variety of
foods. Early spectrophotometric methods allowed
for the quantitation of both chlorophyll a and chloro-
phyll b by measuring absorbance at the absorbance
maxima of both chlorophyll types. Unfortunately,
only fresh plant material could be assayed, as no
pheophytin could be determined. This became the
basis for the AOAC International spectrophotomet-
ric procedure (Method 992.04), which provides
results for total chlorophyll content as well as for
chlorophyll a and chlorophyll b quantitation.

Schwartz et al. (1981) described a simple re-
versed-phase HPLC method for the analysis of
chlorophylls and their derivatives in fresh and pro-
cessed plant tissues. This method simplified the
determination of chemical alterations in chlorophyll
during the processing of foods and allowed for the
determination of pheophytins and pyropheophytins.

For carotenoid analysis, numerous HPLC meth-
ods have been developed, particularly for the spe-
cific separation of various carotenoids found in
fruits and vegetables (Bureau and Bushway 1986).
Both normal and reversed-phase methods have been
used, with the reversed-phase methods predominat-
ing (Schwartz 1998). Reversed-phase chromatogra-
phy on C-18 columns using isocratic elution proce-
dures with mixtures of methanol and acetonitrile
containing ethyl acetate, chloroform, or tetrahydro-
furan have been found to be satisfactory (Schwartz
1998). Detection of carotenoids usually range from
approximately 430 to 480 nm. Since (3-carotene in
hexane has an absorption maximum at 453 nm,
many methods have detected a wide variety of
carotenoids in this region (Schwartz 1998).

Measurements of anthocyanins have been per-
formed by determining absorbance of diluted sam-
ples acidified to about pH 1.0 at wavelengths be-
tween 510 and 540 nm. Unfortunately, absorbance
measurements of anthocyanin content provide only
for a total quantification, and further information
about the amounts of various individual anthocy-
anins must be obtained by other methods. Reversed-
phase HPLC methods employing C-18 columns
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have been the methods of choice due to the water-
soluble nature of anthocyanins. Mixtures of water
and acetic, formic, or phosphoric acids are usually
employed as part of the mobile phase.

Charged pigments such as betalains can be sepa-
rated by electrophoresis, but HPLC has been found
to provide for more rapid resolution and quantita-
tion. Betalains have been separated on reversed-
phase columns by using various ion-paring or ion-
suppression techniques (Schwartz and Von Elbe
1980, Huang and Von Elbe 1985). This procedure
allows for more interaction of the individual mole-
cules of betaine with the stationary phase and better
separation between individual components.
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INTRODUCTION

Modern biotechnology involves molecular tech-
niques that use whole or parts of living organisms to
produce or improve commercial products and pro-
cesses. It is a relatively new and rapidly evolving
branch of molecular biology, which started with the
creation of the first recombinant gene 30 years ago.
These techniques are, in many different ways,
changing the way we live by improving the foods we
eat, the beverages we drink, the clothes we wear,
and the medicines we take. They also have enhanced
other aspects of our lives through the development
of new detection methods for early diagnosis of
many diseases such as arteriosclerosis, cancer, dia-
betes, Parkinson’s, and Alzheimer’s. The application
of biotechnology methods in the food and agricul-
tural industry is one of the many aspects of biotech-
nology that has great impact on society. By the year
2050, it is expected that more than 10 billion people
will be living on this planet, and it is also believed
that there may not be enough resources to feed the
world population (UNFPA 1995). Hunger and mal-
nutrition already claim 24,000 lives a day in the de-
veloping countries of Asia, Africa, and Latin Amer-
ica (James 2003). Malnutrition, however, is not
exclusive to developing nations. Many people in
industrialized countries, although mostly well fed,
still suffer from lack of proper nourishment.
Biotechnology is the scientific field that offers the
greatest potential to stop hunger today and help
avoid mass starvation in the future. Through biotech-
nology, scientists can enhance a crop’s resistance to
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diseases and environmental stresses, allowing crops
to be grown in relatively unproductive and unsuit-
able land. Recent developments in biotechnology
will allow the production of more nutritious, safer,
tastier, and healthier food. Advances in genetic engi-
neering are revolutionizing the way we produce and
consume food, and it is quite possible that in the
next decade a large percentage of the food we eat
will be bioengineered.

In this review, the recent advances, methods, and
applications of biotechnology in the manufacture of
food products from transgenic plants, animals, and
microorganisms have been summarized. This article
is not, by any means, a documentation of every ap-
plication of biotechnology in the food industry, but a
comprehensive review, which includes the most rel-
evant examples. The results of important scientific re-
search trying to improve the nutritional value of sta-
ple crops such as rice, potatoes, and soybeans will
be discussed. This improvement can be achieved
through the introduction of genes that encode for
enzymes in the biosynthetic pathway of vitamins,
essential amino acids, essential elements, and mi-
cronutrient binding proteins. Examples of genetic
engineering of cattle, swine, poultry, and fish will be
described, with the purpose of improving milk qual-
ity, decreasing fat content, increasing productivity/
growth, and providing tolerance to freezing temper-
atures. The use of the mammary gland and egg as
bioreactors for the production of important proteins
will also be addressed. The third part of this arti-
cle will focus on the role of microorganisms for the
betterment of food products through the elimination
of carcinogenic compounds from beverages, the in-
hibition of pathogenic bacteria from starter cultures,
the production of healthier natural sweeteners, and
the synthesis of beneficial compounds such as carot-
enoids. Finally, some examples on the use of bio-
technology techniques in the detection of transgenic
material and harmful pathogens in food products
will be described. Other recent reviews of specific
aspects of food biotechnology will complement the
information provided in this article (Giddings et al.
2000, Kleter et al. 2001, Daniell and Dhingra 2002,
Dove 2002, Sharma et al. 2002, Taylor and Hefle
2002, Vasil 2003).

BIOENGINEERED PLANTS

Genetic engineering methods have been extensively
used to increase the quantity of different nutrients

(vitamins, essential amino acids, minerals, and phy-
tochemicals) and enhance their availability in plants.
There are two main methods for transferring genes
into plants for production of transgenic plants: Agro-
bacterium-mediated transformation and micropro-
jectilebombardment. In the Agrobacterium-mediated
transformation method, a genetically engineered
strain of Agrobacterium tumefaciens is used to
transfer the transgene into the plants. Some strains
of A. tumefaciens have the natural ability to transfer
a segment of their own DNA into plants for inducing
crown-gall tumors. These crown gall-inducing wild-
type strains of A. fumefaciens have a Ti (tumor
inducing) plasmid that carries the genes for tumor
induction. During the process of infection, Agrobac-
terium transfers a segment of Ti plasmid, known as
T-DNA, to plant cells (Willmitzer et al. 1983). The
Ti plasmid can be engineered into a two-plasmid (bi-
nary) system containing a “disarmed” Ti plasmid, in
which the T-DNA has been deleted, and a small
plasmid (referred to as a binary cloning vector) con-
taining an “engineered” T-DNA segment. The dis-
armed Ti plasmid, which is maintained in an A.
tumefaciens strain, serves as a helper, providing the
transfer function for the engineered T-DNA, which
contains a target gene and a plant selectable marker
gene inserted between the T-DNA left and right bor-
ders. When the A. tumefaciens containing the dis-
armed Ti plasmid and the binary cloning vector is
grown in the presence of acetosyringone, the Agro-
bacterium vir (virulence) gene proteins, which help
transfer the engineered T-DNA region of the binary
cloning vector to the plant cells, are produced (Zam-
bryski 1988). The Agrobacterium-mediated trans-
formation is the most commonly used method for
genetic engineering of plants.

The microprojectile bombardment method, also
known as the gene gun or biolistic transformation
method, involves the delivery and expression of for-
eign DNA directly into individual plant cells (Klein
et al. 1987). It has been proven to be a powerful
method for transforming a large number of plant
species, including monocots, which are often diffi-
cult to transform using A. tumefaciens (Vain et al.
1995). In this method, tungsten or gold spherical par-
ticles, approximately 4 wm in size, are coated with
DNA and then accelerated to high speed and inserted
into plant cells using a biolistic particle delivery sys-
tem or a gene gun. Once the DNA gets inside a cell,
it integrates into the plant DNA through some
unknown process. It is not known whether integra-
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tion of DNA into the chromosome requires the deliv-
ery of the microprojectiles into the plant nucleus.
The microprojectile bombardment method has been
used to transfer genes into various plant sections
used in tissue culture regeneration, calli, cell suspen-
sions, immature embryos, and pollens in a wide
range of plant species. This method can also be used
to transfer genes into chloroplasts and mitochondria,
which cannot be accomplished by the A. tumefa-
ciens-mediated gene transfer (Southgate et al. 1995).

ESSENTIAL VITAMINS

Vitamins play a crucial role in human health by con-
trolling metabolism and assisting the biochemical
processes that release energy from foods. They are
important in the formation of hormones, blood cells,
nervous-system chemicals, and genetic material.
Vitamins combine with proteins to create metaboli-
cally active enzymes that are important in many
chemical reactions. Of the 13 well-known vitamins,
the body can only manufacture vitamin D; all others,
such as vitamins A, C, and E, must be derived from
the diet. Insufficient vitamin intake may cause a
variety of health problems. Through biotechnology,
scientists can increase the content of vitamins in cer-
tain crops, allowing a wider range of the world pop-
ulation to make use of their health benefits.

Vitamin A

Nearly two-thirds of the world population depends
on rice as their major staple, and among them an
estimated 300 million suffer from some degree of
vitamin A deficiency (WHO 1997). This is a serious
public health problem in a number of countries,
including highly populated areas of Asia, Africa,
and Latin America. The rice endosperm (the starchy
interior part of the rice grain) does not contain any
[B-carotene, which is the precursor for vitamin A.
Vitamin A is a component of the visual pigments of
rod and cone cells in the retina, and its deficiency
causes symptoms ranging from night blindness to
total blindness. In Southeast Asia, it is estimated that
a quarter of a million children go blind each year
because of this nutritional deficiency. Plant foods
such as carrots and many other vegetables contain
B-carotene. Each (3-carotene molecule is oxidatively
cleaved in the intestine to yield two molecules of
retinal, which can be then reduced to form retinol or
vitamin A (Fig. 3.1).

Ingo Potrykus from the Swiss Federal Institute of
Technology, Zurich, Switzerland, and Peter Beyer
from the University of Freiburg recently developed
transgenic rice, expressing genes for [3-carotene bio-
synthesis in rice grains (Potrykus 2001). Rice endo-
sperm naturally contains geranlylgeranyl pyro-
phosphate (GGPP), which is a precursor of the
pathway for (-carotene biosynthesis. GGPP can be
converted into B-carotene in four steps (Bartley et al.
1994) (Fig. 3.2). The bacterial enzyme phytoene
desaturase (EC 1.14.99.30) encoded by the crtl gene
can substitute the functions of both phytoene desat-
urase and {-carotene desaturase (EC 1.14.99.30) in
plants (Armstrong 1994). To reduce the number of
genes transformed into rice for the (3-carotene path-
way, the researchers used the crt/ gene from the bac-
terium Erwinia uredovora (Ye et al. 2000). The psy
gene encoding phytoene synthase (EC 2.5.1.32) and
the Icy gene encoding lycopene B-cyclase used for
transformation originated from the plant daffodil.
The plant psy gene (cDNA) and the bacterial crtl gene
were placed under the control of the endosperm-
specific rice glutelin (Gt1) promoter and the 35S cau-
liflower mosaic virus (CaMV) promoter, respective-
ly, and introduced in the binary plasmid pZPsC.
Another plasmid, pZLcyH, was constructed by
inserting the lcy gene from daffodil under the control
of rice Gtl promoter and the aphlV gene, for
hygromycin resistance, under the control of 35S
CaMV promoter. Plasmids pZPsC and pZLCyH
were cotransformed into immature rice embryos by
Agrobacterium-mediated transformation (Ye et al.
2000). All hygromycin-resistant transformants were
screened for the presence of the psy, crtl, and lcy
genes by Southern hybridization. A few of the trans-
formed plants produced B-carotene in the endo-
sperm, which caused the kernel to appear yellow. The
selected line contained 1.6—4 g B-carotene per gram
of endosperm and was established as “golden rice.”

Vitamin C

Vitamin C or ascorbic acid, found in many plants, is
an important component in human nutrition. It has
antioxidant properties, improves immune cell and
cardiovascular functions, prevents diseases linked to
the connective tissue (Davey et al. 2000), and is re-
quired for iron utilization (Hallberg et al. 1989).
Most animals and plants are able to synthesize
ascorbic acid, but humans do not have the enzyme,
L-gulono-1,4-lactone oxidoreductase (EC 1.1.3.8),
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Figure 3.1. Formation of vitamin A from p-carotene.

necessary for the final step in ascorbic acid biosyn-
thesis. For this reason, ascorbic acid needs to be
consumed from dietary sources, especially from
plants (Davey et al. 2000). The recent identification
of the ascorbic acid pathway in plants opened the
way to manipulating its biosynthesis and allowed
the design of bioengineered plants that produce
ascorbic acid at significantly higher levels. The
biosynthetic pathway of ascorbic acid in animals
differs from that in plants. In plants, vitamin C
biosynthesis can be accomplished in two ways.
First, D-galacturonic acid, which is released upon
the hydrolysis of pectin (a major cell wall compo-
nent), is converted into L-galactonic acid with the
help of the enzyme D-galacturonic acid reductase
(EC 2.7.1.44). L-galactonic acid is then readily con-
verted into L-galactono-1,4-lactone, which is the

immediate precursor of ascorbic acid (Fig. 3.3;
Wheeler et al. 1998, Smirnoff et al. 2001). Re-
searchers in Spain (Agius et al. 2003) isolated and
characterized GalUR, a gene in strawberry that
encodes the enzyme D-galacturonic acid reductase.
The GalUR gene was amplified by polymerase chain
reaction (PCR) as a 956 bp fragment and cloned into
a binary vector behind a 35S CaMV promoter. The
resulting plasmid was transformed into E. coli and
delivered to Agrobacterium by triparental mating.
Finally, the GalUR gene was introduced into Arab-
idopsis thaliana plants via Agrobacterium-mediated
transformation. The expression of the strawberry
GalUR gene in A. thaliana allowed the bioengi-
neered plants to increase the biosynthesis of ascor-
bic acid by two to three times compared with the
wild-type plants (Agius et al. 2003).
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Figure 3.2. Biosynthetic pathway of B-carotene in plants and bacteria.

The second way by which plants synthesize vita-
min C is through the recycling of used ascorbic acid
(Fig. 3.4). During the first step of this recycling,
ascorbic acid is oxidized, forming a radical called
monodehydroascorbate (MDHA). Once MDHA is
formed, it can be readily converted back into ascor-
bic acid by the enzyme monodehydroascorbate
reductase (MDHAR) (EC 1.6.5.4) or further oxi-
dized, forming dehydroascorbate (DHA). DHA can
then undergo irreversible hydrolysis or be recycled
to ascorbic acid by the enzyme dehydroascorbate
reductase (DHAR) (EC 1.8.5.1), which uses the
reductant glutathione (GSH) (Washko et al. 1992,
Wheeler et al. 1998, Smirnoff et al. 2001). Re-
searchers from the University of California, River-

side, hypothesized that by enhancing the expression
of DHAR in plants, they could increase ascorbic
acid synthesis, because a more efficient ascorbate
recycling process would be achieved (Chen et al.
2003). To test their hypothesis, they isolated DHAR
cDNA from wheat and expressed the gene in tobac-
co and maize plants. Tobacco plants were trans-
formed by using Agrobacterium. A His tag was
added to DHAR, which was then introduced in the
binary vector pBI101, behind a 35S CaMV promot-
er. For maize, a DHAR without a His tag was placed
under the control of the maize ubiquitin (Ub) pro-
moter or the Shrunken 2 (Sh2) promoter in the
PACHI18 vector. Transgenic maize was generated by
particle bombardment of the embryogenic callus.
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DHAR expression was amplified up to 32 times in
tobacco, and up to 100 times in maize, resulting
in increased ascorbic acid levels of up to four-fold in
the bioengineered plants (Chen et al. 2003).

Vitamin E

Vitamin E is a broad term used to describe a group
of eight lipid-soluble antioxidants in the tocotrienol
and tocopherol families that are synthesized by pho-
tosynthetic organisms, mainly plants (Hess 1993).
Both the tocotrienol and tocopherol families can be
distinguished into four different forms each (a, {3,
v, d), based on the number and position of methyl
groups in the aromatic ring (Kamal-Eldin and Ap-
pelqvist 1996). Tocotrienols and tocopherols protect
plants against oxidative stresses, and the antioxidant
property of these molecules adds functional quali-
ties to food products (Andlauer and Furst 1998).
Vitamin E is an important component of mammalian
diet, and excess intake has been shown to produce
many beneficial therapeutic properties, including re-
duction of cholesterol levels, inhibition of breast
cancer cell growth in vitro, decreased risk of cardio-
vascular diseases, and decreased incidence of many
human degenerative disorders (Theriault et al. 1999).

L-galactono-1,4-lactone

v

Ascorbic Acid

MDHAR

MDHA

DHA

Figure 3.4. Oxidative pathway of vitamin C recycling.
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Tocotrienols have more powerful antioxidant proper-
ties than tocopherols but are not absorbed as readily.
The predominant forms of vitamin E in leaves and
seeds are a-tocopherol and v-tocotrienol, respec-
tively (Munné-Bosch and Alegre 2002). While the
biosynthesis of tocopherols and tocotrienols has
been known for many years, the particular genes
that encode for the different enzymes in the pathway
have only recently been discovered. Researchers are
trying to develop plants with increased vitamin E
levels, and some positive results have already been
achieved.

The first step in the pathway for the biosynthesis
of both tocopherols and tocotrienols is the formation
of homogentisic acid (HGA) from p-hydroxyphenyl-
pyruvate, catalyzed by the enzyme p-hydroxphenyl-
pyruvate dioxygenase (HPPD) (EC 1.13.11.27) (Fig.
3.5) (Grusack and DellaPenna 1999). Tocotrienol
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and tocopherol biosynthesis in plants originates
from two different precursors. Tocotrienols are pro-
duced from the condensation of HGA and geranyl-
geranyl diphosphate (GGDP), catalyzed by HGA
geranylgeranyl transferase (HGGT) (EC 2.5.1.32),
and tocopherols are formed from the condensation
of HGA and phytyl diphosphate (PDP), catalyzed by
HGA phytyl transferase (HPT) (EC 2.5.1.62) (Fig.
3.5) (Soll et al. 1980, Schultz et al. 1985, Collakova
and DellaPenna 2001). Researchers from the
Institute of Botany in Germany described the effects
of constitutive expression of HPPD cDNA from bar-
ley (Hordeum vulgare) in tobacco plants. The HPPD
gene was cloned into the pBinAR binary vector, in a
Smal cloning site located between the 35S CaMV
promoter and the octopine synthase (EC 1.5.1.11)
polyadenylation signal. The construct was then
introduced into Agrobacterium GV3101, which was
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Figure 3.5. Biosynthetic pathway of vitamin E (a-tocotrienol and a-tocopherol). (Adapted from Cahoon et al. 2003.)
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used to transform tobacco explants. The results
showed that transgenic lines had a greater capacity
for overall biosynthesis of HGA and produced a
two-fold increase in vitamin E in the seeds. Vitamin
E content in leaves was not affected (Falk et al.
2003).

In another approach towards vitamin E enhance-
ment, Cahoon et al. (2003) reported the identifica-
tion and isolation of a novel monocot gene that
encodes HGGT, which is so far the only known
enzyme specific for the synthesis of tocotrienols.
These researchers found that the expression of the
barley HGGT enhanced the tocotrienol synthesis by
10- to 15-fold in the leaves of A. thaliana and by six-
fold in the seeds of corn. The barley HGGT cDNA
was placed under the control of the 35S CaMV pro-
moter and the nopaline synthase terminator. The
construct was inserted into the binary vector
pZS199 to generate plasmid pSH24. The plasmid
was then introduced into Agrobacterium for trans-
formation into tobacco and A. thaliana (Cahoon et
al. 2003).

A third way by which vitamin E content in plants
can be manipulated involves the last enzyme in the
final step of the tocotrienol and tocopherol biosyn-
thetic pathway, in which +y-tocotrienol and vy-toco-
pherol are converted to a-tocotrienol and a-toco-
pherol, respectively. This step is catalyzed by the
enzyme vy-tocopherol methyltransferase (y-TMT)
(EC 2.1.1.95) (Fig. 3.5) (Shintani and DellaPenna
1998). a-tocopherol has the highest oxidative prop-
erty among the members of the vitamin E family
(Kamal-Eldin and Appelqvist 1996). Unfortunately,
plant oils, which are the main dietary source of vita-
min E, contain only a fractional amount of a-toco-
pherol but a high level of its precursor, y-tocopherol.
Shintani and DellaPenna overexpressed endogenous
A. thaliana v-TMT to enhance conversion of +y-
tocopherol into a-tocopherol. They introduced the
v-TMT cDNA construct under the control of a 35S
CaMV promoter in a binary vector into A. thaliana
plants by Agrobacterium-mediated transformation.
a-tocopherol content of bioengineered seeds was
nine-fold greater than that of the wild-type seeds
(Shintani and DellaPenna 1998).

ESSENTIAL MINERALS

To maintain a well functioning, healthy body, hu-
mans require 17 different essential minerals in their

diet. Minerals are inorganic ions found in nature and
cannot be made by living organisms. They can be
divided into two classes: macronutrients and micro-
nutrients. Macronutrients are the minerals that we
need in large quantity, including calcium, phospho-
rus, sodium, magnesium, chlorine, sulfur, and sili-
con. Micronutrients, or trace minerals, are the min-
erals that are required in small amounts, of which
iron is the most prevalent, followed by fluorine, zinc,
copper, cobalt, iodine, selenium, manganese, molyb-
denum, and chromium. Although a balanced con-
sumption of plant-based foods should naturally pro-
vide these nutrients, mineral deficiency, especially
of iron, is widespread among the world population.

Iron

Even though iron is required in trace amounts, it is
the most widespread nutrient deficiency worldwide.
It is believed that about 30% of the world population
suffers from serious nutritional problems caused by
insufficient intake of iron (WHO 1992). Iron is an
important constituent of hemoglobin, the oxygen-
carrying component of the blood, and is also a part
of myoglobin, which helps muscle cells to store
oxygen. Low iron levels can cause the development
of iron deficiency anemia. In an anemic person the
blood contains a low level of oxygen, which result in
many health problems including infant retardation
(Walter et al. 1986), pregnancy complications (Mur-
phy et al. 1986), low immune function (Murakawa
et al. 1987), and tiredness (Basta et al. 1979). Iron is
present in food in both inorganic (ferric and ferrous)
and organic (heme and nonheme) forms. Heme iron,
which is highly bioavailable, is derived primarily
from the hemoglobin and myoglobin of flesh foods
such as meats, fish, and poultry (Taylor et al. 1986).
In humans, reduced iron (ferrous) is taken up more
readily than oxidized (ferric) iron. Several ap-
proaches have been used in the fight against iron
deficiency including nutraceutical supplementation,
food fortification, and various methods of food prep-
aration and processing (Maberly et al. 1994). So far,
none of these approaches has been successful in
eradicating iron deficiency, especially in developing
countries. A new tool in the fight against nutrient
deficiency is the use of biotechnology to improve
essential mineral nutrition in staple crops.

At this time, there are basically two ways in
which genetic engineering can be used for this pur-
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pose: (1) by increasing the concentration of the iron-
binding protein ferritin and (2) by reducing the
amount of iron-absorption inhibitor phytic acid.
Although iron intake is important for human health,
it can be toxic, so the ability to store and release iron
in a controlled manner is crucial. The 450 kDa fer-
ritin protein, found in animals, plants, and bacteria,
can accumulate up to 4500 atoms of iron (Andrews
et al. 1992). This protein consists of 24 subunits
assembled into a hollow spherical structure within
which iron is stored as a hydrous ferric oxide miner-
al core (Fig. 3.6). The two main functions of ferritin
in living organisms are to supply iron for the synthe-
sis of proteins such as ferredoxin and cytochromes
and to prevent free radical damage to cells. Studies
have shown that ferritin can be orally administrated
and is effective for treatment of rat anemia (Beard et
al. 1996), suggesting that increasing ferritin content
of cereals may solve the problem of dietary iron
deficiency in humans. Japanese researchers (Goto et
al. 1999) introduced soybean ferritin cDNA into rice
plants, under the control of a seed specific promoter,
GluB-1, from the rice seed-storage protein gene
encoding glutelin. The two advantages of this pro-

moter are the accumulation of iron specifically in
the rice grain endosperm, and its ability to induce
ferritin at a high level. The ferritin cDNA was isolat-
ed from soybean cotyledons, inserted into the binary
vector pGPTV-35S-bar, and transferred into rice
using Agrobacterium. The iron content of the rice
seed in the transgenic plants was three times greater
than that of the untransformed wild-type plants.
Phytic acid, or phytate, is the major inhibitor of
many essential minerals, including iron, zinc, and
magnesium, and is believed to be directly responsi-
ble for the problem of iron deficiency (Ravindran et
al. 1995). In cereal grains, phytic acid is the primary
phosphate storage, and it is deposited in the aleurone
storage vacuoles (Lott 1984). During seed germina-
tion, phytic acid is catalyzed into inorganic phos-
phorous, by the action of the hydrolytic enzyme
phytase (EC 3.1.3.8) (Fig. 3.7). There is little or no
phytase activity in the dry seeds or in the digestive
tract of monogastric animals (Gibson and Ullah
1990, Lantzsch et al. 1992). In a recent study, it has
been shown that phytase activity can be reestab-
lished in mature dry seeds under optimum pH and
temperature conditions (Brinch-Pedersen etal. 2002).
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Figure 3.6. Iron binding protein ferritin.
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Figure 3.7. Phytic acid is degraded during seed germination by a specific enzyme called phytase [myo-inositol-
(1,2,3,4,5,6)-hexakisphosphate phosphohydrolase] (EC 3.1.3.8).

A reduction in the amount of phytic acid in staple
foods is likely to result in a much greater bioavail-
ability of iron and other essential minerals. Lucca et
al. (2002) inserted a fungal (Aspergillus fumigatus)
phytase cDNA into rice to increase the degradation
of phytic acid. Rice suspension cells, derived from
immature zygotic embryos, were used for biolistic
transformation with the A. fumigatus phytase gene.
Phytase from A. fumigatus was the enzyme of
choice because it is heat stable and thus can refold
into an active form after heat denaturation (Wyss et
al. 1998). The main purpose of this research was to
increase phytase activity during seed germination
and to retain the enzyme activity in the seed after
food processing and in the human digestive tract.
Although the researchers achieved high expression
levels of phytase in the rice endosperm, by placing it
under the control of the strong tissue-specific globu-
lin promoter, the thermotolerance of the transgenic
rice was not as high as expected. It has been specu-
lated that the reason for this unexpected low ther-
mostability of the A. fumigatus phytase in transgenic
rice is due to the interference of the cellular environ-
ment of the endosperm to maintain the enzyme in an
active configuration (Holm et al. 2002). Further

studies are needed to develop an endogenous phy-
tase enzyme that is thermostable and maintains high
activity in plant tissues.

ESSENTIAL AMINO ACIDS

Proteins are organic molecules formed by amino
acids. The digestive system breaks down proteins
into single amino acids so that they can enter into
the bloodstream. Cells then use the amino acids as
building blocks to form enzymes and structural pro-
teins. There are two types of amino acids, essential
and nonessential. Essential amino acids cannot be
synthesized by animals, including humans, and
therefore need to be acquired in the diet. The nine
essential amino acids are histidine, isoleucine, leu-
cine, lysine, methionine, phenylalanine, threonine,
tryptophan, and valine. The body can synthesize
nonessential amino acids as long as there is a proper
intake of essential amino acids and calories. Proteins
are present in foods in varying amounts; some foods
have all nine essential amino acids in them, and they
are referred to as complete proteins. Most animal
products (meat, milk, eggs) provide a good source of
complete proteins. Vegetables sources, on the other
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hand, are usually low on or missing certain essential
amino acids. For instance, grains tend to lack lysine,
while pulses are short in methionine (Miflin et al.
1999). In order to provide better nutrition from plant
sources, it is essential to increase the content of es-
sential amino acids in seed and tuber proteins. This
is particularly important for countries where certain
crops, such as rice, potatoes, and corn, are the main
dietary source.

Lysine

Rice is one of the most important staple crops and is
consumed by 65% of the world population on a dai-
ly basis (Lee et al. 2003). It is a good source of
essential nutrients such as vitamins B1 (thiamin),
B2 (riboflavin), and B3 (niacin), but it is low in the
essential amino acids lysine and isoleucine (Fickler
1995). Adequate intake of lysine is essential because
it serves many important functions in the body
including aiding calcium absorption, collagen for-
mation, and the production of antibodies, hormones,
and enzymes. A deficiency in lysine may result in
tiredness, inability to concentrate, irritability, blood-
shot eyes, retarded growth, hair loss, anemia, and
reproductive problems (Cooper 1996). Zheng et al.
(1995) developed a transgenic rice with enhanced
lysine content. They accomplished this by express-
ing the seed storage protein (-phaseolin from the
common bean (Phaseolus vulgaris) in the grain of
transgenic rice. The genomic and cDNA sequences
of the B-phaseolin gene from P. vulgaris were
placed under the control of either a rice seed—specific
glutelin Gt1 promoter or the native 3-phaseolin pro-
moter. The vectors containing the 3-phaseolin gene
were transferred into the rice chromosome by proto-
plast-mediated transformation. Four percent of total
endosperm protein in the transgenic rice was phase-
olin, which resulted in a significant increase in the
lysine content in rice (Zheng et al. 1995).

Methionine and Tyrosine

In terms of global food production, potato (Solanum
tuberosum) is only behind rice, wheat, and corn on
the list of the crop species that are most important
for human nutrition worldwide (Chakraborty et al.
2000). There are four main purposes for the produc-
tion of potatoes: for the fresh food market, for ani-

mal feed, for the food processing industry, and for
nonfood industrial uses such as the manufacture of
starch and alcohol (Chakraborty et al. 2000). Potato
is a good source of potassium, iron, and vitamins C
and B, but it is not a rich protein source. Potato pro-
teins are limited in nutritive value because they lack
the amino acids lysine, methionine, and tyrosine
(Jaynes et al. 1986). A lack of methionine in a per-
son’s diet may result in an imbalanced uptake of oth-
er amino acids, as well as retardation in growth and
development. Methionine is also the main supplier
of sulfur, which prevents disorders of the hair, skin,
and nails, helps lower cholesterol levels by increas-
ing the liver’s production of the phospholipid
lecithin, and is a natural chelating agent for heavy
metals (Cooper 1996).

Scientists from the National Center for Plant
Genome Research in India isolated and cloned a
gene that encodes for a seed-specific protein from
Amaranthus hypocondriacus called amaranth seed
albumin (AmA1) (Chakraborty et al. 2000). The
advantages of using the AmA1 protein to improve
crops’ nutritional value are that (1) it is well bal-
anced in the composition of all essential amino
acids, (2) it is a nonallergenic protein, and (3) it is
encoded by a single gene, AmAl. This gene was
cloned into a binary vector, under the control of a
constitutive 35S CaMV promoter (plasmid pSBS)
and a tuber-specific, granule-bound starch synthase
(EC 2.4.1.21) promoter (plasmid pSB8G). The
AmA1 gene constructs from these two binary plas-
mids were introduced into potato through Agro-
bacterium-mediated transformation. The amino acid
contents in the pSBS8-transgenic potato showed a
2.5- to 4-fold increase in lysene, methionine, and
tyrosine, while the tissue-specifc pSB8G-transgenic
potatoes showed a four- to eight-fold increase in
these amino acids (Fig. 3.8).

ESSENTIAL PHYTOCHEMICALS

Besides being a major supplier of essential nutrients
such as vitamins, amino acids, and minerals, plants
are also an important source of phytochemicals that
are known to be beneficial for health. Some examples
of phytochemicals include indoles, isothiocyanates,
and sulforaphane, found in vegetables such as broc-
coli; allylic sulfides, found in onions and garlic; and
isoflavonoids, found mainly in soybeans. Since the
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Figure 3.8. Comparison of amino acid composition from transgenic and wild-type potatoes. (From Chakraborty et al.

2000.)

intake of these phytochemicals is not always suffi-
cient, scientists are trying to enhance the nutritional
quality of plants through genetic engineering.

Isoflavonoids

Flavonoids, which include anthocyanins, condensed
tannins, and isoflavonoids, are a class of phytochem-
icals that perform a range of important functions
for plants, including pigmentation, feed deterrence,
wood protection, fungi and insect defense, and in-
duction of genes for root nodulation (Buchanan et
al. 2001). Isoflavonoids (or isoflavones) are a type of
phytoestrogen, or plant hormone, that has a chemi-
cal structure similar to human estrogen. The health
benefits believed to be provided by isoflavonoids
come from the weak estrogenic activity of these
molecules in the human body (Jung et al. 2000).
Isoflavonoids are found in soybeans, chickpeas, and
many other legumes; however, soybeans are unique
because they have the highest concentration of the
two most beneficial isoflavonoids, genistein and
daidzein (Eldridge and Kwolek 1983, Tsukamoto et

al. 1995). In the studies conducted so far, isoflav-
onoids show great potential to fight many types of
diseases. They help prevent the buildup of arterial
plaque, which reduces the risk of coronary heart dis-
ease and stroke (FDA 1999); help reduce breast can-
cer (Peterson and Barnes 1991); help prevent
prostate cancer by delaying cell growth (Messina
and Barnes 1991); fight osteoporosis by stimulating
bone formation (Civitelli 1997); and even relieve
some menopausal symptoms (Nestel et al. 1999).
The main source of isoflavonoids in human diet
comes from the consumption of soybean and its
products. Although present in high concentration in
unprocessed soybean, isoflavonoid levels can de-
crease by 50% during seed processing for traditional
soy foods (Wang and Murphy 1996). Increasing
isoflavonoid concentrations in soybean could solve
this problem. Another way to take advantage of
isoflavonoids’ health benefits is through the develop-
ment of other crops that can produce these powerful
compounds, thereby widening their consumption.
Isoflavonoids are synthesized by a branch in the
degradation pathway of the amino acid phenylala-
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nine, and its first committed step is catalyzed by the
enzyme isoflavone synthase (EC 1.14.13.53) (Fig.
3.9). Jung et al. (2000) identified two soybean genes
encoding isoflavone synthase, IFS1/IFS2, and ex-
pressed these genes in A. thaliana, triggering the
synthesis of the isoflavonoid genistein. Although A.
thaliana does not synthesize isoflavonoids, it does
have the substrate naringenin, which is an interme-
diate of the anthocyanin biosynthetic pathway.
Naringenin can then be converted to the isoflavonoid
genistein by a foreign isoflavone synthase. The soy
isoflavone synthase gene [FSI was cloned in the
plasmid pOY204 under the control of the 35S
CaMV promoter and transferred into A. thaliana by
Agrobacterium-mediated transformation. The intro-
duced ISFI gene expressed and produced active
isoflavone synthase in the transformed plant. The
amount of genistein produced was approximately
2ng/p.g of fresh plant weight (Jung et al. 2000).

BIOENGINEERED ANIMALS

With the development of transgenic technology,
improvements in commercially important livestock
species have become possible by transferring genes
from related or unrelated species. Genetic improve-

ment through biotechnology can be achieved in one
generation, instead of the several generations re-
quired for traditional animal breeding methods. Al-
though several methods of gene transfer have been
developed, four methods are used today in the pro-
duction of most transgenic animals: nuclear transfer,
microinjection, viral vector infection, and embryon-
ic stem cell transfer. The nuclear transfer method
entails inserting the entire genetic material from the
nucleus of a donor cell into a mature unfertilized egg
whose nucleus has been removed. After that, the
embryo is transferred into a foster mother, where it
will develop into an animal that is genetically identi-
cal to the donor cell (Wolf et al. 2001). In micro-
injection, a segment of foreign DNA carrying one or
more genes is injected into the male pronucleus of a
fertilized egg. The egg needs to be in a single-cell
stage to ensure that all somatic cells in the animal
contain the transgene. The embryo is then trans-
ferred to the uterus of a surrogate mother (Wall
2002). In the retroviral infection technique, the gene
is transferred with the help of a viral vector. Ret-
roviruses are frequently used in the process of DNA
transfer due to their natural ability to infect cells
(Cabot et al. 2001). In the stem cell transfer tech-
nique, embryonic stem cells are collected from
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blastocysts and grown in culture. The cultured cells
are then injected into the inner cell mass of an em-
bryo in the blastocyst stage, which is then implanted
into the foster mother, resulting in the production of
a chimeric animal (Hochedlinger and Jaenisch
2003). It is important to remember that these meth-
ods do not create new species; they only offer tools
for producing new strains of animals that carry nov-
el genetic information. Some examples of genetical-
ly engineered animals include transgenic cows that
produce milk with improved composition and trans-
genic swine that produce meat with lower fat con-
tent. The main goal of livestock genetic engineering
programs is to increase production efficiency while
delivering healthier animal food products.

MODIFIED MILK IN TRANSGENIC DAIRY
CATTLE

Bovine milk has been described as an almost perfect
food because it is a rich source of vitamins, calcium,
and essential amino acids (Karatzas and Turner
1997). Some of the vitamins found in milk include
vitamins A, B, C, and D. Milk has greater calcium
content than any other food source, and daily con-
sumption of two servings of milk or other dairy
products supplies all the calcium requirements of an
adult person (Rinzler et al. 1999). Caseins represent
about 80% of the total milk protein and have high
nutritional value and functional properties (Brophy
et al. 2003). The caseins have a strong affinity for
cations such as calcium, magnesium, iron, and zinc.
There are four types of naturally occurring caseins
in milk: aS1, aS2, B, and k (Brophy et al. 2003).
They are clumped in large micelles, which deter-
mine the physicochemical properties of milk. Even
small variations in the ratio of the different caseins
influence micelle structure, which in turn can
change the milk’s functional properties. The amount
of caseins in milk is an important factor for cheese
manufacturing, since greater casein content results
in greater cheese yield and improved nutritional
quality (McMahon and Brown 1984). It has been
estimated that enhancing the casein content in milk
by 20% would result in an increase in cheese pro-
duction, generating an additional $190 million/year
for the dairy industry (Wall et al. 1997). Dairy cattle
have only one copy of the genes that encode
(s1/s2), B, and k-casein proteins, and out of the four
caseins, k and [3 are the most important (Bawden et
al. 1994). Increased milk k-casein content reduces

the size of the micelle, resulting in improved heat
stability. [3-caseins are highly phosphorylated and
bind to calcium phosphate, thus influencing milk
calcium levels (Dalgleish et al. 1989, Jimenez Flores
and Richardson 1988).

Research on modification of milk composition to
improve nutritional or functional properties has
been mostly done in transgenic mice. Mice are good
models for the study of protein expression in mam-
mary glands, but they do not always reflect the same
protein expression levels as ruminants (Colman
1996). Brophy et al. (2003), using nuclear transfer
technology, produced transgenic cows carrying extra
copies of the genes CSN2 and CSN3, which encode
bovine (3- and k-caseins, respectively. Genomic
clones containing CSN2 and CSN3 were isolated
from a bovine genomic library. Previous studies con-
ducted with mice revealed that CSN3 had very low
expression levels (Persuy et al. 1995). In order to
enhance expression of CSN3, the researchers created
a CSN2/3 fusion construct, in which the CSN3 gene
was fused with the CSN2 promoter. The CSN2
genomic clone and the CSN2/3 fusion construct
were co-transfected into bovine fetal fibroblast
(BFF) cells, where the two genes showed coordinat-
ed expression. The transgenic cells became the
donor cells in the process of nuclear transfer, gener-
ating nine fully healthy and functional cows. Over-
expression of CSN2 and CSN2/3 in the transgenic
cows resulted in an 8-20% increase in [3-casein and
a 100% increase in k-casein levels (Brophy et al.
2003).

INCREASED MUSCLE GROWTH IN CATTLE

Myostatin, also known as growth and differentiation
factor 8 (GDF-8), is a member of the transforming
growth factor 3 (TGF-) family, which is responsi-
ble for negative regulation of skeletal muscle mass
in mice, cattle, and possibly other vertebrates. Myo-
statin is expressed in embryo myoblasts and devel-
oping adult skeletal muscle; it is produced as a 375-
amino-acid precursor molecule that is further
processed by enzymatic cleavage of the N-terminus
prodomain segment. The remaining C-terminus
109-amino-acid segment is the myostatin protein
(Gleizes et al. 1997). The processed protein forms
dimers that are biologically active. McPherron and
Lee (1997), through alignment of myostatin amino
acid sequences from baboon, bovine, chicken, hu-
man, murine, ovine, porcine, rat, turkey, and zebra-
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fish, determined that the myostatin gene is highly
conserved among vertebrates, which suggests that
its function may be conserved as well. The re-
searchers also demonstrated that the increase in
muscle mass (double-muscling) phenotype observed
in some breeds of cattle, such as Belgian Blue and
Piedmontese, is due to mutations in the myostatin
gene. In myostatin-null mice that had the myo-
statin gene knocked out by gene targeting, individ-
ual muscles weighed on average two to three times
more than those in wild-type mice, and body weight
was 30% higher. This difference was not due to an
increase in fat amount, but to an increase in the
cross-sectional area of the muscle fibers (hypertro-
phy) and an increase in the number of muscle fibers
(hyperplasia) (McPherron and Lee 1997).

It is believed that myostatin prodomain may bind
noncovalently with the mature myostatin, resulting in
inhibition of the biological activity of myostatin
(Thies et al. 2001). Based on the general molecular
model of TGF proteins, Yang et al. (2001) hypothe-
sized that overexpression of the prodomain segment
would interfere with mature myostatin, resulting in
the promotion of muscle development. The myosta-
tin prodomain DNA was cloned into a pMEX-
NMCS?2 vector, which contained a rat myosin light
chain 1 (MLC1) promoter, a SV40 poly adenylation
sequence, and a MLC enhancer. This construct was
then inserted into the mouse genome using the
pronuclear microinjection technique. In comparison
with wild-type mice, overexpression of the myo-
statin prodomain in the transgenic mice resulted in a
17-30% increase in body weight; a 22-44% in-
crease in total carcass weight at 9 weeks of age (Fig.
3.10); and a significant decrease in epididymal fat
pad weight, which is an indicator of body fat mass
(Yang et al. 2001). No undesirable phenotypes or
health or reproductive problems were observed in
the transgenic animals. These results indicate that
this same approach can be used to develop farm ani-
mals with enhanced growth performance, increased
muscle mass, and decreased fat content, which would
equate to a healthier meat product for consumers
(Yang et al. 2001).

REDUCED FAT CONTENT IN TRANSGENIC
SWINE

In the human diet, ingested exogenous fats serve as
the raw material for the synthesis of fat, cholesterol,
and many phospholipids. Since fat energy content is

Figure 3.10. Comparison between wild-type and trans-
genic mice overexpressing myostatin prodomain.
(Courtesy of Dr. J. Yang, Univ. of Hawaii.)

two times greater than the energy obtained from car-
bohydrates and proteins, most of the energy that is
stored in the body is in the form of fat. Fats are a
group of chemical compounds that contain fatty
acids. The most common fatty acids found in animal
fats are palmitic acid, stearic acid, and oleic acid.
The human body is able to synthesize these fats, but
there is one more class of fatty acids called the
essential fatty acids (linolenic acid, linoleic acid,
and arachidonic acid), which the body cannot pro-
duce; they therefore must be obtained from diet
(Campbell and Reece 2002). There are two main
types of naturally occurring fatty acids: saturated
and unsaturated. Saturated fatty acids (SFA) are
mainly animal fats. They are called saturated
because all the carbon chains are completely filled
with hydrogen and there are no double bonds
formed between the carbon atoms. Saturated fatty
acids are believed to be “bad” fats since they raise
both high-density lipoprotein (HDL) and low-densi-
ty lipoprotein (LDL) cholesterol (Keys et al. 1965,
NRC 1988). Unsaturated fats are found mainly in
products derived from plant sources and are divided
into two categories: monounsaturated fatty acids
(MUFA), which have one double bond; and polyun-
saturated fatty acids (PUFA), which have two or
more double bonds in the carbon chain. It has been
observed that the increased consumption of these
“good” fats actually reduces LDL levels and en-
hances HDL levels (Grundy 1986, NRC 1988). It is
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now well established that a high fat diet (specially of
SFA) not only increases the risk of heart disease but
also the risk of breast, colon, and prostate cancer.
Many health agencies, including the American Die-
tetic Association, the American Diabetes Associ-
ation, and the American Heart Association, recom-
mend that fat intake should be no more than 30% of
the total daily calories.

In research conducted by the United State De-
partment of Agriculture (USDA), scientists intro-
duced a recombinant bovine growth hormone
(rBGH) gene into pigs, with the purpose of under-
standing the relationship between rBGH expression
and the amount of fatty acids in the animal (Solomon
et al. 1994). Bovine growth hormone (BGH), also
known as bovine somatotropin, which is produced in
the pituitary gland, stimulates growth in immature
cattle and enhances milk production in lactating
cows (Leury et al. 2003). BGH is a protein hormone,
and as such, it is broken down during digestion in the
gastrointestinal tract, making it biologically inactive
in humans (Etherton 1991). In 1993, based on rigor-
ous scientific investigations, the U.S. Food and Drug
Administration (FDA) concluded that products from
transgenic-BGH and supplemented-BGH animals
are safe for human consumption.

Bovine growth hormone has been shown to
decrease fat content of transgenic pigs expressing an
rBGH gene (Pursel et al. 1989). The transgenic pigs
used in this study were created by pronuclear micro-
injection technique. The gene encoding rBGH was
introduced into the pig genome under the control of
the mouse metallothionein-I (MT) promoter. After
rBGH transgenic lines of pigs were established, suc-
cessive generations were produced by artificial in-
semination of nontransgenic females with sperm
collected from rBGH transgenic males. To deter-
mine the effect of rBGH in the pigs’ carcass compo-
sition, transgenic and nontransgenic (control) pigs
were raised under the same conditions and fed the
same type of diet. The animals were processed at
five different live weights: 14, 28, 48, 68, and 92 kg.
The entire left side of each carcass was ground, and
random samples of tissue were collected and ana-
lyzed for fatty acid and cholesterol content. The
researchers observed that as live body weight in-
creased, carcasses from transgenic pigs showed a
constant decline in the amount of total fat compared
to control pigs (Table 3.1). Although the results did
not demonstrate a difference in the cholesterol con-

tent of transgenic and control pigs, it was shown that
transgenic pigs expressing BGH had a significant
decrease in the levels of specific fatty acids com-
pared with nontransgenic pigs in the control group
(Fig. 3.11). These results indicate that consumers
might greatly benefit from a pork product with a low
fat content if regulation of BGH secretion levels can
be precisely controlled during the fast growth stage
of young pigs (Solomon et al. 1994).

TRANSGENIC POULTRY: EGG AS BIOREACTOR

Mammals and birds have been the focus of intense
research for their possible use as bioreactors. The
use of mammals as bioreactors became possible
with the creation of transgenic mice and the isola-
tion of tissue-specific promoters (Gordon et al.
1980, Swift et al. 1984). Clark et al. (1987) were the
first to propose the use of transgenic livestock mam-
mary glands for the production of biopharmaceuti-
cal proteins in milk. Although expression of foreign
protein in milk is high and milk production is large,
there are some problems associated with the use of
mammary glands as bioreactors, including the long
time required to establish a stable line of transgenic
founder animals and the high cost to purify foreign
protein from milk (Ivarie 2003). Researchers have
also long envisioned using chicken eggs for the
expression of exogenous proteins. There are many
advantages associated with the use of eggs as biore-
actors, including the fact that a single ovalbumin
gene controls most of the proteins in egg white
(Gilbert 1984). Also, egg white has a relatively high
protein content, is naturally sterile, and has a long
shelf life (Tranter and Board 1982, Harvey et al.

Table 3.1. Comparison of Total Carcass Fat
(9/100g) between rBGH Transgenic and
Control Pigs, Measured at Different Live
Weights

Total Fat, g/100g

Weight Group, kg Transgenic Control
14 6.19 10.04
28 7.62 12.32
48 8.16 16.58
68 5.97 26.78
92 4.49 29.07

Source: Adapted from Solomon et al. 1994.
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Figure 3.11. Fatty acids differences in the carcass composition of rBGH transgenic and wild-type pigs. (From

Solomon et al. 1994.)

2002). There is an already established infrastructure
for the production, harvesting, and processing of
chicken eggs (Ivarie 2003).

Recently, a group of researchers from the biotech
company AviGenics, Athens, Georgia, successfully
introduced, expressed, and secreted a bacterial gene
in the egg white of transgenic chicken (Harvey et al.
2002). The transgene chosen was the E. coli 3-lacta-
mase (EC 3.5.2.6) reporter gene because it is easily
secreted and assayed from eukaryotic cells. A repli-
cation-deficient retroviral vector, named NLB, from
the avian leucosis virus (ALV) was used to express
the transgene. The (-lactamase coding sequence
was inserted into the pNLB-CMV-BL viral vector
and placed under the control of the ubiquitous cyto-
megalovirus (CMV) promoter. The protein -lacta-
mase was found to be biologically active and was
secreted in the blood and egg white, and its expres-
sion levels remained constant across four genera-
tions of transgenic hens. These results demonstrate

that it is technically possible to express and secret
foreign proteins in the chicken egg, making it an
attractive candidate for a bioreactor. The main work
that needs to be done with the chicken model is to
develop more efficient nonviral-based methods for
creation of transgenic chicken and to identify, iso-
late, and characterize gene enhancers and promoters
that have high activity and drive tissue-specific
expression of proteins in adult oviducts (Harvey et
al. 2002).

BIOENGINEERED FISH

Out of all the transgenic, domesticated animals that
have been produced so far, fish are considered safest
for human consumption and are expected to be the
first transgenic animal to be approved as a food item
(Niiler 2000). The company AquaBounty has an
application under review with the FDA for the com-
mercialization of Atlantic salmon carrying a growth
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hormone (GH) gene from Chinook salmon (Zbi-
kowska 2003). The main obstacle to be overcome
for the achievement of this goal is to better under-
stand the potential risks involved with the release of
transgenic fish in the wild, and at this point, not
enough research has been conducted to answer these
concerns (Muir and Howard 1999). One option to
avoid proliferation of transgenic fish in the wild is to
sterilize all transgenic fish, but a reliable method for
100% sterilization has not yet been achieved (Razak
et al. 1999). Some of the transgenic strategies that
are being developed to improve growth rate and
increase the antifreeze property are described below.

IMPROVING F1SH GROWTH RATE

The fish growth hormone gene has been cloned and
characterized from a number of fishes, including
many salmon species (Du et al. 1992, Devlin et al.
1994). Researchers from the University of South-
ampton in the United Kingdom (Rahman et al.
1998) developed transgenic tilapia fish (Oreo-
chromis niloticus) transformed with growth hor-
mone genes of several salmonids. Rahman et al.
used different types of constructs in their experi-
ment, but the one that gave the best results was the
construct with a Chinook salmon GH gene under the
control of the ocean pout antifreeze promoter. The
method used for the insertion of the transgene con-
struct was the cytoplasmic microinjection of fertil-
ized fish egg. The researchers reported the success-
ful genomic integration of the construct in the
founder (GO) tilapia and subsequent transfer of the
transgene to the G1 and G2 generations. Transgenic
tilapia expressing the transgene showed a growth
rate three times greater than the wild-type tilapia
and had a 33% higher food conversion ratio, which
would reduce farmers’ production cost. This trans-
genic tilapia also showed infertility at mature age,
which is a desirable trait for commercial transgenic
fish (Rahman et al. 1998).

INCREASING ANTIFREEZE PROPERTY IN FISH

Many species of fish, such as ocean pout (Macro-
zoarces americanus) and winter flounder (Pleu-
ronectes americanus), that inhabit below-freezing
water in the northern regions produce and secrete
specific proteins in their plasma to protect their bod-
ies from freezing (Davies and Hew 1990). To this

date, two types of these proteins that have been char-
acterized are the antifreeze proteins (AFPs) and
antifreeze glycoproteins (AFGs) (Davies and Sykes
1997). AFPs and AFGs lower the freezing tempera-
ture of the fish’s serum and therefore protect the fish
from freezing by attaching themselves to the ice
surface, inhibiting ice crystal formation (DeVries
1984). There are four types of AFPs (I, II, III, IV)
and at least one type of AFG identified at this time
(Davies and Hew 1990, Deng et al. 1997). Most
aquaculture-important species of fish, such as the
Atlantic salmon and the tilapia, do not naturally pro-
duce any type of antifreeze protein and therefore
cannot survive and be raised in areas of the world
where water reaches sub-zero temperatures, which
creates a major problem for sea cage farming along
the northern Atlantic coast (Hew et al. 1995). The
production of commercially important transgenic
fish, especially salmon, that are freeze tolerant would
greatly expand the area for fish farms, increase pro-
ductivity, and reduce prices for consumers.

Flounder AFPs are small polypeptides that are
part of the Type I AFPs, which have two different
isoforms, “skin-type” and “liver-type.” Skin-type
AFPs are intracellular, mature proteins expressed in
several peripheral tissues; liver-type AFPs are im-
mature proteins that need to be further processed
before being secreted into circulation and are found
mainly in the liver tissue (Hew et al. 1986, Gong et
al. 1996). Hew et al. (1999) used the liver-type AFP
gene from winter flounder to generate a transgenic
stable line of Atlantic salmon (Salmo salar) that
demonstrated freeze tolerance capacity. By injecting
the genes into the fertilized eggs, a single copy of
the AFP gene was inserted and integrated into the
salmon chromosome, generating transgenic founder
fish with stable AFP expression and biologically
active protein. The same levels of expression and
protein activity were observed in up to three subse-
quent generations of transgenic salmon. Expression
of AFP was liver specific and demonstrated seasonal
variations similar to those in winter flounder, but the
levels of AFP in the blood of these fish were low
(250 pg/mL) compared with natural AFP concentra-
tions in winter flounder (1020 mg/mL) and there-
fore insufficient to provide freeze resistance to the
salmon (Hew et al. 1999). The focus of current
research has been to design gene constructs that will
increase the copy numbers of the transgene and
therefore enhance expression levels of AFP in ap-
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propriate tissues, conferring better antifreeze prop-
erties in farm fish.

BIOENGINEERED
MICROORGANISMS

For over 5000 years, mankind has, knowingly and
unknowingly, made use of spontaneous fermenta-
tion of a variety of food items, which include bread,
alcoholic beverages, dairy products, vegetable prod-
ucts, and meat products. But it was more recently,
just in the last century, that scientists realized that
the process of fermentation was effected by the ac-
tion of microorganisms and that each microorgan-
ism responsible for a specific food fermentation
could be isolated and identified. Now, with advanced
bioengineering techniques, it is possible to charac-
terize with high precision important food strains,
isolate and improve genes involved in the process of
fermentation, and transfer desirable traits between
strains or even between different organisms.

ELIMINATION OF CARCINOGENIC COMPOUNDS

Brewer’s yeast (Saccharomyces cerevisiae) is one of
the most important and widely used microorganisms
in the food industry. This microorganism is cultured
not only for the end products it synthesizes during
fermentation, but also for the cells and the cell com-
ponents (Aldhous 1990). Today, yeast is mainly
used in the fermentation of bread and of alcoholic
beverages. Recombinant DNA technologies have
made it possible to introduce new properties into
yeast, as well as eliminate undesirable by-products.
One of the undesirable by-products formed during
yeast fermentation of foods and beverages is ethyl-
carbamate, or urethane, which is a potential carcino-
genic substance (Ough 1976). For this reason, the
alcoholic beverage industry has dedicated a large
amount of its resources to funding research oriented
to the reduction of ethylcarbamate in its products
(Dequin 2001). Ethylcarbamate is synthesized by
the spontaneous reaction between ethanol and urea,
which is produced from the degradation of arginine,
found in large amounts in grapes. Yeasts, used in
wine fermentation, possess the enzyme arginase that
catalyzes degradation of arginine. If this enzyme can
be blocked, arginine will no longer be degraded into
urea, which in turn will not react with ethanol to
form ethylcarbamate. In industrial yeast, the gene

CARI encodes the enzyme arginase (EC 3.5.3.1)
(Dequin 2001). To reduce the formation of urea in
sake, Kitamoto et al. (1991) developed a transgenic
yeast strain in which the CARI gene is inactivated.
The researchers constructed the mutant yeast strain
by introducing an ineffective CARI gene, flanked by
a DNA sequence homologous to regions of the
arginase gene. Through homologous recombination,
the ineffective gene was integrated into the active
CARI gene in the yeast chromosome, interrupting its
function (Fig. 3.12). As a result, urea was eliminated
and ethylcarbamate was no long formed during sake
fermentation. This same procedure can be used to
eliminate ethylcarbamate from other alcoholic bev-
erages, including wine (Kitamoto et al. 1991).

INHIBITION OF PATHOGENIC BACTERIA

To increase safety, hygiene, and efficiency in the
production of fermented foods, the use of starter and
protective bacterial cultures is a common practice in
the food industry today (Gardner et al. 2001). Starter
culture is a liquid consisting of a blend of selected
microorganisms, used to start a commercial fermen-
tation. The difference between starter and protective
cultures is that starter cultures give the food a de-
sired aroma or texture, while protective cultures
inhibit the growth of undesirable pathogenic micro-
organisms, but do not change the food property
(Geisen and Holzapfel 1996). For the purpose of
practicality during food processing, the same micro-
organism should be used for both starter and protec-
tive cultures, but unfortunately this is not always
possible. Genetic engineering methods help improve
available strains of microorganisms used in starter
and protective cultures, so that new characteristics
can be added and undesirable properties eliminated
(Hansen 2002).

Genetic engineering research aimed at optimizing
starter cultures is focused on three main goals: (1) to
enhance process stability, (2) to increase efficiency,
and (3) to improve product safety (Geisen and Hol-
zapfel 1996). During the production of some fer-
mented food, such as mold-ripened cheese, pH level
rises in the culture due to lactic acid degradation by
fungal activity. This alkaline media offers an ideal
condition for the proliferation of foodborne patho-
genic microorganisms such as Listeria monocyto-
genes (Lewus et al. 1991). The safety of food prod-
ucts could be greatly improved by the use of starter
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Figure 3.12. Gene disruption by homologous recombination.

cultures that can also serve as protective cultures
and inhibit the growth of such harmful microorgan-
isms. The enzyme lysozyme (EC 3.2.1.17) can be an
effective agent for the inhibition of Listeria in food.
Van de Guchte et al. (1992) integrated the gene
responsible for lysozyme formation in a strain of the
bacterium Lactococcus lactis. After genetic trans-
formation, this bacterial strain was able to express
and secrete lysozyme at high levels. The researchers
cloned lysozyme-encoding genes from E. coli bacte-
riophages T4 and lambda in wide-host-range vectors
and expressed in L. lactis. Biologically active
lysozyme was produced and secreted by the trans-
genic L. lactis strains, suggesting that these bacteria
can be used as both a starter and a protective culture
(Van de Guchte et al. 1992).

NATURAL SWEETENER PRODUCED
BY MICROORGANISMS

Techniques to enhance flavor in food have been
known for a long time, but only recently has it been

recognized that microorganisms can also be used in
flavor production and enhancement. Today, many of
the techniques for flavoring food and beverages
make use of synthetic chemicals (Vanderhaegen et
al. 2003). With increased public concern about the
danger of using synthetic chemicals, flavors pro-
duced by biological methods, also called bioflavors,
are becoming more popular with consumers (Arm-
strong and Yamazaki 1986, Cheetham 1993). The fla-
vor and fragrance industry is estimated worldwide at
$10 billion per year; and although thousands of natu-
ral volatile and synthetic fragrances are known, only
a few hundred are regularly used and manufactured
on an industrial scale (Somogyi 1996). There are sev-
eral methods for the production of bioflavors includ-
ing (1) product extraction from plant materials and
(2) the use of specific bioengineered microorganisms
for their biosynthesis. Biotechnological production
of bioflavors using microorganisms has certain
advantages such as large-scale production with low
cost, nondependence on plant material, and preserva-
tion of natural resources (Krings and Berger 1998).
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Xylitol, also called wood sugar, is made from
xylose, which is found in the cell walls of most land
plants (Nigam and Singh 1995). Pure xylitol is a
white crystalline substance that looks and tastes like
sugar, making it important for the food industry as a
sweetener. One of the main advantages of xylitol
over other sweeteners is that it can be used by dia-
betic patients, since its utilization is not dependent
on insulin (Pepper and Olinger 1988). Xylitol is be-
lieved to reduce tooth decay rates by inhibiting
Streptococcus mutans, the main bacteria responsible
for cavities. Because xylitol is slowly absorbed and
only partially utilized in the human body, it contains
40% fewer calories than regular sugar and other car-
bohydrates. In the United States, xylitol has been
used since the 1960s, and it is approved as an addi-
tive for foods with special dietary purposes (Emodi
1978). Yeast (S. cerevisiae) is considered the ideal
microorganism for commercial production of xylitol
from xylose because of its well-established use in
the fermentation industry. South African researchers
(Govinden et al. 2001) isolated a xylose reductase
(EC 1.1.1.21) gene (XYLI) from Candida shehatae
and introduced it into S. cerevisiae. The XYLI gene
from Candida was cloned into the yeast expression
vector pJC1, behind the PGKI promoter, and the
construct was transformed into yeast by electropo-
ration. Xylitol production from xylose by the trans-
formant was evaluated in the presence of different
cosubstrates including glucose, galactose, and malt-
ose. The highest xylitol yield (15 g/L from 50 g/L of
xylose) was obtained with glucose as cosubstrate.

PRODUCTION OF CAROTENOIDS IN
MICROORGANISMS

Carotenoids are structurally diverse pigments found
in microorganisms and plants. These pigments have a
variety of biological functions, such as coloration,
photo protection, light harvesting, and hormone pro-
duction (Campbell and Reece 2002). Carotenoids are
used as food colorants, animal feed supplements, and
more recently, as nutraceuticals in the pharmaceutical
industry. Recent studies have suggested many health
benefits from the consumption of carotenoids. Carot-
enoids such as astaxanthin, 3-carotene, and lycopene
have high antioxidant properties, which may protect
against many types of cancers, enhance the immune
system, and help relieve the pain and inflammation of
arthritis (Miki 1991, Jyocouchi et al. 1991, Giovan-
nucci et al. 1995). There is an increased interest in

extracting large amounts of carotenoids from natural
sources. The 1999 world market for carotenoids was
$800 million, with projections for $1 billion in 2005
(Business Communications Co. 2000). Although re-
searchers have found certain microalgae such as
Haematococcus pluvialis that produce high amounts
of the carotenoid astaxanthin, extraction of carot-
enoids from these microalgae is difficult because of
their thick cell wall. For this reason, genetic engineer-
ing methods have been applied to produce carotenoids
in other microorganisms. The edible yeast Candida
utilis is a good candidate for commercial carotenoid
production. It is a “generally recognized as safe”
(GRAS) organism, and large-scale production of
peptides, such as glutathione, has already being suc-
cessfully achieved in C. utilis (Boze et al. 1992).

In microorganisms and plants, carotenoids are syn-
thesized from the precursor farnesyl pyrophosphate
(FPP) (Fig. 3.13). Miura et al. (1998) developed a
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Figure 3.13. Biosynthetic pathway of the carotenoids
lycopene, B-carotene, and astaxanthin.
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Figure 3.14. Lycopene, B-carotene, and astaxanthin plasmid constructs.

de novo biosynthesis of the carotenoids lycopene, 3-
carotene, and astaxanthin in C. utilis using cloned
bacterial genes that encode enzymes of the biosyn-
thetic pathway. They used four genes (crtE, crtB,
crtl, crtY) from Erwinia uredovora and two genes
(crtZ, crtW) from Agrobacterium aurantiacum for
construction of four different plasmids. The plas-
mid pCLRI1EBI-3 contained crtE, crtl, and crtB,
required for the production of lycopene (Fig. 3.14a).
For synthesis of [(3-carotene, the plasmid pCRAL-
10EBIY-3 contained the genes crtY, crtl, crtE, and
crtB (Fig. 3.14b). A dual plasmid system with
pCLEIZ1 containing crtE, crtl, and crtZ and
pCLBWY1 containing crtW, crtY, and crtB was
used to produce astaxanthin (Fig. 3.14c¢,d). In order
to integrate these genes into the yeast chromosome,
the plasmids were linearized by restriction digest
and transformed into C. utilis by electroporation.
The resultant transgenic yeast produced significant
amounts of lycopene (1.1 mg/g dry weight), -
carotene (0.4 mg/g dry weight), and astaxanthin (0.4
mg/g dry weight), in quantities similar to amounts
found in microorganisms that naturally produce
these carotenoids (Miura et al. 1998). These results
indicate that C. utilis has a great potential for use in
large-scale production of commercially important
carotenoids.

DETECTION METHODS IN FOOD
BIOTECHNOLOGY

Biotechnology plays an important role in maintain-
ing the safety of the food supply. The development
of reliable methods to ensure the traceability of
genetic material in the food chain is of great value to
food manufacturers and consumers. Consumer con-
fidence in food biotechnology will increase if better
traceability methods are in place. Modern biotech-
nology tools are also applied to develop sensitive,
reliable, fast, and cheap methods for detection of
harmful pathogenic organisms such as E. coli
O157:H7 and the infectious agent for mad cow dis-
ease.

TRANSGENE DETECTION

Accomplishments in food biotechnology require
continuous development of new products and their
successful commercialization through consumer
acceptance. One of the greatest demands made by
consumer groups as a prerequisite for their support
of transgenic plant use, is the development of reli-
able methods of detection of the transgene in human
food products (James 2001). But as the number of
genetically modified organisms (GMOs) approved
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for cultivation and commercialization grows, there
is also an increased risk of transgenic material con-
tamination in nontransgenic food products. One such
well-publicized event took place in October 2000,
when Safeway and Taco Bell recalled corn products
because they were contaminated with small amounts
of genetically engineered corn. For this and other
reasons, the future success and acceptance of GMOs
will depend on mechanisms for containment and
proper detection of transgenic material. Among the
different methods for detecting transgenic materials
that are in use today, real-time quantitative PCR is
the most powerful, accessible, and cost efficient
(Higuchi et al. 1992). The main concern for the
implementation of reliable detection methods is to
determine what type of unique gene sequence
should be amplified during the PCR screening.
Signature sequences such as antibiotic resistance
markers and promoters are the main elements used
today for detection of GMOs, but they are not ideal
since the same signature sequences can be found in
more than one type of GMO. Also, there is an un-
proven concern that these signature sequences, espe-
cially antibiotic resistance markers, may cause
health and environmental problems. To address this
concern, the European Union, which has adopted
stringent regulation on GMOs, banned the use of
antibiotic gene as markers for transformation selec-
tion, by the year 2004. The European Union also
established mandatory labeling of GMO foods with
a 1% threshold level for the presence of transgenic
material, which in turn encouraged more aggressive
research on highly specific, precise, and sensitive
methods for detection and quantification of GMOs
in food products (European Commission 2000).
Researchers for the German company Icon Ge-
netics developed a novel idea for universal identifi-
cation of GMOs (Marillonet et al. 2003). They pro-
posed the creation of a standardized procedure in
which nontranscribed DNA-based technical infor-
mation can be added to the transgene before it is
inserted in the organism’s genome. This artificial
coding would be based on nucleotide triplets, just
like amino acids codons, and each triplet would
encode for one of the 26 Latin alphabetic letters, an
Arabic numeral from O to 9, and one space character,
giving a total of 37 characters (Table 3.2) (Maril-
lonet et al. 2003). With these characters, the re-
searchers could insert biologically neutral, nonge-
netic coding sequences that translate into unique

information such as the name of the company, pro-
duction date, place of production, product model,
and serial number. The variable region where the
information is encoded will be cloned between con-
served sequences that contain primer-binding do-
mains. To read the DNA-encoded information, one
only needs to perform PCR and sequence the frag-
ment.

Another PCR-based method for GMO detection
involves the use of unique genomic sequences flank-
ing the transgene. Hernandez et al. (2003), working
with Monsanto’s transgenic maize line MONS810,
which contains a gene encoding for the insecticide
CryIA(b) endotoxin, identified a genomic sequence
adjacent to the 3'-integration site of the transgenic
plant by using a thermal asymmetric interlaced
(TAIL)-PCR approach. PCR amplification of target
DNA and real-time PCR product quantification are
the two most used techniques for accurate DNA
quantification. Real-time quantitative PCR can be
used with different quantitative tools such as DNA-
binding dyes (Morrison et al. 1998), fluorescent
oligonucleotides (Whitcombe et al. 1999), molecu-
lar beacons (Tyagi and Kramer 1996), fluorescence
resonance energy transfer (FRET) probes (Wittwer
et al. 1997), and TagMan probes (Heid et al. 1996).
The main advantage of the TagMan system is that it
is highly specific because it uses three oligonu-
cleotides in the PCR reaction. This detection system
consists of two primers that are responsible for
product amplification, and the TagMan probe, a flu-
orogenic oligonucleotide that will anneal to the
product. During amplification, Taq polymerase re-
leases a 5’ fluorescent tag from the annealed Taq-
Man probe, which gives off a quantifiable fluores-
cence light. Higher light intensity translates into a
greater amount of the target gene present in the food
sample.

Foop PATHOGEN DETECTION

Food poisoning may occur due to contamination of
food by certain toxin-producing bacteria such as
Salmonella, Vibrio, Listeria, and E. coli. The strain
O157:H7 is the deadliest among all E. coli strains; it
produces toxins called Shiga, which are encoded by
two genes, stxI and stx2. Shiga toxins (Stx1 and
Stx2) damage the lining of the large intestine, caus-
ing severe diarrhea and dehydration; and if absorbed
into the bloodstream, the toxins can harm other
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Table 3.2. Artificial Triplet Codons Encoding for Specific Alphabetical and Numeric Characters,

Used in the Identification of GM Organisms

Characters Codons Characters Codons

1 TTA CCT H CAC AGA

2 TTG CCC I CAA AGG

3 CTT ACC J GTC

4 CTC ACA K GTA

5 CTA ACG L CAG AGT

6 CTG ACT M GTG

7 ATT GCA N AAT GGA

8 ATC GCG (0] AAC GGG

9 ATA GCT P TCT

0 TTC CCG GAG (0] TCC

space TTT CCA AAG R AAA GGT
S GAT TGC

A TAT CGA T GAC TGA

B ATG U GAA TGG

C TAC CGG \% TCA

D TAA CGT w TCG

E TAG CGC X GCC

F GTT Y TGT

G CAT AGC Z GGC

Source: Adapted from Marillonnet et al. 2003.

organs, such as the kidney (Riley et al. 1983). In
North America, the O157:H7 strain is found mostly
in the intestines of healthy cattle. The Center for
Disease Control (CDC) estimated that Shiga toxin—
producing E. coli (STEC), such as O157:H7, causes
73,480 illness and 61 deaths per year in the United
States alone and that 85% of these cases are attrib-
uted to foodborne transmission, especially from
ground beef, unpasteurized milk, and roast beef
(Mead et al. 1999). As reports of E. coli O157:H7
outbreaks have become more common, greater
efforts have been made to develop fast and reliable
methods for its detection. PCR has become the
method of choice for pathogen detection because,
contrary to culture isolation and serological tests,
PCR methods provide fast, accurate, and highly sen-
sitive results. Among the genes currently used as tar-
gets for PCR amplification of O157:H7 are Shiga
toxin (stx) (Brian et al. 1992), intimin (Gannon et al.
1993), enterohemorrhagic E. coli hemolysin (Hall
and Xu 1998), and B-glucuronidase (EC 3.2.1.31)
(Feng 1993). In traditional PCR methods for detec-
tion of pathogens, which include gel electrophore-
sis, the number of samples that can be analyzed dur-
ing one electrophoresis run is very small. For this

reason, researchers from the Department of Nu-
trition and Food Science, University of Maryland,
College Park, Maryland, and from the Center for
Food Safety and Applied Nutrition, Food and Drug
Administration, Washington, D.C., developed a sim-
ple, rapid, large-scale method for the analysis of
PCR products with the use of enzyme-linked
immunosorbent assay (ELISA) (Ge et al. 2002).
This PCR-ELISA approach for the detection of E.
coli O157:H7 and other STEC in food was based on
the incorporation of digoxigenin-labeled deoxyuri-
dine triphosphate (dUTP) and a biotin-labeled
primer specific for szx/ and stx2 genes during PCR
amplification. In this method, the biotin-labeled
PCR products were bound to microtiter plate wells
coated with streptavidin and then detected by
ELISA using an anti-DIG-peroxidase conjugate
(Fig. 3.15). To establish the specificity of the
primers used in this PCR method, 39 different bacte-
rial strains, including STEC and non-STEC strains
such as Salmonella, were used. All of the STEC
strains were positive and all non-STEC organisms
were negative. The researchers observed that in
comparison with the traditional gel electrophoresis
with ethidium bromide staining method, the ELISA
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system enhanced the sensitivity of the PCR assay by
up to 100-fold (Ge et al. 2002). In the future, the use
of robotic equipment will result in automation of the
PCR-ELISA procedure, allowing for fast, sensitive,
accurate, and large-scale screening of microorgan-
isms that produce the Shiga toxins. This method also
can be applied for detection of any other food path-
ogens, using specific biotin-labeled PCR primers.

BOVINE SPONGIFORM ENCEPHALOPATHY
DETECTION

The transmissible spongiform encephalopathies
(TSEs), are a group of neurodegenerative diseases
affecting many animals, including humans, and are
characterized by the formation of microscopic
“holes” in the brain tissue. Members of the TSE
family include (1) the diseases that afflict humans:
kuru, Gertsmann-Straussler-Scheinker (GSS), fatal
familial insomnia (FFI), and Creutzfeldt-Jakob dis-
ease (CJD); and (2) the diseases that afflict animals:
scrapie (sheep and goats), wasting disease (elk and
deer), mink encephalopathy (mink), feline spongi-
form encephalopathy (cats), and bovine spongiform
encephalopathy (BSE) (Prusiner 1998). Bovine
spongiform encephalopathy affects cattle and is
commonly known as mad cow disease. The symp-
toms associated with BSE are weight loss, drooling,
head waving, aggressive behavior, and eventually
death. All TSEs, including BSE, are caused by a new
infectious agent called a “prion protein” (PrP)
(Prusiner 1982). Dr. Stanley Prusiner discovered pri-
ons in 1984 and was awarded the 1997 Medicine
Nobel Prize for his research. Prions are endogenous
glycoproteins found abundantly in the brain tissue
of all mammals and may function as neuron helpers.
They can manifest in two different protein confor-
mations: (1) PrPc, the normal form, which is non-
pathogenic, protease sensitive, and high in «-helical
content, and (2) PrPSc, the misfolded form, which is
disease-inducing, protease resistant, and high in 3-
sheet content. PrPSc has infection properties, and
when it comes in contact with PrPc, it starts a chain
reaction, transforming PrPc into PrPSc (Horiuchi
and Caughey 1999). Prions are not completely de-
stroyed by sterilization, autoclaving, disinfectants,
radiation, or cooking. They are totally degraded only
with incineration at temperatures greater than
1000°C or treatment with strong sodium hydroxide
solutions (Dormont 1999).

Scientists believe that BSE can spread among cat-
tle through contaminated feed containing the dis-
ease-inducing form of prion. It is a common practice
in many countries to feed cattle with the remains of
other farm animals as a source of protein. The
hypothesis for the spread of BSE in cattle is that
body parts of sheep infected with scrapie were
included in cattle feed, and PrPSc jumped species to
infect bovines (Bruce et al. 1997). The disease
spread throughout the world when England sold
BSE-contaminated cattle feed to other countries.
Since it first appeared in 1986, the risk of BSE infec-
tion has resulted in the destruction of 3.7 million
animals in the United Kingdom. In humans, CJD is
an inherited disease caused by a mutation in the pri-
on protein gene, PRNP, and affects one in a million
people. It is believed that the human victims may
have contracted a new variant of CJD (nv-CJD)
from eating meat products contaminated with BSE.
The pathogenic prion protein that causes BSE is
nearly identical to the prion that causes nv-CJD
(Johnson and Gibbs 1998). Between 1996 and 2003,
156 cases of nv-CJD have been suspected or con-
firmed in many countries, mainly in Great Britain.

One of the main problems in dealing with and
containing the BSE epidemic is that there are no
tests for detection of the disease in a live animal.
Prions do not trigger any detectable specific immune
response, and levels of abnormal prions in other
parts of the body, such as the blood, are too low to
detect. The only means of diagnosis in live animals
is observation of BSE symptoms in the animal.
Because of the lack of reliable live-detection meth-
ods, all animals in a herd that may have been in con-
tact with BSE-contaminated feed must be destroyed,
causing great losses for the cattle industry.

The primary laboratory method used to confirm a
diagnosis of BSE is the microscopic examination of
brain tissue after death of the animal. In addition to
microscopic examination, there are several tech-
niques used to detect the PrPSc, among which, the
Western blot test and immunocytochemistry (devel-
oped by Prionics AG, Switzerland) are the most
commonly used (Kiibler et al. 2003). Other current-
ly approved BSE tests include (1) a test developed
by CEA, a research group in France, in which a
sandwich immunoassay technique for PrPSc is done
following denaturation and concentration steps and
(2) a test developed by Enfer Scientific, in Ireland, in
which polyclonal antibodies and an enzyme-coupled
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secondary antibody are used and detection is
done by ELISA-chemiluminescence (Moynagh and
Schimmel 2000). Although these tests are 100%
reliable, they can only be done in postmortem brain
tissue.

To improve the sensitivity of current detection
methods and enable live-animal BSE detection,
intense research has been done in developing assays
that take advantage of the infectious capacity of the
PrPSc to convert the normal prion proteins into
pathogenic ones. A team of researchers from Serono
Pharmaceutical Research Institute in Geneva cul-
tured mutated prions in vitro for the first time and
have devised a method to replicate them to high
enough levels to detect the disease at an earlier stage
(Saborio et al. 2001). The technique, called protein
misfolding cyclic amplification (PMCA), is similar
to a PCR reaction, in which amplification of small
amounts of the pathogenic protein in a sample is
achieved through multiple cycles of PrPSc incuba-
tion in the presence of excess PrPc, followed by dis-
ruption of the aggregates through sonication in the
presence of detergents (Fig 3.16). This new tech-
nique has the potential to improve BSE and other
TSE detection methods, to give a better understand-
ing of prion diseases and to help in the search for
drug targets for brain diseases. More recently, re-
searchers from Chronix Biomedical in San Fran-
cisco and the Institute of Veterinary Medicine in
Gottingen, Germany, claim to have developed the
first BSE test that can be performed on live animals
(Urnovitz 2003). This detection method, called the
surrogate marker living test for BSE, is a real-time
PCR test based on in vitro detection of specific RNA
in the bovine serum. It uses blood samples from
cows for the identification of a microvesicle RNA,
and it is considered a surrogate marker test because
it detects blood RNA and not prion proteins. RNA is
found in the blood fraction that contains primarily
microvesicles, and while microvesicles are found in
both healthy and diseased animals, their RNA con-
tents appear to be different. Cattle that show reactiv-
ity to this test should be subjected to a second more
specific test for conclusive diagnosis of mad cow
disease (Urnovitz 2003).

CONCLUSION

Research on transgenic organisms for the food
industry has been intended mostly to benefit produc-

ers. The creation of pathogen-, insect-, and herbi-
cide-resistant transgenic plants have led to increased
productivity and decreased costs of producing many
food crops. Similarly, the introduction of foreign
genes in transgenic salmon enabled it to grow three
times faster then wild-type salmon. The benefits of
the next generation of biotechnology research will
be directed toward consumers and will entail the
creation of designer foods with enhanced character-
istics such as better nutrition, taste, quality, and safe-
ty. A good example of such research is the use of
biotechnology to decrease the amount of saturated
fatty acids in vegetable oils.

Among the many possibilities available in the
field of food biotechnology, future research in
the area of plant genetic engineering is aimed at
increasing the shelf life of fresh fruits and vegeta-
bles, creating plants that produce sweet proteins, de-
veloping caffeine-free coffee and tea, and improving
the flavor of fruits and vegetables. Great progress
has been achieved in using plants as bioreactors for
manufacturing and as a delivery system for vac-
cines. A variety of crops such as tobacco, potato,
tomato, and banana has been used to produce exper-
imental vaccines against infectious diseases. Ad-
vances in genetic engineering will enable the crea-
tion of transgenic plants that produce proteins
essential for the production of pharmaceuticals such
as growth hormones, antigens, antibodies, enzymes,
collagen, and blood proteins.

The applications of genetic engineering in the
food industry are not limited to the manipulation of
plant genomes. Animals and microorganisms also
have been extensively researched to produce better
food products. In the area of animal bioengineering,
the main focus has been on the use of the mammary
gland and the egg as bioreactors in the manufactur-
ing of biopharmaceuticals. So far, the focus of ani-
mal bioengineering research has been directed
toward the benefit of the producers. In the future,
transgenic animal research will be shifted towards
the production of healthier meat products, with
decreased amounts of fat and cholesterol.

Microorganisms, especially yeast, have been vital
to the food processing industry for centuries.
Among their many qualities, yeast plays an impor-
tant role in the production of fermented foods,
enzymes, and proteins. Future research on genetic
engineering of microorganisms may be focused on
the large-scale production of biologically active
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Figure 3.16. Diagram of protein-misfolding cyclic amplification (PMCA). (From Saborio et al. 2001.)

components that provide health benefits, but are
found in low quantities in plants. Among such com-
ponents that have anticancer properties are lyco-
penes found in tomato, glucosinolates found in
broccoli, ellagic acids found in strawberry, and iso-
flavonoids found in soybean. Further biotechnology
advances will enhance the value and scope of the

use of microorganisms in the food and pharmaceuti-
cal industry.

Besides the production of novel compounds and
the improvement of existing ones, biotechnology
plays an important role in food safety. Microbial
contamination is a major concern in the food indus-
try. New biotechnology methods are being devel-
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oped to help decrease the amount of microbes on
animal and plant products and thereby improve the
safety of the food supply. In addition, biotechnology
is providing many tools to detect microorganisms
and their toxins. Some new and old detection meth-
ods such as ELISA tests, polymerase chain reaction
(PCR), protein misfolding cyclic amplification
(PMCA), DNA probes, and biosensors have been
developed to detect the presence of infectious patho-
genic agents such as bacteria, viruses, fungi, and pri-
ons. A recent improvement in the detection method
is the development of the real-time PCR technology,
which provides a sensitive and more reliable tool for
identification of pathogens in food products. An-
other way by which biotechnology helps to improve
the safety of food products for human consumption
is through rapid identification and extraction of
allergenic proteins in food items such as shellfish,
peanuts, and soybeans.

Despite the benefits provided by modern biotech-
nology, this relatively new science is not yet fully
embraced by the general population. There are still
many issues of safety, reliability, and efficacy that
must be overcome before scientists can convincing-
ly answer all public concerns. At this time, there is a
very strong polarization on the issue of genetic engi-
neering. On one side, some scientists and corpora-
tions are pushing for the commercialization of
genetically engineered products; on the other side,
some nongovernment agencies, representing certain
sectors of the population, are trying to stop biotech-
nology products from being used. This division in
opinion may subside in the future when it becomes
clear that the benefits of biotechnology products
outweigh their risks and when modern food biotech-
nology is able to deliver a variety of more nutritious,
tastier, and safer food products to all people at a
more affordable price.

REFERENCES

Agius F, Gonzales-Lamothe R, Caballero J, Munoz-
Blanco J, Botella M, Valpuesta V. 2003. Engineering
increased vitamin C levels in plants by over-expres-
sion of a D-galacturonic acid reductase. Nature
Biotechnology 21:177-181.

Aldhous P. 1990. Genetic engineering. Modified yeast
fine for food. Nature 344:186.

Andlauer W, Furst P. 1998. Antioxidative power of
phytochemicals with special reference to cereals.
Cereal Foods World 43:356-359.

Andrews SC, Arosio P, Bottke W, Briat JF, von Darl M,
Harrison PM, Laulhere JP, Levi S, Lobreaux S,
Yewdall SJ. 1992. Structure, function and evolution
of ferritins. J Inorg Biochem 47:161-174.

Armstrong DW, Yamazaki H. 1986. Natural flavours
production: A biotechnological approach. Trends
Biotechnol 4:264-268.

Armstrong GA. 1994. Eubacteria show their true col-
ors: Genetics of carotenoid pigment biosynthesis
from microbes to plants. J Bacteriol 176:4795-4802.

Bartley GE, Scolnik PA, Giuliano G. 1994. Molecular
biology of carotenoid biosynthesis in plants. Ann
Rev Plant Physiol Plant Mol Biol 45:287-301.

Basta SS, Soekirman, Karyadi D, Scrimshaw NS.
1979. Iron deficiency anemia and the productivity of
adult males in Indonesia. Am J Clin Nutr 32:916—
925.

Bawden WS, Passey, RJ, MacKinlay, AG. 1994. The
genes encoding the major milk-specific proteins and
their use in transgenic studies and protein engineer-
ing. Biotechnol Genet Eng Rev 12:89.

Beard JL, Burton JW, Theil EC. 1996. Purified ferritin
and soybean meal can be sources of iron for treating
iron deficiency in rats. J Nutr 126:154-160.

Boze H, Moulin G, Glazy P. 1992. Production of food
and fodder yeasts. Crit Rev Biotechnol 12:65-86.
Brian MJ, Frosolono M, Murray BE, Miranda A, Lopez
EL, Gomez HF, Cleary TG. 1992. Polymerase chain
reaction for diagnosis of enterohemorrhagic Esche-
richia coli infection and hemolytic-uremic syn-

drome. J Clin Microbiol 30:1801-1806.

Brinch-Pedersen H, Sorensen LD, Holm, PB. 2002.
Engineering crop plants: Getting a handle on phos-
phate. Trends in Plant Science 7:118-125.

Brophy B, Smolenski G, Wheeler T, Wells D,
L’Huillier P, Laible G. 2003. Cloned transgenic cat-
tle produce milk with higher levels of B-casein and
k-casein. Nature Biotechnology 21:157-162.

Bruce ML.E, Will RG, Ironside, JW, McConnell, I,
Drummond D, Suttie A, McCardle L, Chree A,
Hope, J, Birkett C, Cousens S, Fraser H, Bostock CJ.
1997. Transmissions to mice indicate that the new
variant CJD is caused by the BSE agent. Nature
389:498-501.

Buchanan BB, Gruissem W, Jones RL. 2001. Biochem-
istry and Molecular Biology of Plants, 3rd edition.
Rockville: American Society of Plant Physiologists.
Pp.1288-1309.

Business Communications Company RGA-110. 2000.
The Global Market for Carotenoids. Connecticut:
Business Communications Company Norwalk.

Cabot RA, Kuhholzer B, Chan AW, Lai L, Park KW,
Chong KY, Schatten G, Murphy CN, Abeydeera LR,



64 Part I: Principles

Day BN., Prather RS. 2001. Transgenic pigs pro-
duced using in vitro matured oocytes infected with a
retroviral vector. Anim Biotechnol 12:205-214.

Cahoon EB, Hall SE, Ripp K.G, Ganzke TS, Hitz WD,
Coughlan SJ. 2003. Metabolic redesign of vitamin E
biosynthesis in plants for tocotrienol production and
increased antioxidant content. Nature Biotechnology
21:1082-1087.

Campbell NA, Reece JB. 2002. Biology, 6th edition.
San Francisco: Pearson Education. Pp. 69-70.

Chakraborty S, Chakraborty N, Datta A. 2000. In-
creased nutritive value of transgenic potato by ex-
pressing a nonallergenic seed albumin gene from
Amaranthus hypocondriacus. PNAS 97:3724-3729.

Cheetham PSJ. 1993. The use of biotransformations for
the production of flavours and fragrances. Trends
Biotechnol 11:478-488.

Chen Z, Young T, Ling J, Chang S, Gallie D. 2003. In-
creasing vitamin C content of plants through en-
hanced ascorbate recycling. PNAS 100:3525-3530.

Civitelli R. 1997. In vitro and in vivo effects of ipri-
flavone on bone formation and bone biomechanics.
Calcif Tissue Int 61:S12-S14.

Clark AJ, Simons P, Wilmut I, Lathe R. 1987. Phar-
maceuticals from transgenic livestock. Trends Bio-
technol 5:20-24.

Collakova E, DellaPenna D. 2001. Isolation and func-
tional analysis of homogentisatephytyltransferase
from Synechocystis sp. PCC 6803 and Arabidopsis.
Plant Physiol 127:1113-1124.

Colman A. 1996. Production of proteins in the milk of
transgenic livestock: Problems, solutions, and suc-
cesses. Am J Clin Nutr 63:S639-S645.

Cooper KH. 1996. Advanced Nutrition Therapies.
Nashville: Thomas Nelson Publishers.

Dalgleish DG, Horne DS, Law AJ. 1989. Size-related
differences in bovine casein micelles. Biochem
Biophys Acta 991:383-387.

Daniell H, Dhingra A. 2002. Multigene engineering:
Dawn of an exciting new era in biotechnology. Curr
Opin Biotechnol 13:136-141.

Davey MW, Van Monatgu M, Sanmatin M, Kanellis A,
Smirnoff N, Benzie 1JJ, Strain JJ, Favell D, Fletcher
J. 2000. Plant L-ascorbic acid: Chemistry, function,
metabolism, bio-availability and effects of process-
ing. J Sci Food Agric 80:825-860.

Davies PL, Hew CL. 1990. Biochemistry of fish anti-
freeze proteins. FASEB J 4:2460-2468.

Davies PL, Sykes BD. 1997. Antifreeze proteins. Cur-
rent Opinion in Structural Biology 7:828-834.

Deng G, Andrews DW, Laursen RA. 1997. Amino acid
sequence of a new type of antifreeze protein from the

longhorn sculpin Myoxocephalus octodecimspinosis.
FEBs Letters 402:17-20.

Dequin S. 2001. The potential of genetic engineering
for improving brewing, wine-making and baking
yeast. Appl Microbil Biotechnol 56:577-588.

Devlin RH, Yesaki TY, Biagi CA, Donaldson EM,
Swanson P, Chan W. 1994. Extraordinary salmon
growth. Nature 371:209-210.

DeVries AL. 1984. Role of glycopeptides and peptides
in inhibition of crystallization of water in polar fishes.
Phil Trans R Soc Lond B304:575-588.

Dormont D. 1999. Agents that cause transmissible sub-
acute spongiform enchaphalopathies. Biomed Phar-
macother 53:3-8.

Dove A. 2002. Uncorking the biomanufacturing bottle-
neck. Nature Biotechnology 20:777-779.

Du SJ, Gong ZY, Fletcher, GL, Shears MA, King MJ,
Idler DR, Hew CL. 1992. Growth enhancement in
transgenic Atlantic salmon by the use of an “all-fish”
chimeric growth hormone gene constructs. Bio/
Technology 10:176-181.

Eldridge AC, Kwolek WF. 1983. Soybean isoflavones:
Effect of environment and variety on composition.
J Agric Food Chem 31:394-396.

Emodi A. 1978. Xylitol: Its properties and food appli-
cations. Food Technol 32:20-32.

Etherton TD. 1991. Clinical review 21: The efficacy
and safety of growth hormone for animal agriculture.
J Clin Endocrinol Metab 72:957A-957C.

European Commission. 2000. Commission regulation
(EC) No. 49/2000 of the Commission amending
Council Regulation (EC) 1139/98 of January 10,
2000, concerning the compulsory indication on the
labeling of certain foodstuffs produced from geneti-
cally modified organisms of particulars other than
those provided for in Directive 79/112/EEC Off J
Eur Communities L6:13-14.

Falk J, Andersen G, Kernebeck B, Krupinska K. 2003.
Constitutive overexpression of barley 4-hydroxy-
phenylpyruvate dioxygenase in tobacco results in
elevation of the vitamin E content in seeds but not in
leaves. FEBS Letters 540:35-40.

Feng P. 1993. Identification of Escherichia coli
serotype O157:H7 by DNA probe specific for an
allele of uidA gene. Mol Cell Probes 151-154.

Fickler J. 1995. The amino acid composition of feed-
stuffs. New York: Degussa Corporation.

Food and Drug Administration (FDA). 1999. Food la-
beling: Health claims; soy protein and coronary heart
disease; final rule. Federal Register 64 FR 57699.

Gannon VP, Rashed M, King, RK, Thomas EJ. 1993.
Detection and characterization of the eae gene of



3 Recent Advances 65

Shiga-like toxin-producing Escherichia coli using
polymerase chain reaction. J Clin Microbiol 1268—
1274.

Gardner NJ, Savard T, Obermeier P, Caldwell G,
Champagne CP. 2001. Selection and characterization
of mixed starter cultures for lactic acid fermentation
of carrot, cabbage, beet and onion vegetable mix-
tures. Int J Food Microbiol 64:261-75.

Ge B, Zhao S, Hall R, Meng J. 2002. A PCR-ELISA
for detecting Shiga toxin-producing Escherichia coli.
Microbes Infect 4:285-290.

Geisen R, Holzapfel WH. 1996. Genetically modified
starter and protective cultures. Int J Food Micro
30:315-324.

Gibson DM, Ullah AB. 1990. Phytases and their action
on phytic acid. In: Inositol Metabolism in Plants.
New York: Wiley-Liss Inc. Pp. 77-92.

Giddings G, Allison G, Brooks D, Carter A. 2000.
Transgenic plants as factories for biopharmaceuti-
cals. Nature Biotechnology 18:1151-1155.

Gilbert AB. 1984. Egg albumen and its formation. In:
Physiology and Biochemistry of the Domestic Fowl.
Academic Press. Pp. 1291-1329.

Giovannucci E, Ascherio A, Rimm EB, Stampfer MJ,
Colditz GA, Willett WC. 1995. Intake of carotenoids
and retinal in relation to risk of prostate cancer.
J Natl Cancer Inst 87:1767-1776.

Gleizes PE, Munger JS, Nunes I, Harpel JG, Mazzieri
R, Noguera I, Rifkin DB. 1997. TGF-beta latency:
Biological significance and mechanisms of activa-
tion. Stem Cells 15:190-197.

Gong Z, Ewart KV, Hu Z, Fletcher GL, Hew CL. 1996.
Skin antifreeze protein genes of the winter flounder,
Pleuronectes americanus, encode distinct and active
polypeptides without the secretory signal and prose-
quences. J Biol Chem 271:4106—4112.

Gordon JW, Scangos GA, Plotkin DJ, Barbosa JA,
Ruddle FH. 1980. Genetic transformation of mouse
embryos by microinjection of purified DNA. Proc
Natl Acd Sci 77:7380-7384.

Goto F, Yoshihara T, Shigemoto N, Toki S, Takaiwa F.
1999. Iron fortification of rice seed by the soy-
bean ferritin gene. Nature Biotechnology 17:282—
286.

Govinden R, Pillay B, van Zyl WH, Pillay D. 2001.
Xylitol production by recombinant Saccharomyces
cerevisiae expressing the Pichia stipitis and Candida
shehatae XYLI genes. Appl Microbiol Biotechnol
55:76-80.

Grundy SM. 1986. Comparison of monounsaturated
fatty acids and carbohydrates for lowering plasma
cholesterol. N Engl J Med 314:745-748.

Grusack MA, DellaPenna D. 1999. Improving the
nutrient composition of plants to enhance human
nutrition and health. Annu Rev Plant Physiol Plant
Mol Biol 50:133-161.

Hall RH, Xu JG, inventors. 1998. Rapid and sensitive
detection of O157:H7 and other enterohemorrhagic
E. coli. U.S. Patent 5,756,293.

Hallberg L, Brune M, Rossander L. 1989. Iron absorp-
tion in man: Ascorbic acid and dose-dependent inhi-
bition by phytate. Am J Clin Nutr 49:140-144.

Hansen EB. 2002. Commercial bacterial starter cul-
tures for fermented foods of the future. Int J Food
Microbiol 78:119-131.

Harvey AJ, Speksnijder G, Baugh LR, Morris JA,
Ivarie R. 2002. Expression of exogenous protein in
the egg white of transgenic chickens. Nature Bio-
technology 20:396-399.

Heid CA, Stevens J, Livak KJ, Williams PM. 1996.
Real time quantitative PCR. Genome Res 6:986—
994.

Hernandez M, Pla M, Esteve T, Prat S, Puigdomenech
P, Ferrando A. 2003. A specific real-time quantitative
PCR detection system for event MONS810 in maize
YieldGard based on the 3’-transgene integration se-
quence. Transgenic Research 12:179-189.

Hess J L. 1993. Antioxidants in Higher Plants. Boca
Raton: CRC Press Inc. 112-134.

Hew CL, Fletcher GL, Davies PL. 1995. Transgenic
salmon: Tailoring the genome for food production.
J Fish Biol 47:1-19.

Hew CL, Poon R, Xiong F, Gauthier S, Shears M, King
M, Davies PL, Fletcher GL. 1999. Liver-specific and
seasonal expression of transgenic Atlantic salmon
harboring the winter flounder antifreeze protein
gene. Transgenic Research 8:405-414.

Hew CL, Scott GK, Davies PL. 1986. Molecular biolo-
gy of antifreeze. In: Living in the Cold: Physio-
logical and Biochemical Adaptation. New York:
Elsevier Press. Pp. 117-123.

Higuchi R, Dollinger G, Walsh PS, Griffith R. 1992.
Simultaneous amplification and detection of specific
DNA sequences. Biotechnology 10:413—417.

Hochedlinger K., Jaenisch R. 2003. Nuclear transplan-
tation, embryonic stem cells, and the potential for
cell therapy. N Engl J Med 349:275-286.

Holm PB, Kritiansen KN. Pedersen HB. 2002. Trans-
genic approaches in commonly consumed cereals to
improve iron and zinc content and bioavailability.
Journal of Nutrition. 132:514S-516S.

Horiuchi M, Caughey B. 1999. Prion protein intercon-
versions and the transmissible spongiform enceph-
alopathies. Structure Fold Des 7:R231-R240.



66 Part I: Principles

Ivarie R. 2003. Avian transgenesis: Progress towards
the promise. Trends in Biotechnology 21:14-19.

James C. 2001. Global Review of Commercialized
Transgenic Crops. ISAAA Briefs 24.

.2003. Global Review of Commercialized Trans-
genicCrops:2002Feature: BtMaize.ISAAA Briefs29.

Jaynes J M, Yang MS, Espinoza N, Dodds JH. 1986.
Plant protein improvement by genetic engineering:
Use of synthetic genes. Trends Biotech 4:314—
320.

Jimenez Flores R, Richardson T. 1988. Genetic engi-
neering of the caseins to modify the behavior of milk
during processing: A review. J Dairy Sci 71:2640—
2654.

Johnson R, Gibbs CJ. 1998. Creutzfeldt-Jakob disease
and related transmissible spongiform encephalop-
athies. New Engl J Med 339:1994-2004.

Jung W, Yu O, Lau SM, O’Keefe DP, Odell J, Fader G,
McGonigle B. 2000. Identification and expression of
isoflavone synthase, the key enzyme for biosynthesis
of isoflavones in legumes. Nature Biotechnology
18:208-212.

Jyocouchi H, Hill J, Tomita Y, Good RA. 1991. Studies
of immunomodulation actions of carotenoids. 1. Ef-
fects of (-carotene and astaxanthin on murine lym-
phocyte functions and cell surface marker expression
in vivo culture system. Nutr Cancer 6:93-105.

Kamal-Eldin A, Appelqvist LA. 1996. The chemistry
and antioxidant properties of tocopherols and tocot-
rienols. Lipids 31:671-701.

Karatzas CN, Turner J.D. 1997. Toward altering milk
composition by genetic manipulation: Current status
and challenges. J Dairy Sci 80:2225-2232.

Keys A, Anderson T, Grande F. 1965. Serum choles-
terol response to changes in diet. I'V. Particular satu-
rated fatty acids in the diet. Metabolism 14:776.

Kitamoto K, Oda K, Gomi K, Takashi K. 1991. Genetic
engineering of sake yeast producing no urea by suc-
cessive disruption of arginase gene. Appl Environ
Microbiol 57:2568-2575.

Klein TM, Wolf ED, Wu R, Stanford JC. 1987. High
velocity microprojectiles for delivering nucleic acids
into living cells. Nature 327:70-73.

Kleter GA, van der Krieken WM, Kok EJ, Bosch D,
Jordi W, Gilissen LJ. 2001. Regulation and exploita-
tion of genetically modified crops. Nature Biotech-
nology 19:1105-1110.

Krings U, Berger RG. 1998. Biotechnological produc-
tion of flavours and fragrances. Appl Microbiol Bio-
technol 49:1-8.

Kiibler, E, Oesch B, Raeber AL. 2003. Diagnosis of
prion diseases. British Medical Bulletin 66:267-279.

Lantzsch HJ, Menke KH, Scheuermann SE. 1992.
Comparative study of phosphorous utilization from
wheat, barley and corn diets by young rats and pigs.
J Anim Physiol Anim Nutr 67:123-132.

Lee TT, Wang MM, Hou RC, Chen LJ, Su RC, Wang
CS, Tzen JT. 2003. Enhanced methionine and cys-
teine levels in transgenic rice seeds by the accumula-
tion of sesame 2S albumin. Biosci Biotechnol Bio-
chem 67:1699-1705.

Leury BJ, Baumgard LH, Block SS, Segoale N,
Ehrhardt RA, Rhoads RP, Bauman DE, Bell AW,
Boisclair YR. 2003. Effect of insulin and growth hor-
mone on plasma leptin in periparturient dairy cows.
Am J Physiol Regul Integr Comp Physiol 285:
R1107-R1115.

Lewus CB, Kaiser A, Montville TJ. 1991. Inhibition of
food-borne bacterial pathogens by bacteriocins from
lactic acid bacteria isolated from meats. Appl En-
viron Microbiol 57:1683-1688.

Lott JNA. 1984. Accumulation of seed reserves of
phosphorous and other minerals. In: Seed Physi-
ology. Academic Press. Pp. 139-166.

Lucca P, Hurrell R, Potrykus 1. 2002. Fighting iron
deficiency anemia with iron-rich rice. J Am Coll.
Nutr 21:184S-190S.

Maberly GF, Trowbridge FL, Yip R, Sullivan KM.,
West CE. 1994. Programs against micronutrient mal-
nutrition: Ending hidden hunger. Annu Rev Public
Health 15:277-301.

Marillonet S, Klimyuk V, Gleba Y. 2003. Encoding
technical information in GM organisms. Nature Bio-
technology 21:224-226.

McMahon DJ, Brown RJ. 1984. Composition, struc-
ture, and integrity of casein micelles: A review. J
Dairy Sci 67:499.

McPherron AC, Lee S. 1997. Double muscling in cattle
due to mutations in the myostatin gene. Proc Natl
Acad Sci 94:12457-12461.

Mead PS, Slutsker L, Dietz V, McCaig LF, Bresee JS,
Shapiro C, Griffin PM., Tauxe RV. 1999. Food-relat-
ed illness and death in the United States. Emerg
Infect Dis 5:607-625.

Messina M, Barnes S. 1991. The role of soy products in
reducing cancer risks. J Natl Cancer Inst 83:541—
546.

Miflin B, Napier J, Shewry P. 1999. Improving plant
product quality. Nature Biotechnology 17:BV13—
BV14.

Miki W. 1991. Biological functions and activity of ani-
mal carotenoids. Pure Appl Chem 63:141-146.

Miura Y, Kondo K, Saito T, Shimada H, Fraser PD,
Misawa N. 1998. Production of the carotenoids lyco-



3 Recent Advances 67

pene, B-carotene, and astaxanthin in the food yeast
Candida utilis. Appl Envir Micrbiol 64:1226-1229.

Morrison TM, Weiss JJ, Wittwer CT. 1998. Quan-
tification of low-copy transcripts by continuous
SYBR green I monitoring during amplification. Bio-
techniques 24:954-962.

Moynagh J, Schimmel H. 2000. Tests for BSE evaluat-
ed. Nature 400:105.

Muir WM, Howard RD. 1999. Possible ecological risks
of transgenic organism release when transgenes af-
fect mating success: Sexual selection and the Trojan
gene hypothesis. Proc Natl Acad Sci USA 96:
13853-13856.

Munné-Bosch S, Alegre L. 2002. The function of to-
copherols and tocotrienols in plants. Crit Rev Plant
Sci 21:31-57.

Murakawa H, Bland CE, Willis WT, Dallman PR.
1987. Iron deficiency and neutrophil function: Dif-
ferent rates of correction of the depressions in oxida-
tive burst and myeloperoxidase activity after iron
treatment. Blood 695:1464—1468.

Murphy JF, Riordan J, Newcombe RG, Coles EC,
Person JE. 1986. Relation of hemoglobin levels in
first and second trimesters to outcome of pregnancy.
Lancelet 1:992-995.

National Research Council (NRC). 1988. Designing
foods: Animal Product Options in the Marketplace.
Washington: National Academy Press.

Nestel PJ, Pomeroy S, Kay S, Komesaroff P, Behrsing
J, Cameron J.D, West L. 1999. Isoflavones from red
clover improve systemic arterial compliance but no
plasma lipids in menopausal women. J Clin Endo-
crinol Metab 84:895-898.

Nigam P, Singh D. 1995. Processes for fermentative
production of xylitol—A sugar substitute. Process
Biochem 30:117-124.

Niiler E. 2000. FDA researchers consider first trans-
genic fish. Nature Biotechnology 18:143.

Ough CS. 1976. Ethylcarbamate in fermented bever-
ages and foods. I. Naturally occurring ethylcarba-
mate. J Agric Food Chem 24:323-328.

Pepper T, Olinger PM. 1988. Xylitol in sugar-free con-
fections. Food Technol 10:98-106.

Persuy MA, Legrain S, Printz C, Stinnakre MG,
Lepourry L, Brignon G, Mercier JC. 1995. High-
level, stage- and mammary-tissue-specific expression
of a caprine k-casein-encoding minigene driven by a
[B-casein promoter in transgenic mice. Gene 165:
291-296.

Peterson G, Barnes S. 1991. Genistein inhibition of the
growth of human breast cancer cells: Independence
from estrogen receptors and the multi-drug resis-

tance gene. Biochem Biophys Res Commun 179:
661-667.

Potrykus 1. 2001. Golden rice and beyond. Plant
Physiol 125:1157-1161.

Prusiner SB. 1982. Novel proteinaceous infections par-
ticles cause scrapie. Science 216:136-144.

1998. Prions. Proc Natl Acad Sci USA
95:13363-13383.

Pursel VG, Pinkert CA, Miller KF, Bolt DJ, Campbell
RG, Palmiter RD, Brinster RL, Hammer RE. 1989.
Genetic engineering of livestock. Science 244:1281—
1288.

Rahman MA, Mak R, Ayad H, Smith A, Maclean N.
1998. Expression of a novel piscine growth hormone
gene results in growth enhancement in transgenic
tilapia (Oreochromis niloticus). Transg Research
7:357-369.

Razak SA, Hwang GL, Rahman MA, Maclean N.
1999. Growth performance and gonadal develop-
ment of growth enhanced transgenic tilapia Oreo-
chromis niloticus (L.) following heat-shock-induced
triploidy. Mar Biotechnol 1:533-544.

Ravindran V, Bryden WL, Kornegay ET. 1995. Phy-
tates: Occurrence, bioavailability and implications in
poultry nutrition. Poultry Avian Biol Rev 6:125-143.

Riley LW, Remis RS, Helgerson SD, McGee HB, Wells
JG, Davis BR, Hebert RJ, Olcott ES, Johnson LM,
Hargrett NT, Blake PA, Cohen M.L. 1983. Hemor-
rhagic colitis associated with a rare Escherichia coli
serotype. New Engl J Med 308:681-685.

Rinzler CA, Jensen MD, Brody JE. 1999. The New
Complete Book of Food: A Nutritional, Medical, and
Culinary Guide. New York: Facts on File, Inc.

Saborio GP, Permanne B, Soto C. 2001. Sensitive de-
tection of pathological prion protein by cyclic ampli-
fication of protein misfolding. Nature 411:810-813.

Schultz G, Soll J, Fiedler E, Schulze-Siebert D. 1985.
Synthesis of prenylquinones in chloroplasts. Phys-
iolo Plant 64:123-129.

Sharma HC, Crouch JH, Sharma KK, Seetharama N,
Hash CT. 2002. Applications of biotechnology for
crop improvement: Prospects and constraint. Plant
Science 163:381-395.

Shintani D, DellaPenna D. 1998. Elevating the vitamin
E content of plants through metabolic engineering.
Science 282:2098-2100.

Smirnoff N, Conklin P, Loewus F. 2001. Biosynthesis
of ascorbic acid: A renaissance. Annu Rev Plant
Physiol Plant Molec Biol 52:437-467.

Soll J, Kemmerling M, Schultz G. 1980. Tocopherol
and plastoquinone synthesis in spinach chloroplasts
subfractions. Arch Biochem Biophy 204:544-550.




68 Part I: Principles

Solomon M.B, Pursel VG, Paroczay EW, Bolt DJ.
1994. Lipid composition of carcass tissue from
transgenic pigs expressing a bovine growth hormone
gene. J Anim Sci 72:1242-1246.

Somogyi LP. 1996. The flavour and fragrance industry:
Serving a global market. Chem Ind 4:170-173.

Southgate EM, Davey MR, Power JB, Marchant R.
1995. Factors affecting the genetic engineering of
plants by microprojectile bombardment. Biotechnol
Adv 13:631-651.

Swift GH, Hammer RE, MacDonald RJ, Brinster RL.
1984. Tissue-specific expression of the rat pancreatic
elastase I gene in transgenic mice. Cell 38:639-646.

Taylor PG, Martinez C, Romano EL, Layrisse M. 1986.
The effect of cysteine-containing peptides released
during meat digestion on iron absorption in humans.
Am J Clin Nutr 43:68-71.

Taylor SL, Hefle SL. 2002. Genetically engineering
foods: Implications for food allergy. Curr Opin Al-
lergy Clin Immunol 2:249-252.

Theriault A, Chao, J-T, Wang Q, Gapor A, and Adeli K.
1999. Tocotrienol: A review of its therapeutical
potential. Clin Biochem 32:309-319.

Thies RS, Chen T, Davies MV, Tomkinson KN, Pear-
son AA, Shakey QA, Wolfman NM. 2001. GDF-8
propeptide binds to GDF-8 and antagonizes biologi-
cal activity by inhibiting GDF-8 receptor binding.
Growth Factors 18:251-259.

Tranter HS, Board RB. 1982. The antimicrobial de-
fense of avian eggs: Biological perspectives and
chemical basis. J Appl Biochem 4:295-338.

Tsukamoto C, Shimada S, Igita K, Kudou S, Kokubun
M, Okubo K, Kitamura K. 1995. Factors affecting
isoflavone content in soybean seeds: Changes in
isoflavones, saponins and composition of fatty acids
at different temperatures during seed development.
J Agric Food Chem 43:1184-1192.

Tyagi S, Kramer FR. 1996. Molecular beacons: Probes
that fluoresce upon hybridization. Nature Biotech-
nology 14:303-308.

United Nations Population Fund (UNFPA) 1995. The
State of World Population 1995. UNFPA 67:16-17.

Urnovitz HB. 2003. Mad cow disease: A case for
studying living animals. Redflagdaily (serial online)
www.redflagsweekly.com

Vain P, de Buyser J, Bui Trang, V, Haicour R, Henry Y.
1995. Foreign delivery into monocotyledonous spe-
cies. Biotechnol Adv 13:653-671.

Van de Guchte M, van der Wal FJ, Kok J, Venema G.
1992. Lysozyme expression in Lactococcus lactis.
Appl Microbiol Biotechnol 37:216-224.

Vanderhaegen B, Neven H, Coghe S, Verstrepen KIJ,
Derdelinckx, G, Verachtert H. 2003. Bioflavoring
and beer refermentation. Appl Microbiol Biotechnol
62:140-150.

Vasil IK. 2003. The science and politics of plant bio-
technology—A personal perspective. Nature Biotech-
nology 21:849-851.

Wall RJ. 2002. Pronuclear microinjection. Cloning
Stem Cells 3:193-204.

Wall RJ, Kerr DE, Bondioli KR. 1997. Transgenic
dairy cattle: Genetic engineering on a large scale.
J Dairy Sci 80:2213-2224.

Walter T, De Anraca I, Chadud P, Perales CG. 1986.
Iron deficiency anemia: Adverse effects on infant
psychomotor development. Pediatrics 84:7-17.

Wang H-J, Murphy PA. 1996. Mass balance study of
isoflavones during soybean processing. J Agric Food
Chem 44:2377-2383.

Washko PW, Welch RW, Dhariwal KR, Wang Y, Levine
M. 1992. Ascorbic acid and dehydroascorbic acid
analyses in biological samples. Anal Biochem 204:
1-14.

Wheeler G, Jones M, Smirnoff N. 1998. The biosyn-
thetic pathway of vitamin C in higher plants. Nature
393:365-369.

Whitcombe D, Theaker J, Guy SP, Brown T, Little S.
1999. Detection of PCR products using self-probing
amplicons and fluorescence. Nature Biotechnology
17:804-807.

WHO/UNICEF/IVACG Task Force. 1997. Vitamin A
Supplements: A Guide to Their Use in the Treatment
and Prevention of Vitamin A Deficiency and
Xerophthalmia, 2nd edition. Geneva, Switzerland.

Willmitzer L, Depicker A, Dhaese P, De Greve H,
Hernalsteens JP, Holsters M, Leemans J, Otten L,
Schroder J, Schroder G, Zambryski P, van Montagu
M, Schell J. 1983. The use of Ti-plasmids as plant-
directed gene vectors. Folia Biol 29:106-114.

Wittwer CT, Hermann MG, Moss AA, Rasmussen RP.
1997. Continuous fluorescence monitoring of rapid
cycle DNA amplification. Biotechniques 22:130—
138.

Wolf DP, Mitalipov S, Norgren Jr, RB. 2001. Nuclear
transfer technology in mammalian cloning. Archives
of Medical Research 32:609-613.

World Health Organization (WHO). 1992. National
strategies for overcoming micronutrient malnutri-
tion. Document A45/3 Geneva, Switzerland.

Wyss M, Pasamontes L, Remy R, Kohler J, Kusznir E,
Gadient M, Muller F, van Loon APGM. 1998. Com-
parison of the thermostability properties of three



3 Recent Advances 69

acid phosphatases from molds: Aspergillus fumiga-
tus phytase, A. niger phytase, and A. niger pH 2.4
acid phosphatase. Appl Environ Microbiol 64:4446—
4451.

Yang J, Ratovitski T, Brady JP, Solomon MB, Wells
KD, Wall RJ. 2001. Expression of myostatin pro do-
main results in muscular transgenic mice. Mol Repro
Dev 60:351-361.

Ye X, Al-Babili S, Kloti A, Zhang J, Lucca P, Beyer P,
Potrykus 1. 2000. Engineering provitamin A ([3-
carotene) biosynthetic pathway into (carotenoid-
free) rice endosperm. Science 287:303-305.

Zambryski P. 1988. Basic process underlying Agro-
bacterium-mediated DNA transfer to plant cells.
Annu Rev Gent 22:1-30.

Zbikowska HM. 2003. Fish can be first—Advances in
fish transgenesis for commercial applications. Trans-
genic Research 12:379-389.

Zheng Z, Sumi K, Tanaka K, Murai N. 1995. The bean
seed storage protein [3-phaseolin is synthesized, pro-
cessed, and accumulated in the vacuolar type-II pro-
tein bodies of transgenic rice endosperm. Plant
Physiol 109:777-786.



Food Biochemistry and Food Processing
Edited by Y. H. Hui
Copyright © 2006 by Blackwell Publishing

Browning Reactions

M. Villamiel, M. D. del Castillo, and N. Corzo

Introduction
Enzymatic Browning
Properties of Polyphenol Oxidase (PPO)
Substrates
Control of Browning
Nonenzymatic Browning
The Maillard Reaction
Factors Affecting the Maillard Reaction
Study of the Maillard Reaction in Foods
Control of the Maillard Reaction in Foods
Caramelization
Ascorbic Acid Browning
Pathway of Ascorbic Acid Browning
Control of Ascorbic Acid Browning
Lipid Browning
Protein-Oxidized Fatty Acid Reactions
Nonenzymatic Browning of Aminophospholipids
References

INTRODUCTION

Browning reactions are some of the most important
phenomena occurring in food during processing and
storage. They represent an interesting research for
the implications in food stability and technology as
well as in nutrition and health. The major groups of
reactions leading to browning are enzymatic phenol
oxidation and so-called nonenzymatic browning
(Manzocco et al. 2001).

ENZYMATIC BROWNING

Enzymatic browning is one of the most important col-
orreactions that affect fruits, vegetables, and seafood.
Itis catalyzed by the enzyme polyphenol oxidase (1,2

benzenediol; oxygen oxidoreductase, EC 1.10.3.1),
which s also referred to as phenoloxidase, phenolase,
monophenol oxidase, diphenol oxidase, and tyrosi-
nase. Phenoloxidase enzymes catalyze the oxidation
of phenolic constituents to quinones, which finally
polymerize to colored melanoidins (Marshall et al.
2000).

Enzymatic browning reactions may affect fruits,
vegetables, and seafood in either positive or negative
ways. These reactions, for instance, may contribute
to the overall acceptability of foods such as tea, cof-
fee, cocoa, and dried fruits (raisins, prunes, dates, and
figs). Products of enzymatic browning play key phys-
iological roles. Melanoidins, produced as a conse-
quence of polyphenol oxidase activity, may exhibit
antibacterial, antifungal, anticancer, and antioxidant
properties. Polyphenol oxidases impart remarkable
physiological functions for developing of aquatic
organisms, such as wound healing and hardening of
the shell (sclerotization) after molting in insects and
in crustaceans such as shrimp and lobster. The
mechanism of wound healing in aquatic organisms
is similar to that which occurs in plants in that the
compounds produced as a result of the polymeriza-
tion of quinones, melanins or melanoidins, exhibit
both antibacterial and antifungal activities. In addi-
tion, enzymatic reactions are considered desirable
during fermentation (Fennema 1976). Despite these
positive effects, enzymatic browning is considered
one of the most devastating reactions for many exot-
ic fruits and vegetables, in particular tropical and
subtropical varieties. Enzymatic browning is espe-
cially undesirable during processing of fruit slices
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and juices. Lettuce and other green leafy vegetables;
potatoes and other starchy staples such as sweet po-
tato, breadfruit, and yam; mushrooms; apples; avo-
cados; bananas; grapes; olive (Sciancalepore 1985);
peaches; pears (Vamosvigyazo and Nadudvari-
markus 1982); and a variety of other tropical and
subtropical fruits and vegetables are susceptible to
browning. Crustaceans are also extremely vulnera-
ble to enzymatic browning. Since enzymatic brown-
ing can affect the color, flavor, and nutritional value
of these foods, it can cause tremendous economic
losses (Marshall et al. 2000).

A better understanding of the mechanism of enzy-
matic browning in fruits, vegetables, and seafood;
the properties of the enzymes involved; and their
substrates and inhibitors may be helpful for control-
ling browning development, avoiding economic loss-
es, and providing high quality foods. Based on this
knowledge, new approaches for the control of enzy-
matic browning have been proposed. These subjects
will be reviewed in this chapter.

PROPERTIES OF POLYPHENOL OXIDASE (PPO)

PPO (EC 1.10.3.1; o-diphenol oxidoreductase) is an
oxidoreductase able to oxidize phenol compounds
employing oxygen as a hydrogen acceptor. The ab-
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undance of phenolics in plants may be the reason for
naming this enzyme polyphenol oxidase (Marshall
et al. 2000). The molecular weight for polyphenol
oxidase in plants ranges between 57 and 62 kDa
(Hunt et al. 1993, Newman et al. 1993). Polyphenol
oxidase catalyzes two basic reactions: (1) hydroxy-
lation to the o-position adjacent to an existing hy-
droxyl group of the phenolic substrate (monophenol
oxidase activity) and (2) oxidation of diphenol to o-
benzoquinones (diphenol oxidase activity) (Fig. 4.1).

In plants, the ratio of monophenol to diphenol
oxidase activity is usually in the range of 1:40 to
1:10 (Nicolas et al. 1994). Monophenol oxidase ac-
tivity is considered more relevant for insect and
crustacean systems due to its physiological signifi-
cance in conjunction with diphenolase activity (Mar-
shall et al. 2000).

Polyphenol oxidase is also referred to as tyrosi-
nase to describe both monophenol and diphenol oxi-
dase activities in either animals or plants. The mon-
ophenol oxidase acting in plants is also called
cresolase due to its ability to employ cresol as a sub-
strate (Marshall et al. 2000). This enzyme is able
to metabolize aromatic amines and o-aminophenols
(Toussaint and Lerch 1987).

The oxidation of diphenolic substrates to quinones
in the presence of oxygen is catalyzed by diphenol

OH OH o
OH o
Y » —— > POLYMER
monophenol oxidase diphenol oxidase E@:ﬁowm
(cresolase) (catecholase or catechol oxidase)
R R R
monohydroxyphenol o-dihydroxyphenol o-quinone
OH OH
s
R diphenol oxidase R
(laccase)
OH OH
p-dihydroxyphenol p-quinone

Figure 4.1. Polyphenol oxidase pathway.
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oxidase activity (Fig. 4.1). The p-diphenol oxidase—
catalyzed reaction follows a Bi Bi mechanism (Whi-
taker 1972). Diphenolase activity may be due to two
different enzymes: catecholase (catechol oxidase)
and laccase (Fig. 4.1). Laccase (p-diphenol oxidase,
EC 1.10.3.2)(DPO) is a type of copper-containing
polyphenol oxidase. It has the unique ability to oxi-
dize p-diphenols. Phenolic substrates, including poly-
phenols, methoxy-substituted phenols, diamines, and
a considerable range of other compounds, serve as
substrates for laccase (Marshall et al. 2000). Lac-
cases occur in many phytopathogenic fungi, higher
plants (Mayer and Harel 1991), peaches (Harel et al.
1970), and apricots (Dijkstra and Walker 1991).

Catechol oxidase and laccase are distinguishable
on the basis of both their phenolic substrates (Fig.
4.1) and their inhibitor specificities (Marshall et al.
2000).

Catecholase activity is more important than cres-
olase action in food because most of the phenolic
substrates in food are dihydroxyphenols (Mathew

This bifunctional enzyme, polyphenol oxidase
(PPO), containing copper in its structure has been
described as an oxygen and four-electron transfer-
ring phenol oxidase (Jolley et al. 1974). Figure 4.2
shows a simplified mechanism for the hydroxylation
and oxidation of phenols by PPO. Both mechanisms
involve the two copper moieties on the PPO.

Polyphenol oxidase, active between pH 5 and 7,
does not have a very sharp pH optimum. At lower
pH values of approximately 3, the enzyme is irre-
versibly inactivated. Reagents that complex or re-
move copper from the prosthetic group of the en-
zyme inactivate the enzyme (Fennema 1976).

SUBSTRATES

Although tyrosine is the major substrate for certain
phenolases, other phenolic compounds such as caf-
feic acid and chlorogenic acid also serve as sub-
strates (Fennema 1976). Structurally, they contain
an aromatic ring bearing one or more hydroxyl
groups, together with a number of other substituents

OH

monophenolase
(cresolase)

and Parpia 1971).

monohydroxyphenol ortho-dihydroxyphenol

diphenol oxidase
(catecholase)

(o]
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Figure 4.2. Simplified mechanism for the hydroxylation and oxidation of diphenol by phenoloxidase.
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OH
CHy—CHp—NH, o
OH CH=CH——C——0H
o]
HO, | Caffeic acid
C—OH OH HO o)
OH
OH || OH
b ) /C—-OH
opamine H "
HO' OH C——CH D-catechin o
OH OH
Quinic acid
och 0 O——C—CH=CH OH
oL o Ho : I
Ferulic acid OH—C,
OH
o
|| OH
C—OH
OH OH
HO OH . .
OH Chlorogenic acid
OH
Y - . OH
Shikimic acid
Catechol

OH

Protocatechuic acid

Figure 4.3. Structure of common phenols present in foods Maillard reaction.

(Marshall et al. 2000). Structures of common pheno-
lic compounds present in foods are shown in Fig-
ure 4.3. Phenolic subtrates of PPO in fruits, vegeta-
bles, and seafood are listed in Table 4.1. The sub-
strate specificity of PPO varies in accordance with
the source of the enzyme. Phenolic compounds and
polyphenol oxidase are, in general, directly respon-
sible for enzymatic browning reactions in damaged
fruits during postharvest handling and processing.
The relationship of the rate of browning to phenolic
content and PPO activity has been reported for vari-
ous fruits. In addition to serving as PPO substrates,
phenolic compounds act as inhibitors of PPOs
(Marshall et al. 2000).

CONTROL OF BROWNING

Enzymatic browning may cause a decrease in the
market value of food products originating from
plants and crustaceans (Perez-Gilabert and Garcia-
Carmona 2000, Kubo et al. 2000, Subaric et al.
2001). Processing such as cutting, peeling, and bruis-
ing is enough to cause enzymatic browning. The rate

of enzymatic browning is governed by the active
polyphenol oxidase content of the tissues; the phe-
nolic content of the tissue and the pH, temperature,
and oxygen availability within the tissue. Conse-
quently, the methods addressed to inhibiting the
undesired browning are focused on either inhibiting
or preventing PPO activity in foods. The methods
are predicated on eliminating from the reaction one
or more essential components (oxygen, enzyme,
copper, or substrates). Numerous techniques have
been applied to preventing enzymatic browning.
Table 4.2 gives a list of procedures and inhibitors
that may be employed for controlling enzymatic
browning in foods. According to Marshall et al.
(2000), there are six categories of PPO inhibitors
applicable to control of enzymatic browning: reduc-
ing agents, acidulants, chelating agents, complexing
agents, enzyme inhibitors, and enzyme treatments.
The inhibition of enzymatic browning generally pro-
ceeds via direct inhibition of the PPO, nonenzymat-
ic reduction of o-quinones, and chemical modifica-
tion or removal of phenolic substrates of polyphenol
oxidase.
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Table 4.1. Phenolic Substrates of PPO in Foods

Source Phenolic Substrates

Apple Chlorogenic acid (flesh), catechol, catechin (peel), caffeic acid,
3,4-dihydroxyphenylalanine (DOPA), 3,4-dihydroxy benzoic acid, p-cresol, 4-methyl
catechol, leucocyanidin, p-coumaric acid, flavonol glycosides

Apricot Isochlorogenic acid, caffeic acid, 4-methyl catechol, chlorogenic acid, catechin,
epicatechin, pyrogallol, catechol, flavonols, p-coumaric acid derivatives

Avocado 4-methyl catechol, dopamine, pyrogallol, catechol, chlorogenic acid, caffeic acid, DOPA

Banana 3,4-dihydroxyphenylethylamine (Dopamine), leucodelphinidin, leucocyanidin

Cacao Catechins, leucoanthocyanidins, anthocyanins, complex tannins

Coftee beans Chlorogenic acid, caffeic acid

Eggplant Chlorogenic acid, caffeic acid, coumaric acid, cinnamic acid derivatives

Grape Catechin, chlorogenic acid, catechol, caffeic acid, DOPA, tannins, flavonols,
protocatechuic acid, resorcinol, hydroquinone, phenol

Lettuce Tyrosine, caffeic acid, chlorogenic acid derivatives

Lobster Tyrosine

Mango Dopamine-HCI, 4-methyl catechol, caffeic acid, catechol, catechin, chlorogenic acid,
tyrosine, DOPA, p-cresol

Mushroom Tyrosine, catechol, DOPA, dopamine, adrenaline, noradrenaline

Peach Chlorogenic acid, pyrogallol, 4-methyl catechol, catechol, caffeic acid, gallic acid,
catechin, Dopamine

Pear Chlorogenic acid, catechol, catechin, caffeic acid, DOPA, 3,4-dihydroxy benzoic acid,
p-cresol

Plum Chlorogenic acid, catechin, caffeic acid, catechol, DOPA

Potato Chlorogenic acid, caffeic acid, catechol, DOPA, p-cresol, p-hydroxyphenyl propionic
acid, p-hydroxyphenyl pyruvic acid, m-cresol

Shrimp Tyrosine

Sweet potato
Tea

Chlorogenic acid, caffeic acid, caffeylamide
Flavanols, catechins, tannins, cinnamic acid derivatives

Source: Reproduced from Marshall et al. 2000.

Sulfites are the most efficient multifunctional
agents in the control of enzymatic browning of foods.
The use of sulfites has become increasingly restrict-
ed because they have been considered a cause of
severe reactions in asthmatics. The best alternative
to sulfite in control of browning is L-ascorbic acid or
its stereoisomer erythorbic acid; 4-hexylresorcinol
is also a good substitute for sulfite. Sulfhydryl
amino acids such as cysteine and reduced glu-
tathione, and inorganic salts like sodium chloride,
kojic acid, and oxalic acid (Pilizota and Subaric
1998, Son et al. 2000, Burdock et al. 2001) cause an
effective decrease in undesirable enzymatic brown-
ing in foods. A decrease of enzymatic browning is
achieved by use of various chelating agents, which
either directly form complexes with polyphenol oxi-
dase or react with its substrates. P-cyclodextrin, or
example, is an inhibitor that reacts with the copper-

containing prosthetic group of PPO, forming an in-
clusion complex (Pilizota and Subaric 1998).

Thiol compounds like 2-mercaptoethanol may act
as an inhibitor of the polymerization of o-quinone
and as a reductant involved in the conversion of o-
quinone to o-dihydroxyphenol (Negishi and Ozawa
2000).

Crown compounds have the potential to reduce
the enzymatic browning caused by catechol oxidase
due to their ability to complex with the copper pres-
ent in its prosthetic group. The inhibition effect of
crown compounds, macrocyclic esters, benzl8§-
crown-6 with sorbic acid, and benz18-crown-6 with
potassium sorbate has been proved for fresh-cut
apples (Subaric et al. 2001).

Because of safety regulations and the consumer’s
demand for natural food additives, much research
has been devoted to the search for natural and safe
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Table 4.2. Inhibitors and Processes Employed in the Prevention of Enzymic Browning

Inhibition Targeted toward the Enzyme

Processing

Enzymes Inhibitors

Heating
1) Steam and water blanching (70-105°C)
2) Pasteurization (60-85°C)

Cooling
1) Refrigeration
2) Freezing (—18°C)

Dehydration
Physical methods Chemical methods
Freeze-drying Sodium chloride and other salts
Spray drying Sucrose and other sugars
Radiative drying Other sugar
Solar drying Glycerol
Microwave drying  Propylene glycol

Modified corn syrup

Irradiation

1) Gamma rays up to 1 kGy (Cobalt 60 or
Cesium 137)

2) X-rays

3) Electron beams

4) Combined treatments using irradiation and heat

High pressure (600900 Mpa)

Supercritical carbon dioxide (58 atm, 43°C)

Ultrafiltration

Ultrasonication
Employment of edible coating

Chelating agents
1) Sodium azide
2) Cyanide
3) Carbon monoxide
4) Halide salts (CaCl,, NaCl)
5) Tropolone
6) Ascorbic acid
7) Sorbic acid
8) Polycarboxylic acids (citric, malic, tartaric,
oxalic and succinic acids)
9) Polyphosphates (ATP and pyrophosphate)
10) Macromolecules (porphyrins, proteins,
polysaccharides)
11) EDTA
12) Kojic acid

Aromatic carboxylic acids
1) Benzoic acids

2) Cinnamic acids
Aliphatic alcohol

Peptides and Amino acids

Substituted resorcinols

Honey (peptide ~ 600 Da and antioxidants)
Proteases

Acidulants

Citric acid (0.5-2% w/v)

Malic acid

Phosphoric acid

Chitosan

Source: Adapted from Marshall et al. 2000.
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Table 4.2. (Continued)

Inhibition Targeted toward the Substrate

Inhibition
Targeted toward the Products

Removal of Oxygen

Removal of Phenols

Processing
1) Vaccum treatment
2) Immersion in water, syrup, brine

Reducing agents

1) Ascorbic acid

2) Erythorbic acid

3) Butylated hydroxyanisole (BHA)
4) Butylated hydroxytoluene (BTH)
5) Tertiarybutyl hydroxyquinone

6) Propyl gallate

Complexing agents

1) Cyclodextrins

2) Sulphate polysaccharides
3) Chitosan

Enzymatic modification

Reducing agents

1) Sulphites

(SO,,S05%, HSO5", S,05%).

2) Acorbic acid and analogs

3) Cysteine and other thiol
compounds

Amino acids, peptides and
proteins

1) O-methyltransferase
2) Protocatechuate 3,
4-dioxigenase

Chitosan

Maltol

antibrowning agents. Honey (Chen et al. 2000);
papaya latex extract (De Rigal et al. 2001); banana
leaf extract, either alone or in combination with
ascorbic acid and 4-hexylresorcinol (Kaur and Ka-
poor 2000); onion juice (Hosoda and Iwahashi
2002); onion oil (Hosoda et al. 2003); solutions con-
taining citric acid, calcium chloride, and garlic ex-
tract (Ihl et al. 2003); Maillard reaction products
obtained by heating of hexoses in presence of cys-
teine or glutathione (Billaud et al. 2003, Billaud et
al. 2004); resveratrol, a natural ingredient of red
wine possessing several biological activities, and
other hydroxystilbene compounds including its ana-
log oxyresveratrol (Kim et al. 2002); and hexanal
(Corbo et al. 2000) are some examples of natural
inhibitors of PPO. In most cases, the inhibiting
activity of a plant extract is due to more than one
component. Moreover, a good control of enzymatic
browning may involve endogenous antioxidants
(Mdluli and Owusu-Apenten 2003).

Regulation of the biosynthesis of polyphenols
(Hisaminato et al. 2001) and the use of a commer-
cial glucose oxidase—catalase enzyme system for
oxygen removal (Parpinello et al. 2002) have been
described as essential and effective ways of control-
ling enzymatic browning.

Commonly, an effective control of enzymatic
browning can be achieved by a combination of anti-
browning agents. A typical combination might con-
sist of a chemical reducing agent such as ascorbic
acid, an acidulant such as citric acid, and a chelating
agent like EDTA (ethylenediaminetetraacetic acid)
(Marshall et al. 2000).

A great emphasis is put on research to develop
methods for preventing enzymatic browning, espe-
cially in fresh-cut (minimally processed) fruits and
vegetables. Technological processing including mi-
crowave blanching alone or in combination with
chemical antibrowning agents (Severini et al. 2001,
Premakumar and Khurduya 2002), CO, treatments
(Rocha and Morais 2001, Kaaber et al. 2002), pre-
treatments employing sodium or calcium chloride
and lactic acid followed by conventional blanching
(Severini et al. 2003), high-pressure treatments com-
bined with thermal treatments, and chemical anti-
browning agents such as ascorbic acid (Prestamo et
al. 2000, Ballestra et al. 2002) have been employed
to prevent enzymatic browning in foods.

The use of edible whey protein isolate—bees wax
coating (Perez-Gago et al. 2003), a high-oxygen
atmosphere (e.g., > 70% O,) (Jacxsens et al. 2001),
or an atmosphere of 90.5% N, + 7% CO, + 2.5%
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O, (Soliva-Fortuny et al. 2001) seem to be adequate
approaches to improving the shelf life of foods by
inhibition of PPO.

Within the emergent tools for the control of PPO,
the application of genetic techniques should be men-
tioned. Transgenic fruits carrying an antisense PPO
gene show a reduction in the amount and activity of
PPO, and the browning potential of transgenic lines
is reduced compared with the nontransgenic ones
(Murata et al. 2000, 2001). These procedures may
be used to prevent enzymatic browning in a wide
variety of food crops without the application of var-
ious food additives (Coetzer et al. 2001).

NONENZYMATIC BROWNING
THE MAILLARD REACTION

Nonenzymatic browning is the most complex reac-
tion in food chemistry due to the large number of
food components able to participate in the reaction

Part I: Principles

through different pathways, giving rise to a complex
mixture of products (Olano and Martinez-Castro
1996). It is referred to as the Maillard reaction when
it takes place between free amino groups from amino
acids, peptides, or proteins and the carbonyl group
of a reducing sugar.

The Maillard reaction is one of the main reactions
causing deterioration of proteins during processing
and storage of foods. This reaction can promote
nutritional changes such as loss of nutritional qual-
ity (attributed to the destruction of essential amino
acids) or reduction of protein digestibility and amino
acid availability (Malec et al. 2002).

The Maillard reaction covers a whole range of
complex transformations (Fig. 4.4) that lead to the
formation of numerous volatile and nonvolatile
compounds. It can be divided into three major phas-
es, the early, intermediate, and advanced stages. The
early stage (Fig. 4.5) consists of the condensation of
primary amino groups of amino acids, peptides, or
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Figure 4.4. Scheme of different stages of Maillard reaction (Hodge 1953, Ames 1990).
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proteins with the carbonyl group of reducing sugars
(aldose), with loss of a molecule of water, leading,
via formation of a Schiff’s base and Amadori rear-
rangement, to the scalled Amadori product (1-
aminl-deoxy-2-ketose), a relatively stable interme-
diate (Feather et al. 1995). The Heyns compound is
the analogous compound when a ketose is the start-
ing sugar. In many foods, the g-amino group of the
lysine residues of proteins is the most important
source of reactive amino groups, but due to block-
age these lysine residues are not available for diges-
tion, and consequently the nutritive value decreases
(Brands and van Boekel 2001, Machiels and Istasse
2002). Amadori compounds are precursors of num-
erous compounds important in the formation of
characteristic flavors, aromas, and brown polymers.
They are formed before the occurrence of sensory
changes; therefore, their determination provides a
very sensitive indicator for early detection of quality
changes caused by the Maillard reaction (Olano and
Martinez-Castro 1996).

The intermediate stage leads to breakdown of
Amadori compounds (or other products related to the
Schiff’s base) and the formation of degradation prod-
ucts, reactive intermediates (3-deoxyglucosone), and
volatile compounds (formation of flavor). The 3-
deoxyglucosone participates in cross-linking of pro-
teins at much faster rates than glucose itself, and fur-
ther degradation leads to two known advanced
products: 5-hydroxymethyl-2-furaldehyde and pyr-
raline (Feather et al. 1995).

The final stage is characterized by the production
of nitrogen-containing brown polymers and copoly-
mers known as melanoidins (Badoud et al. 1995).
The structure of melanoidins is largely unknown,
and to date, there are several proposals about it. Me-
lanoidins have been described as low molecular
weight (LMW) colored substances that are able to
cross-link proteins via e-amino groups of lysine or
arginine to produce high molecular weight (HMW)
colored melanoidins. Also, it has been postulated
that they are polymers consisting of repeating units
of furans and/or pyrroles formed during the ad-
vanced stages of The Maillard reaction and linked
by polycondensation reactions (Martins and van
Boekel 2003).

In foods, predominantly glucose, fructose, malt-
ose, lactose, and to some extent reducing pentoses
are involved with amino acids and proteins in form-
ing fructoselysine, lactuloselysine, or maltulosely-

sine. In general, primary amines are more important
than the secondary ones because the concentration
of primary amino acids in foods is usually higher
than that of secondary amino acids (an exception is
the high amount of proline in malt and corn prod-
ucts) (Ledl 1990).

Factors Affecting the Maillard Reaction

The rate of the Maillard reaction and the nature of
the products formed depend on the chemical envi-
ronment of food including the water activity (a,),
pH, and chemical composition of the food system,
temperature being the most important factor
(Carabasa-Giribert and Ibarz-Ribas 2000). In order
to predict the extent of chemical reactions in pro-
cessed foods, a knowledge of kinetic reactions is
necessary to optimize the processing conditions.
Since foods are complex matrices, these kinetic
studies are often carried out using model systems in
which sugars and amino acids react under simplified
conditions. Model system studies may provide guid-
ance regarding the directions in which to modify the
food process and to find out which reactants may
produce specific effects of the Maillard reaction
(Lingnert 1990).

The reaction rate is significantly affected by the
pH of the system; it generally increases with pH
(Namiki et al. 1993, Ajandouz and Puigserver 1999).
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Figure 4.6. Effect of phosphate buffer concentration on
the loss of glycine in 0.1M glucose/glycine solutions at
pH 7 and 25°C (Bell 1997).




4 Browning Reactions 81

Bell (1997) studied the effect of buffer type and con-
centration on initial degradation of amino acids and
formation of brown pigments in model systems of
glycine and glucose stored for long periods at 25°C.
The loss of glycine was faster at high phosphate
buffer concentrations (Fig. 4.6), showing the catalyt-
ic effect of the phosphate buffer concentration on the
Maillard reaction.

The type of reducing sugar has a great influence
on Maillard reaction development. Pentoses (e.g.,
ribose) react more readily than hexoses (e.g., glu-
cose), which, in turn, are more reactive than dis-
accharides (e.g., lactose) (Ames 1990). A study on
brown development (absorbance 420 nm) in a heat-
ed model of fructose and lysine showed that brown-
ing was higher than in model systems with glucose
(Ajandouz et al. 2001).

Participation of amino acids in the Maillard reac-
tion is variable; lysine was the most reactive amino
acid (Fig. 4.7) in the heated model system of glu-
cose and lysine, threonine, and methionine in buffer
phosphate at different pH values (4-12) (Ajandouz
and Puigserver 1999). The influence of type of amino
acid and sugar in the Maillard reaction development

also has been studied more recently (Carabasa-
Giribet and Ibarz-Ribas 2000, Mundt and Wedzicha
2003).

Studies on the effect of time and temperature of
treatment on Maillard reaction development have
been also conducted in different model systems, and
it has been shown that an increase in temperature
increases the rate of Maillard browning (Ryu et al.
2003, Martins and van Boekel 2003).

Concentration and ratio of reducing sugar to
amino acid have a significant impact on the reaction.
Browning reaction increased with increasing gly-
cine:glucose ratios in the range 0.1:1 to 5:1 in a
model orange juice system at 65°C (Wolfrom et al.
1974). In a model system of intermediate moisture
(ay, 0.52), Warmbier et al. (1976) observed an in-
crease of browning reaction rate when the molar
ratio of glucose to lysine increased from 0.5:1 to
3.0:1.

Water activity (a,,) is another important factor
influencing Maillard reaction development; thus,
this reaction occurs less readily in foods with high
a,, values. At high a,, values, reactants are diluted,
while at low a,, values the mobility of reactants is

—{+— Glucose + Lys
—2— +Trp
—C— + Phe
—O—+Le

—— + Val
P —e— +Leu
—O— + Met
—&— + Thr
—»— Glucose

Absorbance (420 nm)

Time (min)

Figure 4.7. Brown color development in aqueous solutions containing glucose alone or in the presence of an essen-
tial amino acid when heated to 100°C at pH 7.5 as a function of time (Ajandouz and Puigserver 1999).
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limited, despite their presence at increased concen-
trations (Ames 1990). Numerous studies have de-
monstrated a browning rate maximum at a,, values
from 0.5 to 0.8 in dried and intermediate-moisture
foods (Warmbier et al. 1976, Tsai et al. 1991, Buera
and Karel 1995).

Due to the complex composition of foods, it is
unlikely that the Maillard reaction involves only sin-
gle compounds (mono- or disaccharides and amino
acids). For this reason, several studies on factors
(pH, T, a,) that influence the Maillard reaction
development have been carried out using more com-
plex model systems: heated starch-glucose-lysine
systems (Bates et al. 1998), milk-resembling model
systems (lactose or glucose-caseinate systems)
(Morales and van Boekel 1998), and a lactose-
casein model system (Malec et al. 2002). Brands
and van Boekel (2001) studied the Maillard reaction
using heated monosaccharide (glucose, galactose,
fructose, and tagatose)-casein model systems to
quantify and identify the main reaction products and
to establish the reaction pathways.

Studies on mechanisms of degradation, via the
Maillard reaction, of oligosaccharides in a model
system with glycine were performed by Hollnagel
and Kroh (2000, 2002). The reactivity of di- and tri-
saccharides under quasi water-free conditions de-
creased in comparison with that of glucose due to
the increasing degree of polymerization.

Study of the Maillard Reaction in Foods

During food processing, the Maillard reaction pro-
duces desirable and undesirable effects. Processes
such as baking, frying, and roasting are based on the
Maillard reaction for flavor, aroma, and color forma-
tion (Lignert 1990). Maillard browning may be de-
sirable during manufacture of meat, coffee, tea,
chocolate, nuts, potato chips, crackers, and beer and
in toasting and baking bread (Weenen 1998, Bur-
dulu and Karadeniz 2003). In other processes such
as pasteurization, sterilization, drying, and storage,
the Maillard reaction often causes detrimental nutri-
tional (lysine damage) and organoleptic changes
(Lingnert 1990). Available lysine determination has
been used to assess Maillard reaction extension in
different types of foods: breads, breakfast cereals,
pasta, infant formula (dried and sterilized), and so
on (Erbersdobler and Hupe 1991); dried milks (El

and Kavas 1997); heated milks (Ferrer et al. 2003);
and infant cereals (Ramirez-Jimenez et al. 2004).

Sensory changes in foods due to the Maillard
reaction have been studied in a wide range of foods
including honey (Gonzales et al. 1999), apple juice
concentrate (Burdulu and Karadeniz 2003), and
white chocolate (Vercet 2003).

Other types of undesirable effects produced in
processed foods by Maillard reaction may include
the formation of mutagenic and cancerogenic com-
pounds (Lingnert 1990, Chevalier et al. 2001).
Frying or grilling of meat and fish may generate low
(ppb) levels of mutagenic/carcinogenic heterocyclic
amines via Maillard reaction. The formation of these
compounds depends on cooking temperature and
time, cooking technique and equipment, heat, mass
transport, and/or chemical parameters. Recently,
Tareke et al. (2002) reported their findings on the
carcinogen acrylamide in a range of cooked foods.
Moderate levels of acrylamide (5-50 pg/kg) were
measured in heated protein-rich foods, and higher
levels (150—4000 p.g/kg) were measured in carbohy-
drate-rich foods such a potato, beet root, certain
heated commercial potato products, and crisp bread.
Ahn et al. (2002) tested different types of commer-
cial foods and some foods heated under home cook-
ing conditions, and they observed that acrylamide
was absent in raw or boiled foods, but it was present
at significant levels in fried, grilled, baked, and
toasted foods. Although the mechanism of acry-
lamide formation in heated foods is not yet clear,
several authors have put forth the hypothesis that the
reaction of asparagine (Fig. 4.5), a major amino acid
of potatoes and cereals (Mottram et al. 2002, Weis-
shaar and Gutsche 2002), or methionine (Stadler et
al. 2002) with reducing sugars (glucose, fructose)
via Maillard reaction could be the pathway. In 2003,
a lot of research was conducted to study the mecha-
nism of acrylamide formation, to develop sensible
analytical methods, and to quantify acrylamide in
different types of foods (Becalski et al. 2003, Jung et
al. 2003, Roach et al. 2003, Yasuhara et al. 2003).

Beneficial properties of Maillard products have
been also described. Resultant products of the reac-
tion of different amino acid and sugar model sys-
tems presented different properties: antimutagenic
(Yen and Tsai 1993), antimicrobial (Chevalier et al.
2001), and antioxidative (Manzocco et al. 2001,
Wagner et al. 2002). In foods, antioxidant effects of
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Maillard reaction products have been found in hon-
ey (Antoni et al. 2000) and in tomato purees (Anese
et al. 2002).

Control of the Maillard Reaction in Foods

For a food technologist, one of the most important
objectives must be to limit nutritional damage of
food during processing. In this sense, many studies
have been performed find useful heat-induced mark-
ers derived from the Maillard reaction, and most of
them have been proposed to control and check the
heat treatments and/or storage of foods. There are
many indicators of different stages of the Maillard
reaction, but this review cites one of the most recent
indicators proposed to control the early stages of the
Maillard reaction during food processing: the 2-
furoylmethyl amino acids as an indirect measure of
Amadori compound formation.

Determination of the level of Amadori com-
pounds provides a very sensitive indicator for early
detection (before detrimental changes occur) of
quality changes caused by the Maillard reaction as
well as a retrospective assessment of the heat treat-
ment or storage conditions to which a product has
been subjected (Olano and Martinez-Castro 1996,
del Castillo et al. 1999).

Evaluating for Amadori compounds can be car-
ried out through furosine [e-N-(2-furoylmethyl)-
L-lysine] measurement. This amino acid is formed
by acid hydrolysis of the Amadori compound &-N-
(1-deoxy-D-fructosyl)-L-lysine. It is considered a
useful indicator of the damage in processed foods
or foods stored for long periods: milks (Resmini et
al. 1990, Villamiel et al. 1999), eggs (Hidalgo et al.
1995), cheese (Villamiel et al. 2000), honey (Vil-
lamiel et al. 2001), infant formulas (Guerra-
Hernandez et al. 2002), jams and fruit-based infant
foods (Rada-Mendoza et al. 2002), fresh filled pasta
(Zardetto et al. 2003), prebaked breads (Ruiz et al.,
2004), and cookies, crackers, and breakfast cereals
(Rada-Mendoza et al. 2004).

In the case of foods containing free amino acids,
free Amadori compounds can be present, and acid
hydrolysis gives rise to the formation of the corre-
sponding 2-furoylmethyl derivatives. For the first
time, 2-furoylmethyl derivatives of different amino
acids (arginine, asparagine, proline, alanine, glutam-
ic acid, and y-amino butyric acid) have been detect-

ed and have been used as indicators of the early
stages of Maillard reaction in stored dehydrated
orange juices (del Castillo et al. 1999). These com-
pounds were proposed as indicators to evaluate
quality changes either during processing or during
subsequent storage. Later, most of these compounds
were also detected in different foods: commercial
orange juices (del Castillo et al. 2000), processed
tomato products (Sanz et al. 2000), dehydrated fruits
(Sanz et al. 2001), and commercial honey samples
(Sanz et al. 2003).

CARAMELIZATION

During nonenzymatic browning of foods, various
degradation products are formed via caramelization
of carbohydrates, without amine participation (Aj-
andouz and Puigserver 1999, Ajandouz et al. 2001).
Caramelization occurs when surfaces are heated
strongly (e.g., during baking and roasting), during
the processing of foods with high sugar content
(e.g., jams and certain fruit juices) or in wine pro-
duction (Kroh 1994). Caramelization is desirable to
obtain caramel-like flavor and/or development of
brown color in certain types of foods. Caramel fla-
voring and coloring, produced from sugar with dif-
ferent catalysts, is one of the most widely used addi-
tives in the food industry. However, caramelization
is not always a desirable reaction due to the possible
formation of mutagenic compounds (Tomasik et al.
1989) and the excessive changes in sensory attrib-
utes that could affect the quality of certain foods.

Caramelization is catalyzed under acidic or alka-
line conditions (Namiki 1988), and many of the
products formed are similar to those resulting from
the Maillard reaction.

Caramelization of reducing carbohydrates starts
with the opening of the hemiacetal ring followed by
enolization, which proceeds via acid- and base-cat-
alyzed mechanisms, leading to the formation of iso-
meric carbohydrates (Fig. 4.8). The interconversion
of sugars through their enediols increases with
increasing pH and is called the Lobry de Bruyn-
Alberda van Ekenstein transformation (Kroh 1994).

In acid media, low amounts of isomeric carbohy-
drates are formed; however, dehydration is favored,
leading to furaldehyde compounds: 5-(hydroxyme-
thyl)-2-furaldehyde (HMF) from hexoses (Fig. 4.9)
and 2-furaldehyde from pentoses. With unbuffered
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Figure 4.8. The Lobry de Bruyn-Alberda van Ekenstein
transformation.

acids as catalysts, higher yields of HMF are pro-
duced from fructose than from glucose. Also, only
the fructose moiety of sucrose is largely converted to
HMF under the unbuffered conditions that produce
the highest yields. The enolization of glucose can be
greatly increased in buffered acidic solutions. Thus,
higher yields of HMF are produced from glucose
and sucrose when a combination of phosphoric acid
and pyridine is used as the catalyst than when phos-
phoric acid is used alone (Fenemma 1976).

In alkaline media, dehydration reactions are slow-
er than in neutral or acid media, but fragmentation
products such as acetol, acetoin, and diacetyl are
detected. In the presence of oxygen, oxidative fis-
sion takes place, and formic, acetic, and other organ-
ic acids are formed.

All of these compounds react to produce brown
polymers and flavor compounds (Olano and Mar-
tinez-Castro 1996).

In general, caramelization products consist of
volatile and nonvolatile (90-95%) fractions of low
and high molecular weights that vary depending on
temperature, pH, duration of heating, and starting
material (Defaye et al. 2000). Although it is known
that caramelization is favored at temperatures higher

than 120°C and at a pH greater than 9 and less than
3, depending on the composition of the system (pH
and type of sugar), caramelization reactions may
also play an important role in color formation in sys-
tems heated at lower temperatures. Thus, some stud-
ies have been conducted at the temperatures of
accelerated storage conditions (45-65°C) and pH
values from 4 to 6 (Buera et al. 1987a,b). These
authors studied the changes of color due to car-
amelization of fructose, xylose, glucose, maltose,
lactose, and sucrose in model systems of 0.9 a,, and
found that fructose and xylose browned much more
rapidly than the other sugars and that lowering the
pH inhibited caramelization browning of sugar solu-
tions.

In a study on the kinetics of caramelization of
several monosaccharides and disaccharides, Diaz
and Clotet (1995) found that at temperatures of 75—
95°C, browning increased rapidly with time and to a
higher final value with increasing temperature, this
effect being more marked in the monosaccharides
than in the disaccharides. In all sugars studied,
increase of browning was greater at a,, = 1 than at
a, = 0.75.

The effect of sugars, temperature, and pH on
caramelization was evaluated by Park et al. (1998).
Reaction rate was highest with fructose, followed by
sucrose. As reaction temperature increased from 80
to 110°C, reaction rate was greatly increased. With
respect to pH, the optimum value for caramelization
was 10.

Although most studies on caramelization have
been conducted in model systems of mono- and di-
saccharides, a number of real food systems contain
oligosaccharides or even polymeric saccharides;
therefore, it is also of great interest to know the con-
tribution of these carbohydrates to the flavor and
color of foods. Kroh et al. (1996) reported the break-
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Figure 4.9. 1,2 Enolization and formation of hydroxymethyl furfural (HMF).
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down of oligo- and polysaccharides to nonvolatile
reaction products. Homoki-Farkas et al. (1997) stud-
ied, through an intermediate compound (methylgly-
oxal), the caramelization of glucose, dextrin 15, and
starch in aqueous solutions at 170°C under different
periods of time. The highest formation of methyl-
glyoxal was in glucose and the lowest in starch sys-
tems. The authors attributed the differences to the
number of reducing end groups. In the case of glu-
cose, when all molecules were degraded, the con-
centration of methylglyoxal reached a maximum
and began to transform, yielding low and high
molecular weight color compounds. Hollhagel and
Kroh (2000, 2002) investigated the degradation of
maltoligosaccharides at 100°C through a-dicarbonyl
compounds such as 1,4-dideoxyhexosulose, and
they found that this compound is a reactive interme-
diate and precursor of various heterocyclic volatile
compounds that contribute to caramel flavor and
color.

Perhaps, as mentioned above, the most striking
feature of caramelization is its contribution to the
color and flavor of certain food products under con-
trolled conditions. In addition, it is necessary to con-
sider other positive characteristics of this reaction
such as the antioxidant activity of the caramelization
products. Kirigaya et al. (1968) suggested that high
molecular weight and colored pigments might play
an important role in the antioxidant activity of
caramelization products. However, Rhee and Kim
(1975) reported that caramelization products from
glucose have antioxidant activity that consists main-
ly of colorless intermediates, such as reductones and
dehydroreductones, produced in the earlier stages of
caramelization.

In addition, the effect of caramelized sugars on
enzymatic browning has been studied by several
authors. Pitotti et al. (1995) reported that the anti-
browning effect of some caramelization products is
in part related to their reducing power. Lee and Lee
(1997) obtained caramelization products by heating
a sucrose solution at 200°C under various conditions
to study the inhibitory activity of these products on
enzymatic browning. The reducing power of car-
amelization products and their inhibitory effect on
enzymatic browning increased with prolonged heat-
ing and with increased amounts of caramelization
products. Caramelization was investigated in solu-
tions of fructose, glucose, and sucrose heated at
temperatures up to 200°C for 15-180 minutes.

Browning intensity increased with heating time and
temperature. The effect of the caramelized products
on polyphenol oxidase (PPO) was evaluated, and the
greatest PPO inhibitory effect was demonstrated by
sucrose solution heated to 200°C for 60 minutes
(Lee and Han 2001). More recently, Billaud et al.
(2003) found caramelization products from hexoses
with mild inhibitory effects on PPO, particularly
after prolonged heating at 90°C.

ASCORBIC ACID BROWNING

Ascorbic acid (vitamic C) plays an important role in
human nutrition as well as in food processing
(Chauhan et al. 1998). Its key effect as an inhibitor
of enzymatic browning has been previously dis-
cussed in this chapter.

Browning of ascorbic acid can be briefly defined
as the thermal decomposition of ascorbic acid under
both aerobic and anaerobic conditions, by oxidative
or nonoxidative mechanisms, in either the presence
or absence of amino compounds (Wedzicha 1984).

Nonenzymatic browning is one of the main rea-
sons for the loss of commercial value in citrus prod-
ucts (Manso et al. 2001). These damages, degrada-
tion of ascorbic acid followed by browning, also
concern noncitrus foods such asparagus, broccoli,
cauliflower, peas, potatoes, spinach, apples, green
beans, apricots, melons, strawberries, corn, and
dehydrated fruits (Belitz and Grosch 1997).

Pathway of Ascorbic Acid Browning

The exact route of ascorbic acid degradation is high-
ly variable and dependent upon the particular sys-
tem. Factors that can influence the nature of the
degradation mechanism include temperature, salt
and sugar concentration, pH, oxygen, enzymes, met-
al catalysts, amino acids, oxidants or reductants, ini-
tial concentration of ascorbic acid, and the ratio of
ascorbic acid to dehydroascorbic acid (DHAA;
Fennema 1976).

Figure 4.10 shows a simplified scheme of ascorbic
acid degradation. When oxygen is present in the sys-
tem, ascorbic acid is degraded primarily to DHAA.
Dehydroascorbic acid is not stable and spontan-
eously converts to 2,3-diketo-L-gulonic acid (Lee
and Nagy 1996). Under anaerobic conditions, DHAA
is not formed and undergoes the generation of dike-
togulonic acid via its keto tautomer, followed by 3
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Figure 4.10. Pathways of ascorbic acid degradation (solid line, anaerobic route; dashed line, aerobic route).

elimination at C-4 from this compound and decar-
boxylation to give rise to 3-deoxypentosone, which
is further degraded to furfural. Under aerobic condi-
tions, xylosone is produced by simple decarboxyla-
tion of diketogulonic acid and is later converted to
reductones. In the presence of amino acids, ascorbic
acid, DHAA, and their oxidation products furfural,
reductones, and 3-deoxypentosone may contribute

to the browning of foods by means of a Maillard-
type reaction (Fennema 1976, Belitz and Grosch
1997). Formation of Maillard-type products has
been detected in both model systems and foods con-
taining ascorbic acid (Kacem et al. 1987; Ziderman
et al. 1989; Loschner et al. 1990, 1991; Md6lnar-Perl
and Friedman 1990; Yin and Brunk 1991; Davies
and Wedzicha 1992, 1994; Pischetsrieder et al.
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1995, 1997; Rogacheva et al. 1995; Koseki et al.
2001).

The presence of metals, especially Cu®>" and
Fe’", causes great losses of Vitamin C. Catalyzed
oxidation goes faster than spontaneous oxidation.
Anaerobic degradation, which occurs more slowly
than uncatalyzed oxidation, is maximum at pH 4 and
minimum at pH 2 (Belitz and Grosch 1997).

Ascorbic acid oxidation is nonenzymatic in
nature, but oxidation of ascorbic acid is sometimes
catalyzed by enzymes. Ascorbic acid oxidase is a
copper-containing enzyme that catalyzes oxidation
of vitamin C. The reaction is catalyzed by copper
ions. The enzymatic oxidation of ascorbic acid is
important in the citrus industry. The reaction takes
place mainly during extraction of juices. Therefore,
it becomes important to inhibit ascorbic oxidase by
holding juices for only short times and at low tem-
peratures during the blending stage, by deaerating
the juice to remove oxygen, and finally by pasteuriz-
ing the juice to inactivate the oxidizing enzymes.

Enzymatic oxidation also has been proposed as a
mechanism for the destruction of ascorbic acid in
orange peels during preparation of marmalade. Boil-
ing the grated peel in water substantially reduces the
loss of ascorbic acid (Fennema 1976).

Tyrosinase (PPO) may also possess ascorbic oxi-
dase activity. A possible role of the ascorbic acid—
PPO system in the browning of pears has been pro-
posed (Espin et al. 2000).

In citrus juices, nonenzymatic browning is from
reactions of sugars, amino acids, and ascorbic acid
(Manso et al. 2001). In freshly produced commer-
cial juice, filled into Tetra Brik cartons, it has been
demonstrated that nonenzymatic browning was
mainly due to carbonyl compounds formed from L-
ascorbic acid degradation. Contribution from sugar-
amine reactions is negligible, as is evident from the
constant total sugar content of degraded samples.
The presence of amino acids and possibly other
amino compounds enhance browning (Roig et al.
1999).

Both oxidative and nonoxidative degradation
pathways are operative during storage of citrus
juices. Since large quantities of DHAA are present
in citrus juices, it can be speculated that the oxida-
tive pathway must be dominant (Lee and Nagy
1996, Rojas and Gerschenson 1997a). A significant
relationship between DHAA and browning of citrus
juice has been found (Kurata et al. 1973; Sawamura

et al. 1991, 1994). The rate of nonoxidative loss
of ascorbic acid is often one-tenth or up to one-
thousandth the rate of loss under aerobic conditions
(Lee and Nagy 1996). In aseptically packed orange
juice, the aerobic reaction dominates first and is fair-
ly rapid, while the anaerobic reaction dominates lat-
er and is quite slow (Nagy and Smoot 1977,
Tannenbaum 1976). A good prediction of ascorbic
acid degradation and the evolution of the browning
index of orange juice stored under anaerobic condi-
tions at 20—45°C may be performed employing the
Weibull model (Manso et al. 2001).

Furfural, which is formed during anaerobic degra-
dation of ascorbic acid, has a significant relationship
to browning (Lee and Nagy 1988); its formation has
been suggested as an adequate index for predicting
storage temperature abuse in orange juice concen-
trates and as a quality deterioration indicator in
single-strength juice (Lee and Nagy 1996). How-
ever, furfural is a very reactive aldehyde that forms
and decomposes simultaneously; therefore, it would
be difficult to use as an index for predicting quality
changes in citrus products (Fennema 1976). In gen-
eral, ascorbic acid would be a better early indicator
of quality.

Control of Ascorbic Acid Browning

Sulfites (Wedzicha and Mcweeny 1974, Wedzicha
and Imeson 1977), thiol compounds (Naim et al.
1997), maltilol (Koseki et al. 2001), sugars, and sor-
bitol (Rojas and Gerschenson 1997b) may be effec-
tive in suppressing ascorbic acid browning. Doses to
apply these compounds greatly depend on factors
such as concentration of inhibitors and tempera-
tures. L-cysteine and sodium sulfite may suppress or
accelerate ascorbic acid browning as a function of
their concentration (Sawamura et al. 2000). Glu-
cose, sucrose, and sorbitol protect L-ascorbic acid
from destruction at low temperatures (23, 33, and
45°C), while at higher temperatures (70, 80, and
90°C) compounds with active carbonyls promoted
ascorbic acid destruction. Sodium bisulfite was only
significant in producing inhibition at lower tempera-
ture ranges (23, 33, and 45°C) (Rojas and Ger-
schenson 1997).

Although the stability of ascorbic acid generally
increases as the temperature of the food is lowered,
certain investigations have indicated that there may
be an accelerated loss on freezing or frozen storage.
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However, in general, the largest losses for noncitrus
foods will occur during heating (Fennema 1976).

The rapid removal of oxygen from packages is an
important factor in sustaining a higher concentration
of ascorbic acid and lower browning of citrus juices
over long-term storage. The extent of browning may
be reduced by packing in oxygen-scavenging film
(Zerdin et al. 2003).

Modified-atmosphere packages (Howard and
Hernandez-Brenes 1998), microwave heating (Vil-
lamiel et al. 1998, Howard et al. 1999), ultrasound-
assisted thermal processing (Zenker et al. 2003),
pulsed electric field processing (Min et al. 2003),
and carbon dioxide assisted high-pressure process-
ing (Boff et al. 2003) are some examples of techno-
logical processes that allow ascorbic acid retention
and, consequently, a prevention of undesirable
browning.

Lirip BROWNING
Protein-Oxidized Fatty Acid Reactions

The organoleptic and nutritional characteristics of
several foods are affected by lipids, which can par-
ticipate in chemical modifications during processing
and storage. Lipid oxidation occurs in oils and lard,
but also in foods with low amounts of lipids, such as
products from vegetable origin. This reaction occurs
in both unprocessed and processed foods, and al-
though in some cases it is desirable, for example, in
the production of typical cheeses or of fried-food
aromas (Nawar 1985), in general, it can lead to
undesirable odors and flavors (Nawar 1996). Quality
properties such as appearance, texture, consistency,
taste, flavor, and aroma can be adversely affected
(Eriksson 1987). Moreover, toxic compound forma-
tion and loss of nutritional quality can also be ob-
served (Frankel 1980; Gardner 1989; Kubow 1990,
1992).

Although the lipids can be oxidized by both enzy-
matic and nonenzymatic reactions, the latter is the
main involved reaction. This reaction proceeds via
typical free radical mechanisms, with hydroperox-
ides as the initial products. As hydroperoxides are
quite unstable, a network of dendritic reactions, with
different reaction pathways and a diversity of prod-
ucts, can take place (Gardner 1989). The enzymatic
oxidation of lipids occurs sequentially. Lipolytic
enzymes can act on lipids to produce polyunsatu-

rated fatty acids that are then oxidized by either
lipoxygenase or cyclooxygenase to form hydroper-
oxides or endoperoxides, respectively. Later, these
compounds suffer a series of reactions to produce,
among other compounds, long-chain fatty acids that
are responsible for important characteristics and
functions (Gardner 1995).

Via polymerization, brown-colored oxypolymers
can be produced subsequently from the lipid oxida-
tion derivatives (Khayat and Schwall 1983). How-
ever, due to the electrophilic character of the car-
bonyl compounds produced during lipid oxidation,
interaction with nucleophiles such as the free amino
group of amino acids, peptides, or proteins can also
take place, producing end products different from
those formed during oxidation of pure lipids (Gillatt
and Rossell 1992). When lipid oxidation occurs in
the presence of amino acids, peptides, or proteins,
not all the lipids have to be oxidized and degraded
before oxidized lipid—amino acid reactions take
place. In fact, both reactions occur simultaneously
(Hidalgo and Zamora 2002).

The interaction between oxidized fatty acids and
amino groups has been related to the browning
detected during the progressive accumulation of
lipofuscins (age-related yellow-brown pigments) in
man and animals (Yin 1996). In foods, evidence of
this reaction has been found during storage and pro-
cessing of some fatty foods (Hidalgo et al. 1992,
Nawar 1996), in salted sun-dried fish (Smith and
Hole 1991), boiled and dried anchovy (Takiguchi
1992), smoked tuna (Zotos et al. 2001), meat and
meat products (Mottram 1998), and rancid oils and
fats with amino acids or proteins (Yamamoto and Ko-
gure 1969, Okumura and Kawai 1970, Gillatt and
Rossell 1992). For instance, Nielsen et al. (1985)
found that peroxidized methyl linoleate can react
with lysine, tryptophan, methionine, and cysteine in
whey proteins.

Several studies have been carried out in model
systems with the aim to investigate the role of lipids
in nonenzymatic browning. The role of lipids in
these reactions seems to be similar to the role of car-
bohydrates during the Maillard reaction (Hidalgo
and Zamora 2000). Similarly to the Maillard reac-
tion, oxidized lipid—protein interactions comprise a
huge number of several related reactions. The isola-
tion and characterization of the involved products is
very difficult, mainly in the case of intermediate
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Figure 4.11. Formation of brown pigments by aldolic
condensation (Hidalgo and Zamora 2000).

products, which are unstable and are present in very
low concentrations.

According to the mechanism proposed for the
protein browning caused by acetaldehyde, the car-
bonyl compounds derived from unsaturated lipids
readily react with protein-free amino groups, fol-
lowing the scheme of Figure 4.11, to produce, by
repeated aldol condensations, the formation of brown
pigments (Montgomery and Day 1965, Gardner
1979, Belitz and Grosch 1997).

More recently, another mechanism based on the
polymerization of the intermediate products 2-(1-
hydroxyalkyl) pyrroles has been proposed (Zamora
and Hidalgo 1994, Hidalgo and Zamora 1995). These
authors, studying different model systems, tried to
explain, at least partially, the nonenzymatic browning
and fluorescence produced when proteins are present
during the oxidation of lipids (Fig. 4.12). The 2-(1-
hydroxyalkyl) pyrroles (I) have been found to origi-
nate from the reaction of 4,5-epoxy-2-alkenals
(formed during lipid peroxidation) with the amino
group of amino acids and/or proteins, and their for-
mation is always accompanied by the production of
N-substituted pyrroles (II). These last compounds
are relatively stable and have been found in 22 fresh
food products (cod, cuttlefish, salmon, sardine, trout,
beef, chicken, pork, broad bean, broccoli, chickpea,
garlic, green pea, lentil, mushroom, soybean, spin-
ach, sunflower, almond, hazelnut, peanut, and walnut)

(Zamora et al. 1999). However, the N-substituted
2-(1-hydroxyalkyl) pyrroles are unstable and poly-
merize rapidly and spontaneously to produce brown
macromolecules with fluorescent melanoidin-like
characteristics (Hidalgo and Zamora 1993). Zamora
et al. (2000) observed that the formation of pyrroles
is a step immediately prior to the formation of color
and fluorescence. Pyrrole formation and perhaps
some polymerization finish before maximum color
and fluorescence are achieved.

Although melanoidins starting from either carbo-
hydrates or oxidized lipids would have analogous
chemical structures, carbohydrate-protein and oxi-
dized lipid—protein reactions are produced under
different conditions. Hidalgo et al. (1999) studied
the effect of pH and temperature in two model sys-
tems:(1) ribose and bovine serum albumin and (2)
methyl linoleate oxidation products and bovine
serum albumin; they observed that from 25 to 50°C
the latter system exhibited higher browning than the
former. Conversely, the browning produced in the

Q

R! A/\CHO

o AN
T |

OH R3 Rs
] (I

l Polimerization

Melanoidin-like polymers

Figure 4.12. Mechanism for nonenzymatic browning
produced as a consequence of 2-(1-hydroxyalkyl)pyr-
role polymerisation (Hidalgo et al. 2003).
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carbohydrate model system was increased at tem-
peratures in the range 80-120°C. The effect of pH
on browning was similar in both oxidized lipid-
protein and carbohydrate-protein model systems.

Some oxidized lipid-amino acid reaction products
have been shown to have antioxidant properties
when they are added to vegetable oils (Zamora and
Hidalgo 1993, Alaiz et al. 1995, Alaiz et al. 1996).
All of the pyrrole derivatives, with different sub-
stituents in the pyrrole ring, play an important role
in the antioxidant activity of foods, being the sum of
the antioxidant activities of the different compounds
present in the sample (Hidalgo et al. 2003). Alaiz et
al. (1997), in a study on the comparative antioxidant
activity of Maillard reaction compounds and oxi-
dized lipid—amino acid reaction products, observed
that both reactions seem to contribute analogously
to increasing the stability of foods during processing
and storage.

Zamora and Hidalgo (2003a) studied the role of
the type of fatty acid (methyl linoleate and methyl
linolenate) and the protein (bovine serum albumin)—
lipid ratio on the relative progression of the process
involved when lipid oxidation occurs in the presence
of proteins. These authors found that methyl lino-
leate was only slightly more reactive than the methyl
linolenate for bovine serum albumin, producing a
higher increase of protein pyrroles in the protein and
increased browning and fluorescence. In relation to
the influence of the protein-lipid ratio on the
advance of the reaction, the results observed in this
study pointed out that a lower protein-lipid ratio
increases sample oxidation and protein damage, as a
consequence of the antioxidant activity of the pro-
teins. These authors also concluded that the changes
produced in the color of protein-lipid samples were
mainly due to oxidized lipid-protein reactions and
not a consequence of polymerization of lipid oxida-
tion products.

Analogous to the Maillard reaction, oxidized lipid
and protein interaction can cause a loss of nutrition-
al quality due to the destruction of essential amino
acids such as tryptophan, lysine, and methionine and
essential fatty acids. Moreover, a decrease in di-
gestibility and inhibition of proteolytic and glycolyt-
ic enzymes can also be observed. In a model system
of 4,5(E)-epoxy-2(E)-heptenal and bovine serum al-
bumin, Zamora and Hidalgo (2001) observed denat-
uration and polymerization of the protein, and the

proteolysis of this protein was impaired as com-
pared with the intact protein. These authors suggest-
ed that the inhibition of proteolysis observed in oxi-
dized lipid—damaged proteins may be related to the
formation and accumulation of pyrrolized amino
acid residues.

To date, although most of the studies have been
conducted using model systems, the results obtained
point out the importance of lipids during browning,
and in general, it is possible to suggest that the role
of lipids during these reactions could be similar to
the role of carbohydrates in the Maillard reaction or
phenols in enzymatic browning. The complexity of
the reaction is attributable to several fatty acids that
can give rise to a number of lipid oxidation products
that are able to interact with free amino groups. As a
summary, Figure 4.13 shows an example of a gener-
al pathway for pyrrole formation during polyunsatu-
rated fatty acid oxidation in the presence of amino
compounds.

Nonenzymatic Browning of
Aminophospholipids

In addition to the above-mentioned studies on the
participation of lipids in the browning reactions,
several reports have addressed amine-containing
phospholipid interactions with carbohydrates. Due
to the role of these membranous functional lipids in
the maintenance of cellular integrity, most of the
studies have been conducted in biological samples
(Bucala et al. 1993, Requena et al. 1997, Lertsiri et
al. 1998, Oak et al. 2000, Oak et al. 2002). The gly-
cation of membrane lipids can cause inactivation of
receptors and enzymes, cross-linking of membrane
lipids and proteins, membrane lipid peroxidation,
and consequently, cell death. Amadori compounds
derived from the interaction between aminophos-
pholipids and reducing carbohydrates are believed
to be key compounds for generating oxidative stress,
causing several diseases.

In foods, this reaction can be responsible for dete-
rioration during processing. Although nonenzymatic
browning of aminophospholipids was detected for
the first time in dried egg by Lea (1957), defined
structures from such reactions were reported later by
Utzmann and Lederer (2000). These authors demon-
strated the interaction of phosphatidylethanolamine
(PE) with glucose in model systems; moreover, they



4 Browning Reactions 91

POLYUNSATURATED FATTY ACIDS

LIPID HYDROPEROXIDES

OXYGENATED FATTY ACIDS

SHORT CHAIN SECONDARY
PRODUCTS

4,5-EPOXY-2-
ALKENALS

AMINO

COMPOUNDS

I-SUBSTITUTED-2-
(I’-HYDROXYALKYL)PYRROLES

1-SUBSTITUTED-
PYRROLES

FLUORESCENCE pOlimeriZatiOn

PROPANAL
HEXANAL

Figure 4.13. General pathways of pyrrole formation during polyunsaturated fatty acid oxidation (Zamora and Hidalgo

1995).

found the corresponding Amadori compound in
spray-dried egg yolk powders and lecithin products
derived therefrom and proposed the Amadori com-
pound content of these products as a possible quality
criterion. Oak et al. (2002) detected the Amadori
compounds derived from glucose and lactose in sev-
eral processed foods with high amounts of carbohy-
drates and lipids such as infant formula, chocolate,
mayonnaise, milk, and soybean milk; of these, infant
formula contained the highest levels of Amadori-PEs.
However, these compounds were not detected in oth-
er foods due to differences in composition and the rel-
atively low temperatures used during the processing.

As an example, Figure 4.14 shows a scheme for
the formation of the Amadori compounds derived
from glucose and lactose with PE. Carbohydrates

react with the amino group of PE to form an unsta-
ble Schiff base, which undergoes an Amadori re-
arrangement to yield the stable PE-linked Amadori
product (Amadori-PE).

On the other hand, similar to proteins, phospho-
lipids such as PE and ethanolamine can react with
secondary products of lipid peroxidation such as
4,5-epoxyalkenals. Zamora and Hidalgo (2003b)
studied this reaction in model systems and charac-
terized different polymers responsible for brown
color and fluorescence development, confirming that
lipid oxidation products are able to react with
aminophospholipids in a manner analogous to their
reactions with protein amino groups; therefore, both
amino phospholipids and proteins might compete
for lipid oxidation products.
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INTRODUCTION

Water, the compound H,O, is the most common
food ingredient. Its rarely used chemical names are
hydrogen oxide or dihydrogen monoxide. So much
of this compound exists on the planet earth that it is
often taken for granted. Water is present in solid, lig-
uid, and gas forms in the small range of tempera-
tures and pressures near the surface of the earth.
Moreover, natural waters always have substances
dissolved in them, and only elaborate processes pro-
duce pure water.

The chemistry and physics of water are organized
studies of water: its chemical composition, forma-
tion, molecular structure, rotation, vibration, elec-
tronic energies, density, heat capacity, temperature
dependency of vapor pressure, and its collective
behavior in condensed phases (liquid and solid). In a
broader sense, the study of water also includes inter-
actions of water with atoms, ions, molecules, and
biological matter. The knowledge of water forms the
foundation for biochemistry and food chemistry.
Nearly every aspect of biochemistry and food chem-
istry has something to do with water, because water
is intimately linked to life, including the origin of
life.
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Science has developed many scientific concepts
as powerful tools for the study of water. Although
the study of water reveals a wealth of scientific con-
cepts, only a selection of topics about water will be
covered in the limited space here.

Biochemistry studies the chemistry of life at the
atomic and molecular levels. Living organisms con-
sist of many molecules. Even simple bacteria consist
of many kinds of molecules. The interactions of the
assembled molecules manifest life phenomena such
as the capacity to extract energy or food, respond to
stimuli, grow, and reproduce. The interactions fol-
low chemical principles, and water chemistry is a
key for the beginning of primitive life forms billions
of years ago. The properties of water molecules give
us clues regarding their interactions with other
atoms, ions, and molecules. Furthermore, water va-
por in the atmosphere increases the average temper-
ature of the atmosphere by 30 K (Wayne 2000),
making the earth habitable. Water remains important
for human existence, for food production, preserva-
tion, processing, and digestion.

Water is usually treated before it is used by food
industries. After usage, wastewaters must be treated
before they are discharged into the ecological sys-
tem. After we ingest foods, water helps us to digest,
dissolve, carry, absorb, and transport nutrients to
their proper sites. It further helps hydrolyze, oxidize,
and utilize the nutrients to provide energy for vari-
ous cells, and eventually, it carries the biological
waste and heat out of our bodies. Oxidations of var-
ious foods also produce water. How and why water
performs these functions depends very much on its
molecular properties.

THE COMPOUND WATER

A compound is a substance that is made up of two
or more basic components called chemical ele-
ments (e.g., hydrogen, carbon, nitrogen, oxygen,
iron) commonly found in food. Water is one of the
tens of millions of compounds in and on earth.

The chemical equation and thermal dynamic data
for the formation of water from hydrogen and oxy-
gen gas is

2H,(g) + 04(g) = 2H,0(), AH® = —571.78 kJ

The equation indicates that 2 mol of gaseous hydro-
gen, Hy(g), react with 1 mol of gaseous oxygen,
0,(g), to form 2 mol of liquid water. If all reactants

and products are at their standard states of 298.15
K and 101.325 kPa (1.0 atm), formation of 2 mol of
water releases 571.78 kJ of energy, as indicated by
the negative sign for AH °. Put in another way, the
heat of formation of water, AH, is —285.89 (=
—571.78/2) kJ/mol. Due to the large amount of en-
ergy released, the water vapor formed in the reaction
is usually at a very high temperature compared with
its standard state, liquid at 298.15 K. The heat of
formation includes the heat that has to be removed
when the vapor is condensed to liquid and then
cooled to 298.15 K.

The reverse reaction, that is, the decomposition of
water, is endothermic, and energy, a minimum of
285.89 kJ per mole of water, must be supplied. More
energy is required by electrolysis to decompose
water because some energy will be wasted as heat.

A hydrogen-containing compound, when fully
oxidized, also produces water and energy. For exam-
ple, the oxidation of solid (s) sucrose, C;,H»,0,
can be written as

C1oH2044(s) + 120,(g) = 12CO4(g) + 11H,0(),
AH® = —5640 kJ

The amount of energy released, —5640 kJ, is called
the standard enthalpy of combustion of sucrose.
The chemical energy derived this way can also be
used to produce high-energy biomolecules. When ox-
idation is carried out in human or animal bodies, the
oxidation takes place at almost constant and low tem-
peratures. Of course, the oxidation of sucrose takes
place in many steps to convert each carbon to CO,.

THE POLAR WATER MOLECULES

During the 20th century, the study of live organisms
evolved from physiology and anatomy to biochem-
istry and then down to the molecular level of in-
termolecular relations and functions. Atoms and
molecules are the natural building blocks of matter,
including that of living organisms. Molecular
shapes, structures, and properties are valuable in ge-
netics, biochemistry, food science, and molecular
biology, all involving water. Thus, we have a strong
desire to know the shape, size, construction, dimen-
sion, symmetry, and properties of water molecules,
because they are the basis for the science of food
and life.

The structure of water molecules has been indi-
rectly studied using X-ray diffraction, spectroscopy,
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Figure 5.1. Some imaginative models of the water mol-
ecule, H,0.

theoretical calculations, and other methods. Specific
molecular dimensions from these methods differ
slightly, because they measure different properties
of water under different circumstances. However,
the O—H bond length of 95.72 pm (1 pm = 10™? m)
and the H-O-H bond angle of 104.52° have been
given after careful review of many recent studies
(Petrenko and Whitworth 1999). The atomic radii of
H and O are 120 and 150 pm, respectively. The bond
length is considerably shorter than the sum of the
atomic radii. Sketches of the water molecule are
shown in Figure 5.1 (spherical atoms assumed).
Bonding among the elements H, C, N, and O is
the key for biochemistry and life. Each carbon atom
has the ability to form four chemical bonds. Carbon

atoms can bond to other carbon atoms as well as to
N and O atoms, forming chains, branched chains,
rings, and complicated molecules. These carbon-
containing compounds are called organic com-
pounds, and they include foodstuff. The elements N
and O have one and two more electrons, respectively,
than carbon , and they have the capacity to form only
three and two chemical bonds with other atoms.
Quantum mechanics is a theory that explains the
structure, energy, and properties of small systems
such as atoms and molecules. It provides excellent
explanations for the electrons in the atom as well as
the bonding of molecules, making the observed hard
facts appear trivial (Bockhoff 1969).

The well-known inert elements helium (He) and
neon (Ne) form no chemical bonds. The elements C,
N, and O have four, five, and six electrons more than
He, and these are called valence electrons (VE).
Quantum mechanical designation for the VE of C,
N, and O are 2s*2p?, 2s*2p°, and 2s*2p”, respective-
ly. The C, N, and O atoms share electrons with four,
three, and two hydrogen atoms, respectively. The
formation of methane (CH,), ammonia (NH5), and
water (H,O) gave the C, N, and O atoms in these
molecules eight VE. These molecules are related to
each other in terms of bonding (Fig. 5.2).

The compounds CH,, NH;, and H,O have zero,
one, and two lone pairs (electrons not shared with
hydrogen), respectively. Shared electron pairs form
single bonds. The shared and lone pairs dispose
themselves in space around the central atom sym-
metrically or slightly distorted when they have both
bonding and lone pairs.

4 shared or 3 shared or 2 shared or
bonding bonding bonding
electrons electrons electrons

N
A

Figure 5.2. Molecules of CH4, NH3, and H,0.

electrons

Lone pair of

I'\H H. .H

Y &

2 lone pairs
of electrons
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The lone pairs are also the negative sites of the
molecule, whereas the bonded H atoms are the posi-
tive sites. The discovery of protons and electrons
led to the idea of charge distribution in molecules.
Physicists and chemists call NH; and H,O polar
molecules because their centers of positive and neg-
ative charge do not coincide. The polarizations in
nitrogen and oxygen compounds contribute to their
important roles in biochemistry and food chemistry.
Elements C, N, and O play important and comple-
mentary roles in the formation of life.

Electronegativity is the ability of an atom to
attract bonding electrons towards itself, and elec-
tronegativity increases in the order of H, C, N, and O
(Pauling 1960). Chemical bonds between two atoms
with different electronegativity are polar because
electrons are drawn towards the more electronegative
atoms. Thus, the polarity of the bonds increases in
the order of H-C, H-N, and H-O, with the H atoms
as the positive ends. The directions of the bonds must
also be taken into account when the polarity of a
whole molecule is considered. For example, the four
slightly polar H-C bonds point toward the corner of a
regular tetrahedron, and the polarities of the bonds
cancel one another. The symmetric CH, molecules
do not have a net dipole moment, and CH, is nonpo-
lar. However, the asymmetric NH; and H,O mole-
cules are polar. Furthermore, the lone electron pairs
make the NH; and H,O molecules even more polar.
The lone pairs also make the H-N-H, and H-O-H
angles smaller than the 109.5° of methane. The
chemical bonds become progressively shorter from
CH, to H,O as well. These distortions cause the
dipole moments of NH; and H,0 to be 4.903 X 10°°
Cm (= 1.470 D) and 6.187 X 107’ Cm (= 1.855 D),
respectively. The tendency for water molecules to
attract the positive sites of other molecules is higher
than that of the ammonia molecule, because water is
the most polar of the two.

Bond lengths and angles are based on their equilib-
rium positions, and their values change as water mol-
ecules undergo vibration and rotation or when they
interact with each other or with molecules of other
compounds. Thus, the bond lengths, bond angles, and
dipole moments change slightly from the values giv-
en above. Temperature, pressure, and the presence of
electric and magnetic fields also affect these values.

Using atomic orbitals, valence bond theory, and
molecular orbital theory, quantum mechanics has
given beautiful explanations regarding the shapes,

distortions, and properties of these molecules. Phi-
losophers and theoreticians have devoted their lives
to providing a comprehensive and artistic view of
the water molecules.

WATER VAPOR CHEMISTRY AND
SPECTROSCOPY

Spectroscopy is the study of the absorption, emis-
sion, or interaction of electromagnetic radiation by
molecules in solid, liquid, and gaseous phases. The
spectroscopic studies of vapor, in which the H,O
molecules are far apart from each other, reveal a
wealth of information about individual H,O mole-
cules.

Electromagnetic radiation (light) is the trans-
mission of energy through space via no medium by
the oscillation of mutually perpendicular electric
and magnetic fields. The oscillating electromagnet-
ic waves move in a direction perpendicular to both
fields at the speed of light (¢ = 2.997925 X 10°
m/s). Max Planck (1858-1947) thought the waves
also have particle-like properties except that they
have no mass. He further called the light particles
photons, meaning bundles of light energy. He
assumed the photon’s energy, E, to be proportional
to its frequency. The proportional constant /i (=
6.62618 X 10°* J/s), now called the Planck con-
stant in his honor, is universal. The validity of this
assumption was shown by Albert Einstein’s photo-
electric-effect experiment.

Max Planck theorized that a bundle of energy
converts into a light wave. His theory implies that
small systems can be only at certain energy states
called energy levels. Due to quantization, they can
gain or lose only specific amounts of energy. Spec-
troscopy is based on these theories. Water molecules
have quantized energy levels for their rotation, vi-
bration, and electronic transitions. Transitions be-
tween energy levels result in the emission or absorp-
tion of photons.

The electromagnetic spectrum has been divided
into several regions. From low energy to high ener-
gy, these regions are long radio wave, short radio
wave, microwave, infrared (IR), visible, ultraviolet
(UV), X rays, and gamma rays. Visible light of vari-
ous colors is actually a very narrow region within
the spectrum. On the other hand, IR and UV regions
are very large, and both are often further divided
into near and far, or A and B, regions.
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Microwaves in the electromagnetic spectrum
range from 300 MHz (3 X 10® cycles/s) to 300 GHz
(3 x 10" cycles/s). The water molecules have many
rotation modes. Their pure rotation energy levels are
very close together, and the transitions between pure
rotation levels correspond to microwave photons.
Microwave spectroscopy studies led to, among other
valuable information, precise bond lengths and
angles.

‘Water molecules vibrate, and there are some fun-
damental vibration modes. The three fundamental
vibration modes of water are symmetric stretching
(for 'H,'°0), v,, 3657 cm™', bending v,, 1595 cm™,
and asymmetric stretching v;, 3756 cm'. These
modes are illustrated in Figure 5.3. Vibration energy
levels are represented by three integers, vy, v,, and
V3, to represent the combination of the basic modes.
The frequencies of fundamental vibration states dif-
fer in molecules of other isotopic species (Lemus
2004).

Water molecules absorb photons in the IR region,
exciting them to the fundamental and combined
overtones. As pointed out earlier, water molecules
also rotate. The rotation modes combine with any
and all vibration modes. Thus, transitions corre-
sponding to the vibration-rotation energy levels are
very complicated, and they occur in the infrared
(frequency range 3 X 10'" to 4 X 10'* Hz) region of
the electromagnetic spectrum. High-resolution IR
spectrometry is powerful for the study of water in
the atmosphere and for water analyses (Bernath
2002a).

Visible light spans a narrow range, with wave-
lengths between 700 nm (red) and 400 nm (violet)
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(frequency 4.3-7.5 X 10" Hz, wave number
14,000-25,000 cm, photon energy 2-4 eV). It is
interesting to note that the sun surface has a temper-
ature of about 6000 K, and the visible region has the
highest intensity of all wavelengths. The solar emis-
sion spectrum peaks at 630 nm (16,000 cm’, 4.8 X
10" Hz), which is orange (Bernath 2002b).

Water molecules that have energy levels corre-
sponding to very high overtone vibrations absorb
photons of visible light, but the absorptions are very
weak. Thus, visible light passes through water vapor
with little absorption, resulting in water being trans-
parent. On the other hand, the absorption gets pro-
gressively weaker from red to blue (Carleer et al.
1999). Thus, large bodies of water appear slightly
blue.

Because visible light is only very weakly
absorbed by water vapor, more than 90% of light
passes through the atmosphere and reaches the
earth’s surface. However, the water droplets in
clouds (water aerosols) scatter, refract, and reflect
visible light, giving rainbows and colorful sunrises
and sunsets.

Like the IR region, the ultraviolet (UV, 7 X 10"
to 1 X 10'® Hz) region spans a very large range in
the electromagnetic spectrum. The photon energies
are rather high, > 4 eV, and they are able to excite
the electronic energy states of water molecules in
the gas phase.

There is no room to cover the molecular orbitals
(Gray 1964) of water here, but by analogy to elec-
trons in atomic orbitals one can easily imagine that
molecules have molecular orbitals or energy states.
Thus, electrons can also be promoted to higher empty

e o o

Vi

Vo V3

Figure 5.3. The three principle vibration modes of the water molecule, H,O: v4, symmetric stretching; v,, bending;

and vz, asymmetric stretching.
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molecular orbitals after absorption of light energy.
Ultraviolet photons have sufficiently high energies
to excite electrons into higher molecular orbitals.
Combined with vibrations and rotations, these tran-
sitions give rise to very broad bands in the UV spec-
trum. As a result, gaseous, liquid, and solid forms of
water strongly absorb UV light (Berkowitz 1979).
The absorption intensities and regions of water va-
por are different from those of ozone, but both are
responsible for UV absorption in the atmosphere.
Incidentally, both triatomic water and ozone mole-
cules are bent.

HYDROGEN BONDING AND POLYMERIC WATER
IN VAPOR

Attraction between the lone pairs and hydrogen
among water molecules is much stronger than any
dipole-dipole interactions. This type of attraction is
known as the hydrogen bond (O-H—O), a very
prominent feature of water. Hydrogen bonds are
directional and are more like covalent bonds than
strong dipole-dipole interactions. Each water mole-
cule has the capacity to form four hydrogen bonds,

two by donating its own H atoms and two by accept-
ing H atoms from other molecules. In the structure of
ice, to be described later, all water molecules, except
those on the surface, have four hydrogen bonds.

Attractions and strong hydrogen bonds among
molecules form water dimers and polymeric water
clusters in water vapor. Microwave spectroscopy
has revealed their existence in the atmosphere (Gold-
man et al. 2001, Huisken et al. 1996).

As water dimers collide with other water mole-
cules, trimer and higher polymers form. The direc-
tional nature of the hydrogen bond led to the belief
that water clusters are linear, ring, or cage-like
rather than aggregates of molecules in clusters (see
Fig. 5.4). Water dimers, chains, and rings have one
and two hydrogen-bonded neighbors. There are
three neighbors per molecule in cage-like polymers.
Because molecules are free to move in the gas and
liquid state, the number of nearest neighbors is
between four and six. Thus, water dimers and clus-
ters are entities between water vapor and condensed
water (Bjorneholm et al. 1999).

By analogy, when a few water molecules are inti-
mately associated with biomolecules and food mole-

Figure 5.4. Hydrogen bonding in water dimers and cyclic forms of trimer and tetramer. Linear and transitional forms

are also possible for trimers, tetramers, and polymers.
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cules, their properties would be similar to those of
clusters.

CONDENSED WATER PHASES

Below the critical temperature of 647 K (374°C) and
under the proper pressure, water molecules con-
dense to form a liquid or solid—condensed water.
Properties of water, ice, and vapor must be consid-
ered in freezing, pressure-cooking, and microwave
heating. In food processing, these phases transform
among one another. The transitions and the proper-
ties of condensed phases are manifestations of mi-
croscopic properties of water molecules. However,
condensation modifies microscopic properties such
as bond lengths, bond angles, vibration, rotation,
and electronic energy levels. The same is true when
water molecules interact with biomolecules and
food molecules. All phases of water play important
parts in biochemistry and food science.

Water has many anomalous properties, which are
related to polarity and hydrogen bonding. The melt-
ing point (mp), boiling point (bp), and critical tem-
perature are abnormally high for water. As a rule, the
melting and boiling points of a substance are related
to its molecular mass; the higher the molar mass, the
higher the melting and boiling points. Melting and
boiling points of water (molar mass 18, mp 273 K,
bp 373 K) are higher than those of hydrogen com-
pounds of adjacent elements of the same period,
NH; (molar mass 17, mp 195 K, bp 240 K) and HF
(molar mass 20, mp 190 K, bp 293 K). If we com-
pare the hydrogen compounds of elements from the
same group (O, S, Se, and Te), the normal boiling
point of H,O (373 K) is by far the highest among
H,S, H,Se, and H,Te. Much energy (21 kJ mol ') is
required to break the hydrogen bonds. The strong
hydrogen bonds among water molecules in con-
densed phase result in anomalous properties, includ-
ing the high enthalpies (energies) of fusion, subli-
mation, and evaporation given in Table 5.1. Internal
energies and entropies are also high.

Densities of water and ice are also anomalous. Ice
at 273 K is 9% less dense than water, but solids of
most substances are denser than their liquids. Thus,
ice floats on water, extending 9% of its volume
above water. Water is the densest at 277 K (4°C).
Being less dense at the freezing point, still water
freezes from the top down, leaving a livable environ-
ment for aquatic organisms. The hydrogen bonding

Table 5.1. Properties of Liquid Water at 298 K

Heat of formation AH; 285.89 kJ mol

Density at 3.98°C 1.000 g cm®
Density at 25°C 0.9970480 g cm’
Heat capacity 4.17856J g 'K ™!
AH porization 55.71 kJ mol
Dielectric constant 80

Dipole moment 624 x107°°Cm
Viscosity 0.8949 mPa s
Velocity of sound 14963 m s

Volumetric thermal 0.0035 cm’ g 'K

expansion coefficient

and polarity also lead to aberrant high surface ten-
sion, dielectric constant, and viscosity.

We illustrate the phase transitions between ice,
liquid (water), and vapor in a phase diagram, which
actually shows the equilibria among the common
phases. Experiments under high pressure observed
at least 13 different ices, a few types of amorphous
solid water, and even the suggestion of two forms of
liquid water (Klug 2002, Petrenko and Whitworth
1999). If these phases were included, the phase dia-
gram for water would be very complicated.

Sormo H,0

At 273.16 K, ice, liquid H,O, and H,O vapor at
611.15 Pa coexist and are at equilibrium; the tem-
perature and pressure define the triple-point of
water. At the normal pressure of 101.3 kPa (1 atm),
ice melts at 273.15 K. The temperature for the equi-
librium water vapor pressure of 101.3 kPa is the
boiling point, 373.15 K.

Under ambient pressure, ice often does not begin
to form until it is colder than 273.15 K, and this is
known as supercooling, especially for ultrapure
water. The degree of supercooling depends on vol-
ume, purity, disturbances, the presence of dust, the
smoothness of the container surface, and similar fac-
tors. Crystallization starts by nucleation, that is,
formation of ice-structure clusters sufficiently large
that they begin to grow and become crystals. Once
ice begins to form, the temperature will return to the
freezing point. At 234 K (—39°C), tiny drops of
ultrapure water would suddenly freeze, and this is
known as homogeneous nucleation (Franks et al.
1987). Dust particles and roughness of the surface
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promote nucleation and help reduce supercooling
for ice and frost formation.

At ambient conditions, hexagonal ice (Ih) is
formed. Snowflakes exhibit the hexagonal symme-
try. Their crystal structure is well known (Kamb
1972). Every oxygen atom has four hydrogen bonds
around it, two formed by donating its two H atoms,
and two by accepting the H atoms of neighboring
molecules. The hydrogen bonds connecting O atoms
are shown in Figure 5.5. In normal ice, Th, the posi-
tions of the H atoms are random or disordered. The
hydrogen bonds O-H—O may be slightly bent,
leaving the H-O-H angle closer to 105° than to
109.5°, the ideal angle for a perfect tetrahedral ar-
rangement. Bending the hydrogen bond requires
less energy than opening the H-O-H angle.
Bending of the hydrogen bond and the exchange of
H atoms among molecules, forming H;O" and OH~
in the solids, give rise to the disorder of the H
atoms. These rapid exchanges are in a dynamic
equilibrium.

In the structure of Th, six O atoms form a ring;
some of them have a chair form, and some have a
boat form. Two configurations of the rings are
marked by spheres representing the O atoms in
Figure 5.5. Formation of the hydrogen bond in ice
lengthens the O—H bond distance slightly from that
in a single isolated water molecule. All O atoms in
Th are completely hydrogen bonded, except for the
molecules at the surface. Maximizing the number of
hydrogen bonds is fundamental to the formation of
solid water phases. Pauling (1960) pointed out that
formation of hydrogen bonds is partly an electro-

static attraction. Thus, the bending of O-H—O is
expected. Neutron diffraction studies indicated bent
hydrogen bonds.

Since only four hydrogen bonds are around each
O atom, the structure of Th has rather large channels
at the atomic scale. Under pressure, many other
types of structures are formed. In liquid water, the
many tetrahedral hydrogen bonds are formed with
immediate neighbors. Since water molecules con-
stantly exchange hydrogen-bonding partners, the
average number of nearest neighbors is usually more
than four. Therefore, water is denser than Ih.

Other Phases of Ice

Under high pressures water forms many fascinating
H,O solids. They are designated by Roman numer-
als (e.g., ice XII; Klug 2002, Petrenko and Whit-
worth 1999). Some of these solids were known as
early as 1900. Phase transitions were studied at cer-
tain temperatures and pressures, but metastable
phases were also observed.

At 72 K, the disordered H atoms in Ih transform
into an ordered solid called ice XI. The oxygen
atoms of Th and ice XTI arrange in the same way, and
both ices have a similar density, 0.917 Mg m °.

Under high pressure, various denser ices are
formed. Ice II was prepared at a pressure about 1
GPa (1 GPa = 10° Pa) in 1900, and others with den-
sities ranging from 1.17 to 2.79 Mg m ™ have been
prepared during the 20th century. These denser ices
consist of hydrogen bond frameworks different from

(Ih)

(Ic)

Figure 5.5. The crystal structures of ice lh and Ic. Oxygen atoms are placed in two rings in each to point out their
subtle difference. Each line represents a hydrogen bond O-H—O, and the H atoms are randomly distributed such
that on average, every O atom has two O—H bonds of 100 pm. The O—-H—O distance is 275 pm. The idealized tetra-

hedral bond angles around oxygen are 1095°.
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Th and XI, but each O atom is hydrogen-bonded to
four other O atoms.

Cubic ice, Ic, has been produced by cooling va-
por or droplets below 200 K (Mayer and Hall-
brucker 1987, Kohl et al. 2000). More studies
showed the formation of Ic between 130 and 150 K.
Amorphous (glassy) water is formed below 130 K,
but above 150 K Ih is formed. The hydrogen bond-
ing and intermolecular relationships in Ih and Ic are
the same, but the packing of layers and symmetry
differ (see Fig. 5.5). The arrangement of O atoms in
Ic is the same as that of the C atoms in the diamond
structure. Properties of Th and Ic are very similar.
Crystals of Ic have cubic or octahedral shapes,
resembling those of salt or diamond. The conditions
for their formation suggest their existence in the
upper atmosphere and in the Antarctic.

As in all phase transitions, energy drives the trans-
formation between Ih and Ic. Several forms of amor-
phous ice having various densities have been ob-
served under different temperatures and pressures.
Unlike crystals, in which molecules are packed in an
orderly manner, following the symmetry and period-
ic rules of the crystal system, the molecules in
amorphous ice are immobilized from their posi-
tions in liquid. Thus, amorphous ice is often called
frozen water or glassy water.

When small amounts of water freeze suddenly, it
forms amorphous ice or glass. Under various tem-
peratures and pressures, it can transform into high-
density (1.17 Mg/m®) amorphous water, and very
high-density amorphous water. Amorphous water
also transforms into various forms of ice (Johari and
Anderson 2004). The transformations are accompa-
nied by energies of transition. A complicated phase
diagram for ice transitions can be found in Physics
of Ice (Petrenko and Whitworth 1999).

High pressures and low temperatures are required
for the existence of other forms of ice, and currently
these conditions are seldom involved in food pro-
cessing or biochemistry. However, their existence is
significant for the nature of water. For example, their
structures illustrate the deformation of the ideal
tetrahedral arrangement of hydrogen bonding pre-
sented in Th and Ic. This feature implies flexibility
when water molecules interact with foodstuffs and
with biomolecules.

Vapor Pressure of Ice Th

The equilibrium vapor pressure is a measure of the
ability or potential of the water molecules to escape
from the condensed phases to form a gas. This po-
tential increases as the temperature increases. Thus,
vapor pressures of ice, water, and solutions are im-
portant quantities. The ratio of equilibrium vapor
pressures of foods divided by those of pure water is
called the water activity, which is an important
parameter for food drying, preservation, and storage.

Ice sublimes at any temperature until the system
reaches equilibrium. When the vapor pressure is
high, molecules deposit on the ice to reach equilibri-
um. Solid ice and water vapor form an equilibrium
in a closed system. The amount of ice in this equilib-
rium and the free volume enclosing the ice are irrel-
evant, but the water vapor pressure or partial pres-
sure matters. The equilibrium pressure is a function
of temperature, and detailed data can be found in
handbooks, for example, the CRC Handbook of
Chemistry and Physics (Lide 2003). This handbook
has a new edition every year. More recent values
between 193 and 273 K can also be found in Physics
of Ice (Petrenko and Whitworth 1999).

The equilibrium vapor pressure of ice Ih plotted
against temperature (7) is shown in Figure 5.6. The
line indicates equilibrium conditions, and it sepa-
rates the pressure-temperature (P-T) graph into two
domains: vapor tends to deposit on ice in one, and
ice sublimes in the other. This is the ice Th—vapor
portion of the phase diagram of water.

700 - -
© The triple point:
&600_ P=611.15Pa
g T=373.16 K
& 500
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T 400 -
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220 230 240 250 260 270 280
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Figure 5.6. Equilibrium vapor pressure (Pa) of ice as a
function of temperature (K).
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Plot of In P versus 1/T shows a straight line, and
this agrees well with the Clausius-Clapeyron equa-
tion. The negative slope gives the enthalpy of the
phase transition, AH, divided by the gas constant R
(= 8.3145 J/K/mol).

(d(InP)) —AH
d(1/T)) R

This simplified equation gives an estimate of the
vapor pressure (in Pa) of ice at temperatures in a
narrow range around the triple point.

P=0611.15exp| —6148 11
T 273.16

The value 6148 is the enthalpy of sublimation
(AgpH = 51.1 J/mol, varies slightly with tempera-
ture) divided by the gas constant R. Incidentally, the
enthalpy of sublimation is approximately the sum of
the enthalpy of fusion (6.0 J/mol) for ice and the
heat of vaporization (45.1 J/mol, varies with temper-
ature) of water at 273 K.

LiQuip H,O—WATER

We started the chapter by calling the compound H,O
water, but most of us consider water the liquid H,O.
In terms of food processing, the liquid is the most
important state. Water is contained in food, and it is
used for washing, cooking, transporting, dispersing,
dissolving, combining, and separating components
of foods. Food drying involves water removal, and
fermentation uses water as a medium to convert raw
materials into commodities. Various forms of water
ingested help digest, absorb, and transport nutrients
to various part of the body. Water further facilitates
biochemical reactions to sustain life. The properties
of water are the basis for its many applications.

Among the physical properties of water, the heat
capacity (4.2176 J g 'K ™' at 273.15 K) varies little
between 273.15 and 373.15 K. However, this value
decreases, reaches a minimum at about 308 K, and
then rises to 4.2159-4.2176 J g 'K~ ' at 373.15 K
(see Fig. 5.7).

The viscosity, surface tension, and dielectric con-
stant of liquid H,O decrease as temperature increases
(see Fig. 5.7). These three properties are related to
the extent of hydrogen bonding and the ordering of
the dipoles. As thermal disorder increases with ris-
ing temperature, these properties decrease. To show
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Figure 5.7. Variation of viscosity (1.793 mPa s), dielec-
tric constant (87.90), surface tension (75.64 mN/m),
heat capacity Cp (4.2176 J g~ 'K™"), and thermal con-
ductivity (561.0 W K™ 'm™") of water from their values at
273.16 K to 373.16 K (0 and 100°C). Values at
273.15°K are given.

the variation, the properties at other temperatures
are divided by the same property at 273 K. The
ratios are then plotted as a function of temperture. At
273.15 K (0°C), all the ratios are unity (1). The ther-
mal conductivity, on the other hand, increases with
temperature. Thus, the thermal conductivity at 373
K (679.1 W K 'm™") is 1.21 times that at 273 K
(561.0 W K 'm™"). Warm water better conducts
heat. Faster moving molecules transport energy
faster. The variations of these properties play impor-
tant roles in food processing or preparation. For
example, as we shall see later, the dielectric constant
is a major factor for the microwave heating of food,
and heat conductivity plays a role cooking food.
Densities of other substances are often determined
relative to that of water. Therefore, density of water
is a primary reference. Variation of density with tem-
perature is well known, and accurate values are care-
fully measured and evaluated especially between
273 and 313 K (0-40°C). Two factors affect water
density. Thermal expansion reduces its density, but
the reduced number of hydrogen bonds increases its
density. The combined effects resulted in the highest
density at approximately 277 K (4°C). Tanaka et al.
(2001) has developed a formula to calculate the den-
sity within this temperature range, and the CRC
Handbook of Chemistry and Physics (Lide 2003)
has a table listing these values. The variation of
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Figure 5.8. Density of water Mg m~2 as a function of
temperature (°C).

water density between the freezing point and the
boiling point is shown in Figure 5.8. The densities
are 0.9998426, 0.9999750, and 0.9998509 Mg m >
at 0, 4, and 8°C, respectively. The decrease in densi-
ty is not linear, and at 100°C, the density is 0.95840
Mg m?, a decrease of 4% from its maximum.

Vapor Pressure of Liquid H,O

Equilibrium vapor pressure of water, Figure 5.9,
increases with temperature, similar to that of ice. At
the triple point, the vapor pressures of ice Ih and
water are the same, 0.611 kPa, and the boiling point
(373.15 K, 100°C) is the temperature at which the
vapor pressure is 101.325 kPa (1 atm). At slightly
below 394 K (121°C), the vapor pressure is 202.65
kPa (2.00 atm). At 473 and 574 K, the vapor pres-
sures are 1553.6 and 8583.8 kPa, respectively. The
vapor pressure rises rapidly as temperature increas-
es. The lowest pressure to liquefy vapor just below
the critical temperature, 373.98°C, is 22,055 kPa
(217.67 atm), and this is known as the critical pres-
sure. Above 373.98°C, water cannot be liquefied,
and the fluid is called supercritical water.

The partial pressure of H,O in the air at any tem-
perature is the absolute humidity. When the partial
pressure of water vapor in the air is the equilibrium
vapor pressure of water at the same temperature, the
relative humidity is 100%, and the air is saturated

25000

)

kPa

X< 20000 +

15000 -

10000 -

5000 +

Equilibrium vapor pressure

T T T
0 100 200 300 400
Temperature (°C)

Figure 5.9. Equilibrium vapor pressure of water as a
function of temperature.

with water vapor. The partial vapor pressure in the
air divided by the equilibrium vapor pressure of
water at the temperature of the air is the relative
humidity, expressed as a percentage. The tempera-
ture at which the vapor pressure in the air becomes
saturated is the dew point, at which dew begins to
form. Of course when the dew point is below 273 K
or 0°C, ice crystals (frost) begin to form. Thus, the
relative humidity can be measured by finding the
dew point and then dividing the equilibrium vapor
pressure at the dew point by the equilibrium vapor
pressure of water at the temperature of the air. The
transformations between solid, liquid, and gaseous
water play important roles in hydrology and in trans-
forming the earth’s surface. Solar energy causes
phase transitions of water that make the weather.

TRANSFORMATION OF SOLID, LIQUID, AND
VAPOR

Food processing and biochemistry involve transfor-
mations among solid, liquid, and vapor of water.
Therefore, it is important to understand ice-water,
ice-vapor, and water-vapor transformations and their
equilibria. These transformations affect our daily
lives as well. A map or diagram is helpful in order to
comprehend these natural phenomena. Such a map,
representing or explaining these transformations, is
called a phase diagram (see Fig. 5.10). A sketch
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Figure 5.10. A sketch outlining the phase diagram of ice, water, and vapor.

must be used because the range of pressure involved
is too large for the drawing to be on a linear scale.

The curves representing the equilibrium vapor
pressures of ice and water as functions of tempera-
ture meet at the triple point (see Fig. 5.10). The oth-
er end of the vapor pressure curve is the critical
point. The melting points of ice Th are 271.44,
273.15, and 273.16 K at 22,055 kPa (the critical
pressure), 101.325 kPa, and 0.611 kPa (the triple
point), respectively. At a pressure of 200,000 kPa, Th
melts at 253 K. Thus, the line linking all these points
represents the melting point of Ih at different pres-
sures. This line divides the conditions (pressure and
temperature) for the formation of solid and liquid.
Thus, the phase diagram is roughly divided into
regions of solid, liquid, and vapor.

Ice Ih transforms into the ordered ice XI at low
temperature. In this region and under some circum-
stance, Ic is also formed. The transformation condi-

tions are not represented in Figure 5.10, and neither
are the transformation lines for other ices. These
occur at much higher pressures in the order of giga-
pascals. A box at the top of the diagram indicates the
existence of these phases, but the conditions for
their transformation are not given. Ices II-X, formed
under gigapascals pressure, were mentioned earlier.
Ice VII forms at greater than 10 GPa and at a tem-
perature higher than the boiling point of water.

Formation and existence of these phases illustrate
the various hydrogen bonding patterns. They also
show the many possibilities of H,O-biomolecule in-
teractions.

SUBCRITICAL AND SUPERCRITICAL WATERS

Water at temperatures between the boiling and criti-
cal points (100-373.98°C) is called subcritical
water, whereas the phase above the critical point is
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supercritical water. In the 17th century, Denis
Papin (a physicist) generated high-pressure steam
using a closed boiler, and thereafter pressure canners
have been used to preserve food. Pressure cookers
were popular during the 20th century. Pressure cook-
ing and canning use subcritical water. Plastic bags
are gradually replacing cans, and food processing
faces new challenges.

Properties of subcritical and supercritical water
such as dielectric constant, polarity, surface tension,
density, viscosity, and others, differ from those of
normal water. These properties can be tuned by ad-
justing water temperature. At high temperature,
water is an excellent solvent for nonpolar substances
such as those for flavor and fragrance. Supercritical
water has been used for wastewater treatment to
remove organic matter, and this application will be
interesting to the food industry if companies are
required to treat their wastes before discharging
them into the environment. The conditions for su-
percritical water cause polymers to depolymerize
and nutrients to degrade. More research will tell
whether supercritical water will convert polysaccha-
rides and proteins into useful products.

Supercritical water is an oxidant, which is desir-
able for the destruction of substances. It destroys
toxic material without the need of a smokestack.
Water is a “green” solvent and reagent, because it
causes minimum damage to the environment. There-
fore, the potential for supercritical water is great.

AQUEOUS SOLUTIONS

Water dissolves a wide range of natural substances.
Life began in natural waters, aqueous solutions,
and continuation of life depends on them.

Water, a polar solvent, dissolves polar substances.
Its polarity and its abilities to hydrogen bond make it
a nearly universal solvent. Water-soluble polar sub-
stances are hydrophilic, whereas nonpolar sub-
stances insoluble in water are hydrophobic or lip-
ophilic. Substances whose molecules have both polar
and nonpolar parts are amphiphilic. These sub-
stances include detergents, proteins, aliphatic acids,
alkaloids, and some amino acids.

The high dielectric constant of water makes it an
ideal solvent for ionic substances, because it reduces
the attraction between positive and negative ions in
electrolytes: acids, bases, and salts. Electrolyte solu-

tions are intimately related to food and biological
sciences.

COLLIGATIVE PROPERTIES OF AQUEOUS
SOLUTIONS

Vapor pressure of an aqueous solution depends only
on the concentration of the solute, not on the type
and charge of the solute. Vapor pressure affects the
melting point, the boiling point, and the osmotic
pressure, and these are colligative properties.

In a solution, the number of moles of a compo-
nent divided by the total number of moles of all
components is the mole fraction of that component.
This is a useful parameter, and the mole fraction of
any pure substance is unity. When 1 mol of sugar
dissolves in 1.0 kg (55.56 mol) of water, the mole
fraction of water is reduced to 0.9823, and the mole
fraction of sugar is 0.0177. Raoult’s law applies to
aqueous solutions. According to it, the vapor pres-
sure of a solution at temperature 7 is the product of
mole fraction of the solvent and its vapor pressure at
T. Thus, the vapor pressure of this solution at 373 K
is 99.53 kPa (0.9823 atm). In general, the vapor
pressure of a solution at the normal boiling point is
lower than that of pure water, and a higher tempera-
ture is required for the vapor pressure to reach 101.3
kPa (1 atm). The net increase in the boiling temper-
ature of a solution is known as the boiling point ele-
vation.

Ice formed from a dilute solution does not contain
the solute. Thus, the vapor pressure of ice at various
temperatures does not change, but the vapor pres-
sure of a solution is lower than that of ice at the
freezing point. Further cooling is required for ice to
form, and the net lowering of vapor pressure is the
freezing point depression.

The freezing and boiling points are temperatures
at ice-water and water-vapor (at 101.3 kPa) equilib-
ria, not necessarily the temperatures at which ice
begins to form or boiling begins. Often, the temper-
ature at which ice crystals start to form is lower than
the melting point, and this is known as supercool-
ing. The degree of supercooling depends on many
other parameters revealed by a systematic study
of heterogeneous nucleation (Wilson et al. 2003).
Similarly, the inability to form bubbles results in
superheating. Overheated water boils explosively
due to the sudden formation of many large bubbles.
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Supercooling and superheating are nonequilibrium
phenomena, and they are different from freezing
point depression and boiling point elevation.

The temperature differences between the freez-
ing and boiling points of solutions and those of pure
water are proportional to the concentration of the so-
lutions. The proportionality constants are molar
freezing point depression (K; = —1.86 K mol' kg)
and the molar boiling point elevation (K, = 0.52 K
mol™' kg), respectively. In other words, a solution
containing one mole of nonvolatile molecules per
kilogram of water freezes at 1.86° below 273.15 K,
and boils 0.52° above 373.15 K. For a solution with
concentration C, measured in moles of particles
(molecules and positive and negative ions counted
separately) per kilogram of water, the boiling point
elevation or freezing point depression AT can be
evaluated.

AT = KC

where K represents K; or K, for freezing point
depression or boiling point elevation, respectively.
This formula applies to both cases. Depending on
the solute, some aqueous solutions may deviate from
Raoult’s law, and the above formulas give only esti-
mates.

In freezing or boiling a solution of a nonvolatile
solute, the solid and vapor contain only H,O, leav-
ing the solute in the solution. A solution containing
volatile solutes will have a total vapor pressure due
to all volatile components in the solution. Its boiling
point is no longer that of water alone. Freezing point
depression and boiling point elevation are both relat-
ed to the vapor pressure. In general, a solution of
nonvolatile substance has a lower vapor pressure
than that of pure water. The variations of these prop-
erties have many applications, some in food chem-
istry and biochemistry.

It is interesting to note that some fish and insects
have antifreeze proteins that depress the freezing
point of water to protect them from freezing in the
arctic sea (Marshall et al. 2004).

Osmotic pressure is usually defined as the pres-
sure that must be applied to the side of the solution
to prevent the flow of the pure solvent passing a
semipermeable membrane into the solution. Experi-
mental results show that osmotic pressure is equal to
the product of total concentration of molecules and
ions (C), the gas constant (R = 8.3145 J/mol/K),
and the temperature (7 in K):

Osmotic pressure = CRT.

The expression for osmotic pressure is the same as
that for ideal gas. Chemists calculate the pressure
using a concentration based on mass of the solvent.
Since solutions are never ideal, the formula gives
only estimates. The unit of pressure works out if the
units for C are in mol/m>, since 1 J = 1 Pa m>.
Concentration based on mass of solvent differs only
slightly from that based on volume of the solution.

An isotonic solution (isosmotic) is one that has
the same osmotic pressure as another. Solutions
with higher and lower osmotic pressures are called
hypertonic (hyperosmotic), and hypotonic (hypo-
osmotic), respectively. Raw food animal and plant
cells submerged in isotonic solutions with their cell
fluids will not take up or lose water even if the cell
membranes are semipermeable. However, in plant,
soil, and food sciences, water potential gradient is
the driving force or energy directing water move-
ment. Water moves from high-potential sites to low-
potential sites. Water moves from low osmotic pres-
sure solutions to high osmotic pressure solutions.
For consistency and to avoid confusion, negative
osmotic pressure is defined as osmotic potential.
This way, osmotic potential is a direct component of
water potential for gradient consideration. For
example, when red blood cells are placed in dilute
solutions, their osmotic potential is negative. Water
diffuses into the cells, resulting in the swelling or
even bursting of the cells. On the other hand, when
cells are placed in concentrated (hypertonic) saline
solutions, the cells will shrink due to water loss.

Biological membranes are much more permeable
than most man-made phospholipid membranes be-
cause they have specific membrane-bound proteins
acting as water channels. Absorption of water and its
transport throughout the body is more complicated
than osmosis.

SOLUTION OF ELECTROLYTES

Solutions of acids, bases, and salts contain ions.
Charged ions move when driven by an electric po-
tential, and electrolyte solutions conduct electricity.
These ion-containing substances are called elec-
trolytes. As mentioned earlier, the high dielectric
constant of water reduces the attraction of ions with-
in ionic solids and dissolves them. Furthermore, the
polar water molecules surround ions, forming hy-
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drated ions. The concentration of all ions and
molecular substances in a solution contributes to the
osmotic potential.

Water can also be an acid or a base, because H,O
molecules can receive or provide a proton (H').
Such an exchange by water molecules in pure water,
forming hydrated protons (H;O™ or (H,0),H"), is
called self-ionization. However, the extent of ion-
ization is small, and pure water is a very poor con-
ductor.

Self-Ionization of Water

The self-ionization of water is a dynamic equilibri-
um,

H,0(l) <> H*(aq) + OH ™ (aq),

K, = [H"][OH 1= 10"*at 298 K and 1 atm

where [H*] and [OH ] represent the molar concen-
trations of H* (or H;0") and OH™ ions, respective-
ly, and K, is called the ion product of water. Values
of K,, under various conditions have been evaluated
theoretically (Marshall and Franck 1981, Tawa and
Pratt 1995). Solutions in which [H'] = [OH ] are
said to be neutral. Both pH and pOH, defined by
the following equations, have a value of 7 at 298 K
for a neutral solution.

pH = —log,o[H'] = pOH = —log;o[OH ] =7
(at 298 K)

The H™ represents a hydrated proton (H;0™), which
dynamically exchanges a proton with other water
molecules. The self-ionization and equilibrium are
present in water and all aqueous solutions.

Solutions of Acids and Bases

Strong acids HCIO4, HCIO;, HCI, HNO;, and
H,SO, completely ionize in their solutions to give
H" (H;0") ions and anions ClO,”, ClO;~, CI~,
NO; , and HSO, , respectively. Strong bases
NaOH, KOH, and Ca(OH), also completely ionize
to give OH  ions and Na®, K™, and Ca®" ions, re-
spectively. In an acidic solution, [H*] is greater than
[OH ]. For example, in a 1.00 mol/L. HCI solution
at 298 K, [H*] = 1.00 mol/L, pH = 0.00, [OH ] =
10"* mol/L.

Weak acids such as formic acid (HCOOH), acetic
acid (HCH;COO), ascorbic acid (H,CsH¢Og), oxalic

acid (H,C,0,), carbonic acid (H,CO3), benzoic acid
(HC¢HsCOO), malic acid (H,C,H,05), lactic acid
(HCH;CH(OH)COO), and phosphoric acid (H;PO,)
also ionize in their aqueous solutions, but not com-
pletely. The ionization of acetic acid is represented
by the equilibrium

HCH,CO0(aq) <> H'(aq) + CH;COO (aq),

_ [H'][CH,CO0" |

. =1.75%x10"at 298 K
[HCH,COO]

where K, as defined above, is the acid dissociation
constant.

The solubility of CO, in water increases with par-
tial pressure of CO,, according to Henry’s law. The
chemical equilibrium for the dissolution is

H,O(I) + CO4(g) <> H,CO5(aq)

Of course, H,CO; dynamically exchanges H' and
H,O with other water molecules, and this weak
diprotic acid ionizes in two stages with acid disso-
ciation constants K,; and K,:

H,0 + CO,(aq) <> H"(aq) + HCO; (aq), K.,
=430 X 107 at 298 K

HCO; (aq) <> H' (aq) + CO3*(aq), K,
=3561x 10",

Constants K,; and K, increase as temperature rises,
but the solubility of CO, decreases. At 298 K, the
pH of a solution containing 0.1 mol/L. H,CO; is 3.7.
At this pH, acidophilic organisms survive and grow,
but most pathogenic organisms are neutrophiles, and
they cease growing. Soft drinks contain other acids—
citric, malic, phosphoric, ascorbic, and others. They
lower the pH further.

All three hydrogen ions in phosphoric acid
(H5PO,) are ionizable, and it is a triprotic acid.
Acids having more than one dissociable H™ are called
polyprotic acids.

Ammonia and many nitrogen-containing com-
pounds are weak bases. The ionization equilibrium
of NH; in water and the base dissociation constant
Ky, are
NH; + H,0 <> NH,0 < NH, " (aq) + OH (aq),

= W IOH T_ 76 10 at 298 K.

[NH,OH]

Other weak bases react with H,O and ionize in a
similar way.
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The ionization or dissociation constants of inor-
ganic and organic acids and bases are extensive, and
they have been tabulated in various books (for
example Perrin 1965, 1982; Kortiim et al. 1961).

Titration

Titration is a procedure for quantitative analysis of
a solute in a solution by measuring the quantity of a
reagent used to completely react with it. This meth-
od is particularly useful for the determination of
acid or base concentrations. A solution with a
known concentration of one reagent is added from a
burette to a definite amount of the other. The end
point is reached when the latter substance is com-
pletely consumed by the reagent from the burette,
and this is detected by the color change of an indica-
tor or by pH measurements. This method has many
applications in food analysis.

The titration of strong acids or bases utilizes the
rapid reaction between H and OH ™. The unknown
quantity of an acid or base may be calculated from
the amount used to reach the end point of the titra-
tion.

The variation of pH during the titration of a weak
acid using a strong base or a weak base using a
strong acid is usually monitored to determine the
end point. The plot of pH against the amount of
reagent added is a titration curve. There are a num-
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Figure 5.11. Titration curve of a 0.10 mol/L (or M)
weak acid HA (K, = 1 X 107°) using a 0.10 mol/L strong
base NaOH solution.

ber of interesting features on a titration curve.
Titration of a weak acid HA using a strong base
NaOH is based on two rapid equilibria:

H,0
H' + OH =H,0,K = [K;] =5.56 X 10"
at 298 K. v

As the H" ions react with OH ™, more H" ions are
produced due to the equilibrium

HA = H" + A7, K, (ionization constant of the acid).

Before any NaOH solution is added, HA is the dom-
inant species; when half of HA is consumed, [HA]
= [A" ], which is called the half equivalence point.
At this point, the pH varies the least when a little H*
or OH  is added, and the solution at this point is the
most effective buffer solution, as we shall see later.
The pH at this point is the same as the pK, of the
weak acid. When an equivalent amount of OH  has
been added, the A~ species dominates, and the solu-
tion is equivalent to a salt solution of NaA. Of
course, the salt is completely ionized.

Polyprotic acids such as ascorbic acid H,-
(H¢Cs0s) (Vitamin C; K, = 7.9 X 107, K, = 1.6
X 107?) and phosphoric acid H;PO, (K,; = 6.94 X
10%, K = 6.2 X 10°®, K,3 2.1 X 10™'%) have more
than one mole of H" per mole of acid. A titration
curve of these acids will have two and three end
points for ascorbic and phosphoric acids, respective-
ly, partly due to the large differences in their dissoci-
ation constants (K, K,», etc.). In practice, the third
end point is difficult to observe in the titration of
H;PO,. Vitamin C and phosphoric acids are often
used as food additives.

Many food components (e.g., amino acids, pro-
teins, alkaloids, organic and inorganic stuff, vita-
mins, fatty acids, oxidized carbohydrates, and com-
pounds giving smell and flavor) are weak acids and
bases. The pH affects their forms, stability, and reac-
tions. When pH decreases by 1, the concentration of
H*, [H'], increases 10-fold, accompanied by a 10-
fold decrease in [OH ]. The H" and OH™ are very
active reagents for the esterification and hydrolysis
reactions of proteins, carbohydrates, and lipids, as
we shall see later. Thus, the acidity, or pH, not only
affects the taste of food, it is an important parameter
in food processing.

Solutions of Amino Acids

Amino acids have an amino group (NH;"), a car-
boxyl group (COO ), a H, and a side chain (R)
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attached to the asymmetric alpha carbon. They are
the building blocks of proteins, polymers of amino
acids. At a pH called the isoelectric point, which
depends on the amino acid in question, the dominant
species is a zwitterion, RHC(NH;)(COO™), which
has a positive and a negative site, but no net charge.
For example, the isoelectric point for glycine is pH
= 6.00, and its dominant species is H,C(NH;")
COO . An amino acid exists in at least three forms
due to the following ionization or equilibria:

RHC(NH; ")(COOH)
H+’ K’dl

RHC(NH; ")(COO™) = RHC(NH,)(COO ™) + H™,
K.

= RHC(NH;")(COO") +

Most amino acids behave like a diprotic acid with
two dissociation constants, K,; and K,,. A few
amino acids have a third ionizable group in their
side chains.

Among the 20 common amino acids, the side
chains of eight are nonpolar, and those of seven are
polar, containing —OH, >C=0, or —-SH groups.
Aspartic and glutamic acid contain acidic -COOH
groups in their side chains, whereas arginine, histi-
dine, and lysine contain basic -NH or -NH, groups.
These have four forms due to adding or losing pro-
tons at different pH values of the solution, and they
behave as triprotic acids. For example, aspartic acid
[Asp = (COOH)CH,C(NH;")(COO™)] has these
forms:

AspH™
Asp=Asp +H"

=Asp + H'

Asp = Aspz' +H"

Proteins, amino acid polymers, can accept or pro-
vide several protons as the pH changes. At its iso-
electric point (a specific pH), the protein has no net
charge and is least soluble because electrostatic
repulsion between its molecules is lowest, and the
molecules coalesce or precipitate, forming a solid or
gel.

Solutions of Salts

Salts consist of positive and negative ions, and these
ions are hydrated in their solutions. Positive, hydrat-
ed ions such as Na(H,0)s", Ca(H,0)¢*", and Al
(H,0)¢>" have six to eight water molecules around
them. Figure 5.12 is a sketch of the interactions of
water molecules with ions. The water molecules
point the negative ends of their dipoles towards pos-
itive ions, and their positive ends towards negative
ions. Molecules in the hydration sphere constantly
and dynamically exchange with those around them.
The number and lifetimes of hydrated water mole-
cules have been studied by various methods. These
studies reveal that the hydration sphere is one layer
deep, and the lifetimes of these hydrated water mol-
ecules are in the order of picoseconds (10" sec-
onds). The larger negative ions also interact with the
polar water molecules, but not as strongly as do
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Figure 5.12. The first hydration sphere of most cations M(H,0)s", and anions X(H,0O)s . Small water molecules are
below the plane containing the ions, and large water molecules are above the plane.
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cations. The presence of ions in the solution changes
the ordering of water molecules even if they are not
in the first hydration sphere.

The hydration of ions releases energy, but break-
ing up ions from a solid requires energy. The amount
of energy needed depends on the substance, and for
this reason, some substances are more soluble than
others. Natural waters in oceans, streams, rivers, and
lakes are in contact with minerals and salts. The
concentrations of various ions depend on the solu-
bility of salts (Moeller and O’Connor 1972) and the
contact time.

All salts dissolved in water are completely ion-
ized, even those formed in the reaction between
weak acids and weak bases. For example, the com-
mon food preservative sodium benzoate (NaCgHs
COO) is a salt formed between a strong base NaOH
and weak benzoic acid (K, = 6.5 X 107). The ben-
zoate ions, C¢HsCOQO 7, in the solution react with
water to produce OH ions giving a slightly basic
solution:

C¢HsCOO™ + H,0 «> C4HsCOOH + OH ™,
K =1.6X 10" at 298 K.

Ammonium bicarbonate, NH,HCO;, was a leaven-
ing agent before modern baking powder was popu-
lar. It is still called for in some recipes. This can be
considered a salt formed between the weak base
NH,OH and the weak acid H,CO5;. When NH,HCO;
dissolves in water, the ammonium and bicarbonate
ions react with water:

NH, " + H,0 <> NHj(aq) + H;0",
K=57x%10"' at 298 K

HCO; ™ + H,0 <> H,CO; + OH ",
K=23X10"% at298 K

H2C03 = Hzo + COz(g)

Upon heating, ammonia (NH3) and carbon dioxide
(CO,) become gases for the leavening action. Thus,
during the baking or frying process, ammonia is
very pungent and unpleasant. When sodium bicar-
bonate is used, only CO, causes the dough to rise.
Phosphoric acid, instead of NH4+, provides the acid
in baking powder.

Buffer Solutions

A solution containing a weak acid and its salt or a
weak base and its salt is a buffer solution, since its

pH changes little when a small amount acid or base
is added. For example, nicotinic acid (HCsH4NO,,
niacin, a food component) is a weak acid with K, =
1.7 X 1077 (pK, = —log,oK, = 4.76):

HC¢H,NO, = H" + C(H,NO, ™,
K - [H'][C,H,NO, ]

“ [HC,H,NO, ]
[C,H,NO, ]
[HC,H,NO,]

Hesselbalch equation).

pH=pK, + logm{ } (Henderson-

In a solution containing niacin and its salt,
[CcH4NO, ] is the concentration of the salt, and
[HCcH4NO,] is the concentration of niacin. The
pair, HC¢gH4,NO, and C¢H,NO, , are called conju-
gate acid and base, according to the Bronsted-
Lowry definition for acids and bases. So, for a gen-
eral acid and its conjugate base, the pH can be
evaluated using the Henderson-Hesselbalch equa-
tion:

base
pH=pK, =log,, {ﬁ} (Henderson-

Hesselbalch Equation)

Adding H" converts the base into its conjugate acid,
and adding OH~ converts the acid into its conjugate
base. Adding acid and base changes the ratio
[base]/[acid], causing a small change in the pH if the
initial ratio is close to 1.0. Following this equation,
the most effective buffer solution for a desirable pH
is to use an acid with a pK, value similar to the
desired pH value and to adjust the concentration of
the salt and acid to obtain the ratio that gives the
desired pH. For example, the pK, for H,PO, is
7.21, and mixing KH,PO, and K,HPO, in the
appropriate ratio will give a buffer solution with pH
7. However, more is involved in the art and science
of making and standardizing buffer solutions. For
example, the ionic strength must be taken into
account.

The pH of blood from healthy persons is 7.4. The
phosphoric acid and bicarbonate ions in blood and
many other soluble biomaterials in the intercellular
fluid play a buffering role in keeping the pH con-
stant. The body fluids are very complicated buffer
solutions, because each conjugate pair in the solu-
tion has an equilibrium of its own. These equilibria
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plus the equilibrium due to the self-ionization of
water stabilize the pH of the solution. Buffer solu-
tions abound in nature: milk, juice, soft drinks, soup,
fluid contained in food, and water in the ocean, for
example.

Hydrophilic and Hydrophobic Effects

The hydrophilic effect refers to the hydrogen bond-
ing, polar-ionic and polar-polar interactions with
water molecules, which lower the energy of the sys-
tem and make ionic and polar substances soluble.
The lack of strong interactions between water mole-
cules and lipophilic molecules or the nonpolar por-
tions of amphiphilic molecules is called the hydro-
phobic effect, a term coined by Charles Tanford
(1980).

When mixed with water, ionic and polar mole-
cules dissolve and disperse in the solution, whereas
the nonpolar or hydrophobic molecules huddle to-
gether, forming groups. At the proper temperature,
groups of small and nonpolar molecules surrounded
by water cages form stable phases called hydrates or
clathrates. For example, the clathrate of methane
forms stable crystals at temperatures below 300 K
(Sloan 1998). The hydrophobic effect causes the for-
mation of micelles and the folding of proteins in
enzymes so that the hydrophobic parts of the long
chain huddle together on the inside, exposing the
hydrophilic parts to the outside to interact with water.

Hydrophilic and hydrophobic effects together sta-
bilize three-dimensional structures of large mole-
cules such as enzymes, proteins, and lipids. Hydro-
phobic portions of these molecules stay together,
forming pockets in globular proteins. These bio-
polymers minimize their hydrophobic surface to
reduce their interactions with water molecules.
Biological membranes often have proteins bonded
to them, and the hydrophilic portions extend to the
intra- and intercellular aqueous solutions. These
membrane-bound proteins often transport specific
nutrients in and out of cells. For example, water,
amino acid, and potassium-sodium ion transporting
channels are membrane-bound proteins (Garrett and
Grisham 2002).

Hydrophilic and hydrophobic effects, together
with the ionic interaction, cause long-chain proteins
called enzymes to fold in specific conformations
(three-dimensional structures) that catalyze specific
reactions. The pH of the medium affects the charges

of the proteins. Therefore, the pH may alter enzyme
conformations and affect their functions. At a spe-
cific pH, some enzymes consist of several subunits
that aggregate into one complex structure in order to
minimize the hydrophobic surface in contact with
water. Thus, the chemistry of water is intimately
mingled with the chemistry of life.

During food processing, proteins are denatured
by heat, acid, base, and salt. These treatments alter
the conformation of the proteins and enzymes. De-
natured proteins lose their life-maintaining function-
ality. Molecules containing hydrophilic and hydro-
phobic parts are emulsifiers that are widely used in
the food industry.

Hydrophilic and hydrophobic effects cause non-
polar portions of phospholipids, proteins, and cho-
lesterol to assemble into micelles and bilayers, or
biological membranes (Sloan 1998). The membrane
conformations are stable due to their low energy,
and they enclose compartments with components to
perform biological functions. Proteins and enzymes
attached to the membranes communicate and trans-
port nutrients and wastes for cells, keeping them
alive and growing.

Hard Waters and Their Treatments

Waters containing dissolved CO,(same as H,COj)
are acidic due to the equilibria

H"(aq) + HCO; (aq) & H,CO;(aq) A H,O +
COx(2)

HCO; (aq) <& H+(aq) + CO32'(aq).

Acidic waters dissolve CaCO; and MgCOs;, and
waters containing Ca’", Mg?*, HCO, ™, and CO,*
are temporary hard waters, as the hardness is
removable by boiling, which reduces the solubility
of CO,. When CO, is driven off, the solution be-
comes less acidic due to the above equilibria.
Furthermore, reducing the acidity increases the con-
centration of CO32’, and solids CaCO; and MgCO;
precipitate:

Ca’*(aq) + CO5*(aq) <> CaCOs(s)
Mg** (aq) + CO5™(aq) <> MgCOx(s)

Water containing less than 50 mg/L of these sub-
stances is considered soft; 50—150 mg/L. moderately
hard; 150-300 mg/L hard; and more than 300 mg/L
very hard.



122 Part II: Water, Enzymology, Biotechnology, and Protein Cross-linking

For water softening by the lime treatment, the
amount of dissolved Ca>" and Mg" is determined
first; then an equal number of moles of lime,
Ca(OH),, is added to remove them, by these reac-
tions:

Mg®" + Ca(OH),(s) <> Mg(OH),(s) + Ca*"

Ca®* + 2 HCO; ™ + Ca(OH)q(s) <> 2 CaCOx(s) +
2 H,0.

Permanent hard waters contain sulfate (SO42'),
Ca®>", and Mg”" ions. Calcium ions in the sulfate
solution can be removed by adding sodium carbon-
ate due to the reaction:

Ca>* + Na,CO; — CaCOs(s) + 2Na™.

Hard waters cause scales or deposits to build up in
boilers, pipes, and faucets—problems for food and
other industries. Ion exchange using resins or zeo-
lites is commonly used to soften hard waters. The cal-
cium and magnesium ions in the waters are taken up
by the resin or zeolite that releases sodium or hydro-
gen ions back to the water. Alternatively, when pres-
sure is applied to a solution, water molecules, but not
ions, diffuse through the semipermeable membranes.
This method, called reverse osmosis, has been used
to soften hard waters and desalinate seawater.

However, water softening replaces desirable cal-
cium and other ions with sodium ions. Thus, soft
waters are not suitable for drinking. Incidentally,
calcium ions strengthen the gluten proteins in dough
mixing. Some calcium salts are added to the dough
by bakeries to enhance bread quality.

Ionic Strength and Solubility of Foodstuff

Tons are attracted to charged or polar sites of large
biomolecules. Cations strongly interact with large
molecules such as proteins. At low concentrations,
they may neutralize charges on large organic mole-
cules, stabilizing them. At high concentrations, ions
compete with large molecules for water and destabi-
lize them, resulting in decreased solubility. The con-
centration of electrolytes affects the solubility of
foodstuffs.

One of the criteria for concentration of elec-
trolytes is ionic strength, 7, which is half of the sum
(2) of all products of the concentration (C;) of the
ith ion and the square of its charge (Z):

I="%3Cz~

However, solubility is not only a function of ionic
strength; it also depends very much on the anions
involved.

The salting-in phenomenon refers to increases
of protein solubility with increased concentrations
of salt at low ionic strength. The enhancement of
broth flavor by adding salt may be due to an increase
of soluble proteins or amino acids in it. At high ion-
ic strength, however, the solubilities of some pro-
teins decrease; this is the salting-out phenomenon.
Biochemists often use potassium sulfate, K,SO,,
and ammonium sulfate, (NH,4),SO,, for the separa-
tion of amino acids or proteins because the sulfate
ion is an effective salting-out anion. The sulfate ion
is a stabilizer, because the precipitated proteins are
stable. Table salt is not an effective salting-out
agent. Damodaran (1996) and Voet and Voet (1995)
discuss these phenomena in much more detail.

WATER AS REAGENT AND
PRODUCT

Water is the product from the oxidation of hydrogen,
and the standard cell potential (AE®) for the reaction
is 1.229 V.

2H,(g) + O4(g) = 2H,0(1), AE®° = 1.229 V

Actually, all hydrogen in any substance produces
water during combustion and oxidation. On the oth-
er hand, water provides protons (H"), hydroxide
ions (OH ), hydrogen atoms (H), oxygen atoms
(O), and radicals (H:, -OH) as reagents. The first two
of these (H" and OH ") also exhibit acid-base prop-
erties, as described earlier. Acids and bases promote
hydrolysis and condensation reactions.

In esterification and peptide synthesis, two mol-
ecules are joined together, or condensed, releasing a
water molecule. On the other hand, water breaks
ester, peptide, and glycosidic bonds in a process
called hydrolysis.

ESTERIFICATION, HYDROLYSIS, AND LIPIDS

Organic acids and various alcohols present in food
react to yield esters in aqueous solutions. Esters,
also present in food, hydrolyze to produce acids and
alcohols. Water is a reagent and a product in these
reversible equilibria. Figure 5.13 shows the Fisher
esterification and hydrolysis reactions and the role
of water in the series of intermediates in these equi-
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Figure 5.13. Esterification and hydrolysis in aqueous solutions.

libria. In general, esterification is favored in acidic
solutions, and hydrolysis is favored in neutral and
basic solutions.

The protonation of the slightly negative carbonyl
oxygen (>C=0) of the carboxyl group (C(=0)OH)
polarizes the C=0 bond, making the carbon atom
positive, to attract the alcohol group R’OH. Water
molecules remove protons and rearrange the bonds in
several intermediates for the simple overall reaction

RC(=0)OH + HOR' <> RC(=0)OR’ + H,0O

In basic solutions, the OH ~ ions are attracted to
the slightly positive carbon of the carbonyl group.
The hydrolysis is the reverse of esterification.

Hydrolysis of glycerol esters (glycerides: fat and
oil) in basic solutions during soap making is a typi-
cal example of hydrolysis. Triglycerides are hydro-
phobic, but they can undergo partial hydrolysis to
become amphiphilic diglycerides or monoglyc-

erides. Esterification and hydrolysis are processes in
metabolism.

Lipids, various water-insoluble esters of fatty
acids, include glycerides, phospholipids, glycolipids,
and cholesterol. Oils and fats are mostly triglyc-
erides, which is a glycerol molecule (CH,OH-
CHOH-CH,0H) esterified with three fatty acids
[CH5(-CH,),COOH, n = 8-16]. Some of the tri-
glycerides are partially hydrolyzed in the gastroin-
testinal tract before absorption, but most are ab-
sorbed with the aid of bile salts, which emulsify the
oil and facilitate its absorption. Many animals bio-
synthesize lipids when food is plentiful, as lipids
provide the highest amount of energy per unit mass.
Lipids, stored in fat cells, can be hydrolyzed, and
upon further oxidation, they produce lots of energy
and water. Some animals utilize fat for both energy
and water to overcome the limitation of food and
water supplies during certain periods of their lives.
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Catalyzed by enzymes, esterification, and hydrol-
ysis in biological systems proceed at much faster
rates than when catalyzed by acids and bases.

WATER IN DIGESTION AND SYNTHESES OF
PROTEINS

The digestion and the formation of many biopoly-
mers (such as proteins and carbohydrates) as well as
the formation and breakdown of lipids and esters
involve reactions very similar to those of esterifica-
tion and hydrolysis.

The digestion of proteins, polymers of amino
acids, starts with chewing, followed by hydrolysis
with the aid of protein-cleaving enzymes (proteases)
throughout the gastrointestinal tract. Then the par-
tially hydrolyzed small peptides and hydrolyzed
individual amino acids are absorbed in the intestine.
Water is a reagent in these hydrolyses (Fig. 5.14).

The deoxyribonucleic acids (DNAs) store the
genetic information, and they direct the synthesis of
messenger ribonucleic acids (mRNAs), which in
turn direct the protein synthesis machinery to make

various proteins for specific body functions and
structures. This is an oversimplified description of
the biological processes that carry out the polymer-
ization of amino acids.

Proteins and amino acids also provide energy
when fully oxidized, but carbohydrates are the major
energy source in normal diets.

WATER IN DIGESTION AND SYNTHESIS OF
CARBOHYDRATES

On earth, water is the most abundant inorganic com-
pound, whereas carbohydrates are the most abun-
dant class of organic compounds. Carbohydrates re-
quire water for their synthesis and provide most of
the energy for all life on earth. They are also part of
the glycoproteins and the genetic molecules of DNA.
Carbohydrates are compounds with a deceivingly
simple general formula (CH,0),, n = 3, that appears
to be made up of carbon and water, but although
their chemistry fills volumes of thick books and
more, there is still much for carbohydrate chemists
to discover.

H* H
' /
0 *0 O-H
H | H | H
RC-C-OH <= R([il—C—OH +*  RG-C-OH
H,N H, HN |
H2
A 1
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~RCHNH,COOH | | + RCHNH,COOH
Hydrolysis | | —H,0
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R’ C-COOH H

H

Figure 5.14. Hydrolysis and peptide-bond formation (polymerization).
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Energy from the sun captured by plants and or-
ganisms converts carbon dioxide and water to high-
energy carbohydrates,

6CO, + 12H,0* — (CH,0)s + 6H,O + 60%*,

The stars (*) indicate the oxygen atoms from water
released as oxygen gas (O*,). Still, this is an over-
simplified equation for photosynthesis, but we do
not have room to dig any deeper. The product
(CH,0)¢ is a hexose, a six-carbon simple sugar, or
monosaccharide, that can be fructose, glucose, or
another simple sugar. Glucose is the most familiar
simple sugar, and its most common structure is a
cyclic structure of the chair form. In glucose, all the
OH groups around the ring are at the equatorial
positions, whereas the small H atoms are at the axial
locations (Fig. 5.15). With so many OH groups per
molecule, glucose molecules are able to form sever-
al hydrogen bonds with water molecules, and thus
most monosaccharides are soluble in water.

The disaccharides sucrose, maltose, and lactose
have two simple sugars linked together, whereas
starch and fiber are polymers of many glucose units.
A disaccharide is formed when two OH groups of
separate monosaccharides react to form an —O- link,
called a glycosidic bond, after losing a water mole-
cule.

C6H1206 + C6H1206 = CGHIIOS_O_C6H1105 +
H,O

Disaccharides are soluble in water due to their abil-
ity to form many hydrogen bonds.

OH

C
H

Figure 5.15. Chair form cyclic structure of glucose
CgH120s6. For glucose, all the OH groups are in the
equatorial position, and these are possible H-donors for
hydrogen bonding with water molecules. They are also
possible sites to link to other hexoses.

Plants and animals store glucose as long-chain
polysaccharides in starch and glycogen, respec-
tively, for energy. Starch is divided into amylose and
amylopectin. Amylose consists of linear chains,
whereas amylopectin has branched chains. Due to
the many interchain hydrogen bonds in starch, hy-
drogen bonding to water molecules develops slowly.
Small starch molecules are soluble in water. Sus-
pensions of large starch molecules thicken soup and
gravy, and starch is added to food for desirable tex-
ture and appearance. Water increases the molecular
mobility of starch, and starch slows the movement
of water molecules. Food processors are interested
in a quantitative relationship between water and
starch and the viscosity of the suspension.

Glycogen, animal starch, is easily hydrolyzed to
yield glucose, which provides energy when re-
quired. In the hydrolysis of polysaccharides, water
molecules react at the glycosidic links. Certain
enzymes catalyze this reaction, releasing glucose
units one by one from the end of a chain or branch.

Polysaccharide chains in cellulose are very long,
7000 to 15,000 monosaccharides, and interchain
hydrogen bonds bind them into fibers, which further
stack up through interfiber hydrogen bonds. Many
interchain hydrogen bonds make the penetration of
water molecules between chains a time-consuming
process. Heating speeds up the process.

WATER, MINERALS, AND VITAMINS

Most minerals are salts or electrolytes. These are
usually ingested as aqueous solutions of elec-
trolytes, discussed earlier. Tons (Ca®*, Mg?", Na™,
K", Fe’*, Zn’*, Cu*", Mn’", CI7, I, S, Se”,
H,PO, , etc.) present in natural water are leached
from the ground. Some of them are also present in
food, because they are essential nutrients for plants
and animals that we use as food. A balance of elec-
trolytes in body fluid must be maintained. Other-
wise, shock or fainting may develop. For example,
the drinking water used by sweating athletes con-
tains the proper amount of minerals. In food, miner-
al absorption by the body may be affected by the
presence of other molecules. For example, vitamin
D helps the absorption of calcium ions.

Small amounts of a group of organic compounds
not synthesized by humans, but essential to life, are
called vitamins; their biochemistry is very compli-
cated and interesting; many interact with enzymes,
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and others perform vital functions by themselves.
Regardless of their biological function and chemical
composition, vitamins are divided into water-soluble
and fat-soluble groups. This division, based on po-
larity, serves as a guide for food processing. For
example, food will lose water-soluble vitamins
when washed or boiled in water, particularly after
cutting (Hawthorne and Kubatova 2002).

The water-soluble vitamins consist of a complex
group of vitamin Bs, vitamin C, biotin, lipoic acid,
and folic acid. These molecules are either polar or
have the ability to form hydrogen bonds. Vitamins A
(retinal), D2, D3, E, and K are fat soluble, because
major portions of their molecules are nonpolar
organic groups.

Vitamin C, L-ascorbic acid or 3-oxo-L-gulofura-
nolactone, has the simplest chemical formula
(C¢HgOg) among vitamins. This diprotic acid is
widely distributed in plants and animals, and only a
few vertebrates, including humans, lack the ability
to synthesize it.

Vitamin B complex is a group of compounds iso-
lated together in an aqueous solution. It includes thi-
amine (B1), riboflavin (B2), niacin (or nicotinic
acid, B3), pantothenic acid (B5), cyanocobalamin
(B12), and vitamin B6 (any form of pyridoxal, pyri-
doxine, or pyridoxamine). Biotin, lipoic acid, and
folic acid are also part of the water-soluble vitamins.
These vitamins are part of enzymes or coenzymes
that perform vital functions.

FOOD CHEMISTRY OF WATER

Water ingestion depends on the individual, composi-
tion of the diet, climate, humidity, and physical
activity. A nonexercising adult loses the equivalent
of 4% of his or her body weight in water per day
(Brody 1999). Aside from ingested water, water is
produced during the utilization of food. It is proba-
bly fair to suggest that food chemistry is the chem-
istry of water, since we need a constant supply of
water as long as we live.

Technical terms have special meanings among
fellow food scientists. Furthermore, food scientists
deal with dynamic and nonequilibrium systems,
unlike most natural scientists who deal with static
and equilibrium systems. There are special concepts
and parameters useful only to food scientists. Yet,
the fundamental properties of water discussed above
lay a foundation for the food chemistry of water.

With respect to food, water is a component, solvent,
acid, base, and dispersing agent. It is also a medium
for biochemical reactions, for heat and mass trans-
fer, and for heat storage.

Food chemists are very concerned with water
content and its effects on food. They need reliable
parameters for references, criteria, and working
objectives. They require various indicators to corre-
late water with special properties such as perishabil-
ity, shelf life, mobility, smell, appearance, color, tex-
ture, and taste.

WATER AS A COMMON COMPONENT OF FOOD

Water is a food as well as the most common compo-
nent of food. Even dry foods contain some water,
and the degree of water content affects almost every
aspect of food: stability, taste, texture, and spoilage.

Most food molecules contain OH, C=0, NH, and
polar groups. These sites strongly interact with
water molecules by hydrogen bonding and dipole-
dipole interactions. Furthermore, dipole-ion, hydro-
philic, and hydrophobic interactions also occur
between water and food molecules. The properties
of hydrogen-bonded water molecules differ from
those in bulk water, and they affect the water mole-
cules next to them. There is no clear boundary for
affected and unaffected water molecules. Yet it is
convenient to divide them into bound water and
free water. This is a vague division, and a consen-
sus definition is hard to reach. Fennema and Tan-
nenbaum (1996) give a summary of various criteria
for them, indicating a diverse opinion. However, the
concept is useful, because it helps us understand the
changes that occur in food when it is heated, dried,
cooled, or refrigerated. Moreover, when water is the
major ingredient, interactions with other ingredients
modify the properties of the water molecules. These
aspects were discussed earlier in connection with
aqueous solutions.

WATER ACTIVITY

Interactions of water and food molecules mutually
change their properties. Water in food is not pure
water. Water molecules in vapor, liquid, and solid
phases or in solutions and food react and inter-
change in any equilibrium system. The tendency to
react and interchange with each other is called the
chemical potential, .. At equilibrium, the potential
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of water in all phases and forms must be equal at a
given temperature, 7. The potential, w, of the gas
phase may be expressed as:

M = py + RTIn(p/p,,),

where R is the gas constant (8.3145 ] mol 'K, p
is the partial water vapor pressure, and p,, is the
vapor pressure of pure water at 7. The ratio p/p,, is
called the water activity a,, (= p/p,,), although this
term is also called relative vapor pressure
(Fennema and Tannenbaum 1996). The difference is
small, and for simplicity, a,, as defined is widely
used for correlating the stability of foods. For ideal
solutions and for most moist foods, a,, is less than
unity (a,, < 1.0; Troller 1978).

The Clausius-Clapeyron equation, mentioned ear-
lier, correlates vapor pressure, P, heat of phase tran-
sition, AH, and temperature, 7. This same relation-
ship can be applied to water activity. Thus, the plot
of In(a,,) versus 1/T gives a straight line, at least
within a reasonable temperature range. Depending
on the initial value for a,, or moisture content, the
slope differs slightly, indicating the difference in the
heat of phase transition due to different water con-
tent.

Both water activity and relative humidity are frac-
tions of the pure-water vapor pressure. Water activi-
ty can be measured in the same way as humidity.
Water contents have a sigmoidal relationship (Fig.
5.16). As water content increases, a,, increases: d,
= 1.0 for infinitely dilute solutions, a,, > 0.7 for
dilute solutions and moist foods, and a,, < 0.6 for
dry foods. Of course, the precise relationship
depends on the food. In general, if the water vapor in
the atmosphere surrounding the food is greater than
the water activity of the food, water is adsorbed;
otherwise, desorption takes place. Water activity re-
flects the combined effects of water-solute, water-
surface, capillary, hydrophilic, and hydrophobic in-
teractions.

Water activity is a vital parameter for food moni-
toring. A plot of a,, versus water content is called an
isotherm. However, desorption and adsorption
isotherms are different (Fig. 5.16) because this is a
nonequilibrium system. Note that isotherms in most
other literature plot water content against a,, the
reverse of the axes of Figure 5.16, which is intended
to show that a,, is a function of water content.

Water in food may be divided into tightly bound,
loosely bound, and nonbound waters. Dry foods

Adsorption of
water at high a

w

. Desorption
= Adsorption isotherm
o isctherm ]
& Desorption of

water at low a,,

Tightly bound - Loosely bound: Non-bound
water water water

Increasing water content

Figure 5.16. Nonequilibrium or hysteresis in desorption
and adsorption of water by foodstuff. Arbitrary scales
are used to illustrate the concept for a generic pattern.

contain tightly bound (monolayer) water, and a,,
rises slowly as water content increases; but as loose-
ly bound water increases, a,, increases rapidly and
approaches 1.0 when nonbound water is present.
Crisp crackers get soggy after adsorbing water from
moist air, and soggy ones can be dried by heating or
exposure to dry air.

Water activity affects the growth and multiplica-
tion of microorganisms. When a,, < 0.9, growth of
most molds is inhibited. Growth of yeasts and bacte-
ria also depends on a,,. Microorganisms cease grow-
ing if a,, < 0.6. In a system, all components must
be in equilibrium with one another, including all
the microorganisms. Every type of organism is a
component and a phase of the system, due to its
cells or membranes. If the water activity of an
organism is lower than that of the bulk food,
water will be absorbed, and thus the species will
multiply and grow. However, if the water activity
of the organism is higher, the organism will dehy-
drate and become dormant or die. Thus, it is not
surprising that water activity affects the growth of
various molds and bacteria. By this token, humidity
will have the same effect on microorganisms in resi-
dences and buildings. Little packages of drying
agent are placed in sealed dry food to reduce vapor
pressure and prevent growth of bacteria that cause
spoilage.
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AQUATIC ORGANISMS AND DRINKING WATER

Life originated in the water or oceans eons ago, and
vast populations of the earliest unicellular living or-
ganisms still live in water today. Photosynthesis by
algae in oceans consumes more CO, than the photo-
synthesis by all plants on land. Diversity of phyla
(divisions) in the kingdoms of Fungi, Plantae, and
Animalia live in water, ranging from single-cell
algae to mammals.

All life requires food or energy. Some living or-
ganisms receive their energy from the sun, whereas
others get their energy from chemical reactions. For
example, the bacteria Thiobacillus ferrooxidans
derive energy by catalyzing the oxidation of iron
sulfide, FeS,, using water as the oxidant (Barret et
al. 1939). Chemical reactions provide energy for
bacteria to sustain their lives and to reproduce.
Many organisms feed on other organisms, forming a
food chain. Factors affecting life in water include
minerals, solubility of the mineral, acidity (pH),
sunlight, dissolved oxygen level, presence of ions,
chemical equilibria, availability of food, and electro-
chemical potentials of the material, among others.

Water used directly in food processing or as food
is drinking water, and aquatic organisms invisible
to the naked eye can be beneficial or harmful. The
Handbook of Drinking Water Quality (De Zuane
1997) sets guidelines for water used in food services
and technologies. Wastewater from the food indus-
try needs treatment, and the technology is usually
dealt with in industrial chemistry (Lacy 1992).

When food is plentiful, beneficial and pathogenic
organisms thrive. Pathogenic organisms present in
drinking water cause intestinal infections, dysentery,
hepatitis, typhoid fever, cholera, and other diseases.
Pathogens are usually present in waters that contain
human and animal wastes that enter the water sys-
tem via discharge, runoffs, flood, and accidents at
sewage treatment facilities. Insects, rodents, and
animals can also bring bacteria to the water system
(Coler 1989, Percival et al. 2000). Testing for all
pathogenic organisms is impossible, but some or-
ganisms have common living conditions. These are
called indicator bacteria, because their absence
signifies safety.

'WATER AND STATE OF FOOD

When a substance and water are mixed, they mutu-
ally dissolve, forming a homogeneous solution, or

they partially dissolve in each other, forming solu-
tions and other phases. At ambient pressure, various
phases are in equilibrium with each other in isolated
and closed systems. The equilibria depend on tem-
perature. A plot of temperature versus composition
showing the equilibria among various phases is a
phase diagram for a two-component system. Phase
diagrams for three-component systems are very com-
plicated, and foods consist of many substances,
including water. Thus, a strict phase diagram for
food is almost impossible. Furthermore, food and
biological systems are open, with a steady input and
output of energy and substances. Due to time limits
and slow kinetics, phases are not in equilibrium with
each other. However, the changes follow a definite
rate, and these are steady states. For these cases,
plots of temperature against the composition, show-
ing the existences of states (phases), are called state
diagrams. They indicate the existence of various
phases in multicomponent systems.

Sucrose (sugar, C;,H,,0,) is a food additive and
a sweetener. Solutions in equilibrium with excess
solid sucrose are saturated, and their concentrations
vary with temperature. The saturated solutions con-
tain 64.4 and 65.4% at 0 and 10°C, respectively. The
plot of saturated concentrations against temperature
is the equilibrium solubility curve, ES, in Figure
5.17. The freezing curve, FE, shows the variation of
freezing point as a function of temperature. Aqueous
solution is in equilibrium with ice Th along FE. At
the eutectic point, E, the intersection of the solubil-
ity and freezing curves, solids Th and sucrose coexist
with a saturated solution. The eutectic point is the
lowest melting point of water-sugar solutions. How-
ever, viscous aqueous sugar solutions or syrups may
exist beyond the eutectic point. These conditions
may be present in freezing and tempering (thawing)
of food.

Dry sugar is stable, but it spoils easily if it con-
tains more than 5% water. The changes that occur as
a sugar solution is chilled exemplify the changes in
some food components when foods freeze. Ice Th
forms when a 10% sugar solution is cooled below
the freezing point. As water forms Ih, leaving sugar
in the solution, the solution becomes more concen-
trated, decreasing the freezing point further along
the freezing curve (FE) towards the eutectic point
(E). However, when cooled, this solution may not
reach equilibrium and yield sugar crystals at the
eutectic point. Part of the reason for not having
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Figure 5.17. A sketch showing the phase and state diagram of water-sucrose binary system.

sucrose crystals is the high viscosity of the solution,
which prevents molecules from moving and ori-
enting properly to crystallize. The viscous solution
reaches a glassy or amorphous state at the glass
transition temperature (Tg), point G. The glass
state is a frozen liquid with extremely high viscosity.
In this state, the molecules are immobile. The tem-
perature, Tg, for glass transition depends on the rate
of cooling (Angell 2002). The freezing of sugar so-
lution may follow different paths, depending on the
experimental conditions.

In lengthy experiments, Young and Jones (1949)
warmed glassy states of water-sucrose and observed
the warming curve over hours and days for every
sample. They observed the eutectic mixture of 54%
sucrose (Te = —13.95°C). They also observed the
formation of phases C;,H,,0,,:2.5H,0 and C,,H,,
0;,-3.5H,0 hydrated crystals formed at tempera-
tures higher than the Te, which is for anhydrous
sucrose. The water-sucrose binary system illustrates
that the states of food components during freezing
and thawing can be very complicated. Freshly made
ice creams have wonderful texture, and the physics
and chemistry of the process are even more inter-
esting.

INTERACTION OF WATER AND
MICROWAVE

Wavelengths of microwave range from meters down
to a millimeter, their frequencies ranging from 0.3 to
300 GHz. A typical domestic oven generates 2.45
GHz microwaves, wavelength 0.123 m, and energy
of photon 1.62 X 102* J (10 peV). For industrial
applications, the frequency may be optimized for the
specific processes.

Percy L. Spencer (1894-1970), the story goes,
noticed that his candy bar melted while he was
inspecting magnetron testing at the Raytheon Corp-
oration in 1945. As a further test, he microwaved
popping corns, which popped. A team at Raytheon
developed microwave ovens, but it took more than
25 years and much more effort to improve them and
make them practical and popular. Years ago, boiling
water in a paper cup in a microwave oven without
harming the cup amazed those who were used to see
water being heated in a fire-resistant container over
a stove or fire. Microwaves simultaneously heat all
the water in the bulk food.

After the invention of the microwave oven, many
offered explanations on how microwaves heat food.
Water’s high dipole moment and high dielectric
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constant caused it to absorb microwave energy, lead-
ing to an increase in its temperature. Driven by the
oscillating electric field of microwaves, water mol-
ecules rotate, oscillate, and move about faster,
increasing water temperature to sometimes even
above its boiling point. In regions where water has
difficulty forming bubbles, the water is overheated.
When bubbles suddenly do form in superheated
water, an explosion takes place. Substances without
dipole moment cannot be heated by microwaves.
Therefore, plastics, paper, and ceramics won’t get
warm. Metallic conductors rapidly polarize, causing
sparks due to arcing. The oscillating current and
resistance of some metals cause a rapid heating. In
contrast, water is a poor conductor, and the heating
mechanism is very complicated. Nelson and Datta
(2001) reviewed microwave heating in the Hand-
book of Microwave Technology for Food Applica-
tions.

Molecules absorb photons of certain frequencies.
However, microwave heating is due not only to ab-
sorption of photons by the water molecules, but also
to a combination of polarization and dielectric
induction. As the electric field oscillates, the water
molecules try to align their dipoles with the elec-
tric field. Crowded molecules restrict one another’s
movements. The resistance causes the orientation of
water molecules to lag behind that of the electric
field. Since the environment of the water molecules
is related to their resistance, the heating rate of the
water differs from food to food and region to region
within the same container. Water molecules in ice,
for example, are much less affected by the oscillat-
ing electric field in domestic microwave ovens,
which are not ideal for thawing frozen food. The
outer thawed layer heats up quickly, and it is cooked
before the frozen part is thawed. Domestic micro-
wave ovens turn on the microwave intermittently or
at very low power to allow thermal conduction for
thawing. However, microwaves of certain frequen-
cies may heat ice more effectively for tempering
frozen food. Some companies have developed sys-
tems for specific purposes, including blanching,
tempering, drying, and freeze-drying.

The electromagnetic wave form in an oven or in
an industrial chamber depends on the geometry of
the oven. If the wave forms a standing wave in the
oven, the electric field varies according to the wave
pattern. Zones where the electric field varies with
the largest amplitude cause water to heat up most

rapidly, and the nodal zones where there are no
oscillations of electric field will not heat up at all.
Thus, uniform heating has been a problem with
microwave heating, and various methods have been
developed to partly overcome this problem. Also,
foodstuffs attenuate microwaves, limiting their pen-
etration depth into foodstuff. Uneven heating re-
mains a challenge for food processors and micro-
wave chefs, mostly due to the short duration of
microwaving. On the other hand, food is also sel-
dom evenly heated when conventionally cooked.

Challenges are opportunities for food industries
and individuals. For example, new technologies in
food preparation, packaging, and sensors for moni-
toring food temperature during microwaving are re-
quired. There is a demand for expertise in microwav-
ing food. Industries microwave-blanche vegetables
for drying or freezing to take advantage of its energy
efficiency, time saving, decreased waste, and reten-
tion of water-soluble nutrients. The ability to quick-
ly temper frozen food in retail stores reduces
spoilage and permits selling fresh meat to cus-
tomers.

Since water is the heating medium, the tempera-
ture of the food will not be much higher than the
boiling point of the aqueous solutions in the food.
Microwave heating does not burn food; thus, the
food lacks the usual color, aroma, flavor, and texture
found in conventional cooking. The outer layer of
food is dry due to water evaporation. Retaining or
controlling water content in microwaved food is a
challenge.

When microwaved, water vapor is continually
removed. Under reduced pressure, food dries or
freeze-dries at low temperature due to its tendency
to restore the water activity. Therefore, microwaving
is an excellent means for drying food because of its
savings in energy and time. Microwaves are useful
for industrial applications such as drying, curing,
and baking or parts thereof.

Microwave ovens have come a long way, and
their popularity and improvement continue. Food
industry and consumer attitudes about microwav-
able food have gone up and down, often due to mis-
conceptions. Microwave cooking is still a challenge.
The properties of water affect cooking in every way.
Water converts microwave energy directly into heat,
attenuates microwave radiation, transfers heat to
various parts of the foodstuff, affects food texture,
and interacts with various nutrients. All properties of
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water must be considered in order to take advantage
of microwave cooking.

WATER RESOURCES AND THE
HYDROLOGICAL CYCLE

Fresh waters are required to sustain life and main-
tain living standards. Therefore, fresh waters are
called water resources. Environmentalists, scien-
tists, and politicians have sounded alarms about lim-
ited water resources. Such alarms appear unwarrant-
ed because the earth has so much water that it can be
called a water planet. Various estimates of global
water distribution show that about 94% of earth’s
water lies in the oceans and seas. These salt waters
sustain marine life and are ecosystems in their own
right, but they are not fresh waters that satisfy
human needs. Of the remaining 6%, most water is in
solid form (at the poles and in high mountains be-
fore the greenhouse effect melts them) or under-
ground. Less than 1% of earth’s water is in lakes,
rivers, and streams, and waters from these sources
flow into the seas or oceans. A fraction of 1% re-
mains in the atmosphere, mixed with air (Franks
2000).

A human may drink only a few liters of water in
various forms each day, but 10 times more water is
required for domestic usages such as washing and
food preparation. A further equal amount is needed
for various industries and social activities that sup-
port individuals. Furthermore, much more is re-
quired for food production, maintaining a healthy
environment, and supporting lives in the ecosys-
tems. Thus, one human may require more than 1000
L of water per day. In view of these requirements, a
society has to develop policies for managing water
resources both near and far as well as in the short
and long terms. This chapter has no room to address
the social and political issues, but facts are presented
for readers to formulate solutions to these problems,
or at least to ask questions regarding them. Based on
these facts, is scarcity of world water resources a
reality or not?

A major threat to water resources is climate
change, because climate and weather are responsi-
ble for the hydrologic cycle of salt and fresh waters.
Of course, human activities influence the climate in
both short and long terms.

Based on the science of water, particularly its trans-
formations among solid, liquid, and vapor phases

under the influence of energy, we easily understand
that heat from the sun vaporizes water from the
ocean and land alike. Air movement carries the
moisture (vapor) to different places than those from
which it evaporated. As the vapor ascends, cooling
temperature condenses the vapor into liquid drops.
Cloud and rain eventually develop, and rain erodes,
transports, shapes the landscape, creates streams and
rivers, irrigates, and replenishes water resources.
However, too much rain falling too quickly causes
disaster in human life. On the other hand, natural
water management for energy and irrigation has
brought prosperity to society, easing the effects on
humans of droughts and floods, when water does not
arrive at the right time and place.

Water is a resource. Competition for this resource
leads to “water war.” Trade in food and food aid is
equivalent to flow of water, because water is re-
quired for food production. Food and water manage-
ment, including wastewater treatment, enable large
populations to concentrate in small areas. Urban
dwellers take these commodities for granted, but
water enriches life both physically and mentally.
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INTRODUCTION

Before 1961, researchers reported on enzymes or
enzymatic activities with names of their own prefer-
ence. This situation caused confusion to others as
various names could be given to the same enzyme.
In 1956, the International Union of Biochemistry
(IUB, later changed to International Union of Bio-
chemistry and Molecular Biology, IUBMB) created
the International Commission on Enzymes in con-
sultation with the International Union of Pure and
Applied Chemistry (IUPAC) to look into this situa-
tion. This Commission (now called the Nomen-
clature Committee of the IUBMB, NC-IUBMB) sub-

*Corresponding contributor.

sequently recommended classifying enzymes into
six divisions (classes) with subclasses and sub-
subclasses. General rules and guidelines were also
established for classifying and naming enzymes.
Each enzyme accepted to the Enzyme List was given
arecommended name (trivial or working name; now
called the common name), a systematic name, and an
Enzyme Commission, or Enzyme Code (EC) num-
ber. The enzymatic reaction is also provided. A com-
mon name (formerly called recommended name) is
assigned to each enzyme. This is normally the name
most widely used for that enzyme, unless that name
is ambiguous or misleading. A newly discovered
enzyme can be given a common name and a system-
atic name, but not the EC number, by the researcher.
EC numbers are assigned only by the authority of the
NC-IUBMB.

The first book on enzyme classification and
nomenclature was published in 1961. Some critical
updates were announced as newsletters in 1984
(IUPAC-IUB and NC-IUB Newsletters 1984). The
last (sixth) revision was published in 1992. Another
update in electronic form was published in 2000
(Boyce and Tipton 2000). With the development of
the Internet, most updated information on enzyme
classification and nomenclature is now available
through the website of the International Union of
Biochemistry and Molecular Biology (http://www.
chem.gmul.ac.uk/iubmb/enzyme.html). This chap-
ter should be considered as an abbreviated version
of enzyme classification and nomenclature, with
examples of common enzymes related to food
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processing. Readers should visit the [UBMB en-
zyme nomenclature website for the most up-to-date
details on enzyme classification and nomenclature.

CLASSIFICATION AND
NOMENCLATURE OF ENZYMES

GENERAL PRINCIPLES

e First principle. Names purporting to be names of
enzymes, especially those ending in -ase should
be used only for single enzymes, that is, single
catalytic entities. They should not be applied to
systems containing more than one enzyme.

» Second principle. Enzymes are classified and
named according to the reaction they catalyze.

e Third principle. Enzymes are divided into groups
on the basis of the type of reactions catalyzed,
and this, together with the name(s) of the
substrate(s), provides a basis for determining the
systematic name and EC number for naming
individual enzymes.

COMMON AND SYSTEMATIC NAMES

¢ The common name (recommended, trivial, or
working name) follows immediately after the EC
number.

e While the common name is normally that used in
the literature, the systematic name, which is
formed in accordance with definite rules, is more
precise chemically. It should be possible to
determine the reaction catalyzed from the
systematic name alone.

SCHEME OF CLASSIFICATION AND NUMBERING
OF ENZYMES

The first Enzyme Commission, in its report in 1961,
devised a system for the classification of enzymes
that also serves as a basis for assigning EC numbers
to them. These code numbers (prefixed by EC),
which are now widely in use, contain four elements
separated by periods (e.g., 1.1.1.1), with the follow-
ing meaning:

 The first number shows to which of the six
divisions (classes) the enzyme belongs,

* The second figure indicates the subclass,

 The third figure gives the sub-subclass, and

e The fourth figure is the serial number of the
enzyme in its sub-subclass.

The main classes are

* Class 1. Oxidoreductases (dehydrogenases,
reductases, or oxidases),

e (Class 2. Transferases,

e Class 3. Hydrolases,

e Class 4. Lyases,

e Class 5. Isomerases (racemases, epimerases,
cis-trans-isomerases, isomerases, tautomerases,
mutases, cycloisomerases), and

* Class 6. Ligases (synthases).

Class 1. Oxidoreductases

Enzymes catalyzing oxidoreductions belong to this
class. The reactions are of the form AH, + B =A +
BH,or AH, + B" = A + BH + H". The substrate
oxidized is regarded as the hydrogen or electron
donor. All reactions within a particular sub-subclass
are written in the same direction. The classification
is based on the order “donor:acceptor oxidoreduc-
tase.” The common name often takes the form “sub-
trate dehydrogenase,” wherever this is possible. If
the reaction is known to occur in the opposite direc-
tion, this may be indicated by a common name of
the form “acceptor reductase” (e.g., the common
name of EC 1.1.1.9 is D-xylose reductase). “Oxi-
dase” is used only in cases where O, is an acceptor.
Classification is difficult in some cases because of
the lack of specificity towards the acceptor.

Class 2. Transferases

Transferases are enzymes transferring a group (e.g.,
the methyl group or a glycosyl group), from one
compound (generally regarded as donor) to another
compound (generally regarded as acceptor). The
classification is based on the scheme “donor:acceptor
grouptransferase.” The common names are normally
formed as “acceptor grouptransferase.” In many cas-
es, the donor is a cofactor (coenzyme) carrying the
group to be transferred. The aminotransferases con-
stitute a special case (subclass 2.6): the reaction also
involves an oxidoreduction.

Class 3. Hydrolases

These enzymes catalyze the hydrolysis of various
bonds. Some of these enzymes pose problems be-
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cause they have a very wide specificity, and it is not
easy to decide if two preparations described by dif-
ferent authors are the same, or if they should be list-
ed under different entries.

While the systematic name always includes “hy-
drolase,” the common name is, in most cases, form-
ed by the name of the substrate with the suffix -ase.
It is understood that the name of this substrate with
the suffix means a hydrolytic enzyme. The peptidas-
es, subclass 3.4, are classified in a different manner
from other enzymes in this class.

Class 4. Lyases

Lyases are enzymes cleaving C-C, C-O, C-N, and
other bonds by means other than hydrolysis or oxi-
dation. They differ from other enzymes in that two
substrates are involved in one reaction direction, but
only one in the other direction. When acting on the
single substrate, a molecule is eliminated, leaving an
unsaturated residue. The systematic name is formed
according to “substrate group-lyase.” In common
names, expressions like decarboxylase, aldolase, and
so on are used. “Dehydratase” is used for those en-
zymes eliminating water. In cases where the reverse
reaction is the more important, or the only one to be
demonstrated, “synthase” may be used in the name.

Class 5. Isomerase

These enzymes catalyze changes within one mole-
cule.

Class 6. Ligases

Ligases are enzymes catalyzing the joining of two
molecules with concomitant hydrolysis of the di-
phosphate bond in ATP or a similar triphosphate.
The bonds formed are often high-energy bonds.
“Ligase” is commonly used for the common name,
but in a few cases, “synthase” or “carboxylase” is
used. Use of the term “synthetase” is discouraged.

GENERAL RULES AND GUIDELINES FOR
CLASSIFICATION AND NOMENCLATURE OF
ENzZYMES

Table 6.1 shows the classification of enzymes by
class, subclass, and sub-subclass, as suggested by

the Nomenclature Committee of the International
Union of Biochemistry and Molecular Biology (NC-
IUBMB). The information is reformatted in table
form instead of text form for easier reading and
comparison.

Table 6.2 shows the rules for systematic names
and guidelines for common names as suggested by
NC-IUBMB. Table 6.3 shows the rules and guide-
lines for particular classes of enzymes as suggested
by NC-IUBMB. The concept on reformatting used
in Table 6.1 is also applied.

EXAMPLES OF COMMON FOOD
ENZYMES

The food industry likes to use terms more easily
understood by its people and is slow to adopt
changes. For example, some commonly used terms
related to enzymes are very general terms and do not
follow the recommended guidelines established by
NC-IUBMB. Table 6.4 is a list of enzyme groups
commonly used by the food industry and
researchers (Nagodawithana and Reed 1993).

Table 6.5 lists some common names, systematic
names, and EC numbers for some common food en-
zymes.

Enzyme classification and nomenclature are now
standardized procedures. Some journals already
require that enzyme codes be used in citing or nam-
ing enzymes. Other journals are following the trend.
It is expected that all enzymes will have enzyme
codes in new research articles as well as (one hopes)
in new reference books. However, for older litera-
ture, it is still difficult to identify the enzyme codes.
It is hoped that Tables 6.4 and 6.5 will be useful as
references.
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Table 6.1. Classification of Enzymes by Class, Subclass, and Sub-subclass®

1. Oxidoreductases

1.1 Acting on the CH-OH group of donors
1.I.1  With NAD" or NADP™ as acceptor
1.1.2  With a cytochrome as acceptor
1.1.3  With oxygen as acceptor
1.1.4  With a disulfide as acceptor
1.1.5  With a quinone or similar compound as acceptor
1.1.99 With other acceptors

1.2 Acting on the aldehyde or oxo group of donors
1.2.1  With NAD" or NADP" as acceptor
1.2.2  With a cytochrome as acceptor
1.2.3  With oxygen as acceptor
1.2.4  With a disulfide compound as acceptor
1.2.7  With an iron-sulfur protein as acceptor
1.2.99 With other acceptors

1.3 Acting on the CH-CH group of donors
1.3.1  With NAD" or NADP™ as acceptor
1.3.2  With a cytochrome as acceptor
1.3.3  With oxygen as acceptor
1.3.5  With a quinone or related compound as acceptor
1.3.6  With an iron-sulfur protein as acceptor
1.3.99 With other acceptor

1.4 Acting on the CH-NH,; of donors
1.4.1  With NAD" or NADP™ as acceptor
1.4.2  With a cytochrome as acceptor
1.4.3  With oxygen as acceptor
1.44  With a disulfide as acceptor
1.4.7  With an iron-sulfur protein as acceptor
1.4.99 With other acceptors

1.5  Acting on the CH-NH group of donors
1.5.1  With NAD" or NADP™ as acceptor
1.5.3 With oxygen as acceptor
1.5.4.  With disulfide as acceptor
1.5.5. With a quinone or similar compound as acceptor
1.5.8 With a flavin as acceptor
1.5.99  With other acceptors

1.6 Acting on NADH or NADPH
1.6.1 With NAD™ or NADP™ as acceptor
1.6.2 With a heme protein as acceptor
1.6.3 With oxygen as acceptor
1.6.4 With a disulfide compound as acceptor
1.6.5 With a quinone or similar compound as acceptor
1.6.6 With a nitrogenous group as acceptor
1.6.8 With a flavin as acceptor
1.6.99  With other acceptors

1.7 Acting on other nitrogenous compounds as donors
1.7.1 With NAD™ or NADP™ as acceptor
1.7.2 With a cytochrome as acceptor
1.7.3 With oxygen as acceptor
1.7.7 With an iron-sulfur protein as acceptor



1.8

1.13

1.14

1.7.99
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With other acceptors

Acting on a sulfur group of donors

1.8.1
1.8.2
1.8.3
1.8.4
1.8.5
1.8.7
1.8.98
1.8.99
193
1.9.5
1.9.99

With NAD™ or NADP™ as acceptor
With a cytochrome as acceptor

With oxygen as acceptor

With a disulfide as acceptor

With a quinone or related compound as acceptor
With an iron-sulfur protein as acceptor
With other, known, acceptors

With other acceptors

With oxygen as acceptor

With a nitrogenous group as acceptor
With other acceptors

Acting on diphenols and related substances as donors

1.10.1
1.10.2
1.10.3
1.10.99

With NAD™ or NADP™ as acceptor
With a cytochrome as acceptor
With oxygen as acceptor

With other acceptors

Acting on hydrogen peroxide as acceptor

1.11.1

The peroxidases

Acting on hydrogen as donor

1.12.1
1.12.2
1.12.5
1.12.7
1.12.98
1.12.99

With NAD™ or NADP™ as acceptor

With a cytochrome as acceptor

With a quinone or similar compound as acceptor
With an iron-sulfur protein as acceptor

With other known acceptors

With other acceptors

Acting on single donors with incorporation of molecular oxygen (oxygenases)

1.13.11
1.13.12

1.13.99

With incorporation of two atoms of oxygen

With incorporation of one atom of oxygen (internal monoxygenases or internal mixed-
function oxidases)

Miscellaneous

Acting on paired donors with incorporation of molecular oxygen

1.14.11

1.14.12

1.14.13
1.14.14

1.14.15

1.14.16
1.14.17
1.14.18
1.14.19

1.14.20
1.14.21
1.14.99

With 2-oxoglutarate as one donor, and incorporation of one atom of oxygen into both
donors

With NADH or NADPH as one donor, and incorporation of two atoms of oxygen into
one donor

With NADH or NADPH as one donor, and incorporation of one atom of oxygen
With reduced flavin or flavoprotein as one donor, and incorporation of one atom of
oxygen

With reduced iron-sulfur protein as one donor, and incorporation of one atom of
oxygen

With reduced pteridine as one donor, and incorporation of one atom of oxygen

With reduced ascorbate as one donor, and incorporation of one atom of oxygen

With another compound as one donor, and incorporation of one atom of oxygen
With oxidation of a pair of donors resulting in the reduction of molecular oxygen to
two molecules of water

With 2-oxoglutarate as one donor, and the other dehydrogenated

With NADH or NADPH as one donor, and the other dehydrogenated

Miscellaneous (requires further characterization)

1.15 Acting on superoxide as acceptor
1.16  Oxidizing metal ions (Continues)
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1.17

1.18

1.19

1.20

1.21

1.97

1.16.1 With NAD™ or NADP™ as acceptor
1.16.2 With oxygen as donor

Acting on -CH,- groups

1.17.1 With NAD" or NADP" as acceptor
1.17.2  With oxygen as acceptor

1.17.4 With a disulfide compound as acceptor
1.17.99 With other acceptors

Acting on reduced ferredoxin as donor
1.18.1 With NAD" or NADP™ as acceptor
1.18.3 WithH" as acceptor (now EC 1.18.99)
1.18.6 With dinitrogen as acceptor

1.18.96 With other, known, acceptors
1.18.99 With H™ as acceptor

Acting on reduced flavodoxin as donor
1.19.6 With dinitrogen as acceptor

Acting on phosphorus or arsenic in donors
1.20.1 With NAD(P)" as acceptor

1.20.4 With disulfide as acceptor

1.20.98 With other, known, acceptors
1.20.99 With other acceptors

Acting on X-H and Y-H to form an X-Y bond
1.21.3 With oxygen as acceptor

1.21.4 With disulfide as acceptor

1.21.99 With other acceptors

Other oxidoreductases

2. Transferases

2.1

2.2

2.3

24

2.5

2.6

2.7

Transferring one-carbon groups

2.1.1  Methyltransferases

2.1.2  Hydroxymethyl-, formyl-, and related transferases

2.1.3  Carboxyl- and carbamoyl transferases

2.14  Amidinotransferases

Transferring aldehyde or ketonic groups

2.2.1  Transketolases and transaldolase

Acyltransferases

2.3.1  Transferring groups other than amino-acyl groups

2.3.2  Aminoacyltransferases

2.3.3  Acyl groups converted into alkyl on transfer

Glycosyltransferases

2.4.1  Hexosyltransferases

2.4.2  Pentosyltransferases

2.4.99 Transferring other glycosyl groups

Transferring alkyl or aryl groups, other than methyl groups
(There is no subdivision in this section.)

Transferring nitrogenous groups

2.6.1  Transaminases

2.6.2  Amidinotransferases

2.6.3  Oximinotransferases

2.6.99 Transferring other nitrogenous groups

Transferring phosphorus-containing groups

2.7.1  Phosphotransferases with an alcohol group as acceptor
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2.7.2  Phosphotransferases with a carboxy group as acceptor
2.7.3  Phosphotransferases with a nitrogenous group as acceptor
2.7.4  Phosphotransferases with a phosphate group as acceptor
2.7.6  Diphosphotransferases

2.7.7  Nucleotidyltransferases

2.7.8  Transferases for other substituted phosphate groups

2.7.9  Phosphotransferases with paired acceptors

2.8  Transferring sulfur-containing groups
2.8.1  Sulfurtransferases
2.8.2  Sulfotransferases
2.8.3  CoA-transferases
2.8.4  Transferring alkylthio groups
2.9 Transferring selenium-containing groups
2.9.1  Selenotransferases
Hydrolases
3.1  Acting on ester bonds
3.1.1  Carboxylic ester hydrolases
3.1.2  Phosphoric monoester hydrolases
3.1.3  Phosphoric diester hydrolases
3.1.4  Triphosphoric monoester hydrolases
3.1.5  Sulfuric ester hydrolases
3.1.6  Diphosphoric monoester hydrolases
3.1.7  Phosphoric triester hydrolases
3.1.11 Exodeoxyribonucleases producing 5’-phosphomonoesters
3.1.13 Exoribonucleases producing 5'-phosphomonoesters
3.1.14 Exoribonucleases producing 3'-phosphomonoesters
3.1.15 Exonucleases active with either ribo- or deoxyribonucleic acids and producing 5'-phos-
phomonoesters
3.1.16 Exonucleases active with either ribo- or deoxyribonucleic acids and producing 3'-phos-
phomonoesters
3.1.21 Endodeoxyribonucleases producing 5’-phosphomonoesters
3.1.22 Endodeoxyribonucleases producing 3'-phosphomonoesters
3.1.25 Site-specific endodeoxyribonucleases: specific for altered bases
3.1.26  Endoribonucleases producing 5'-phosphomonoesters
3.1.27 Endoribonucleases producing other than 5’-phosphomonoesters
3.1.30 Endonucleases active with either ribo- or deoxyribonucleic acids and producing 5'-
phosphomonoesters
3.1.31 Endonulceases active with either ribo- or deoxyribonucleic acids and producing 3’-
phophomonoesters
3.2 Glycosylases
3.2.1  Glycosidases, that is, enzymes hydrolyzing O- and S-glycosyl compounds
3.2.2  Hydrolyzing N-glycosy compounds
3.2.3  Hydrolyzing S-glycosyl compounds
3.3 Acting on ether bonds
3.3.1  Trialkylsulfonium hydrolases
3.3.2  Ether hydrolases
3.4 Acting on peptide bonds (peptidases)

3.4.11 Aminopeptidases

3.4.13 Dipeptidases

3.4.14 Dipeptidyl-peptidases and tripeptidyl-peptidases

3.4.15 Peptidyl-dipeptidases

3.4.16 Serine-type carboxypeptidases (Continues)
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3.5

3.6

3.7

3.8

3.9

3.10
3.11
3.12
3.13

4. Lyases

4.1

4.2

4.3

4.4
4.5
4.6

3.4.17
3.4.18
3.4.19
3.4.21
3.4.22
3.4.23
3.4.24
3.4.25
3.4.99

Metallocarboxypeptidases

Cysteine-type carboxypeptidases

Omega peptidases

Serine endopeptidases

Cysteine endopeptidases

Aspartic endopeptidases

Metalloendopeptidases

Threonine endopeptidases

Endopeptidases of unknown catalytic mechanism

Acting on carbon-nitrogen bonds, other than peptide bonds

3.5.1
352
353
354
355
3.5.99

In linear amides

In cyclic amides

In linear amidines
In cyclic amidines
In nitriles

In other compounds

Acting on acid anhydrides

3.6.1
3.6.2
3.63
3.64
3.6.5

In phosphorus-containing anhydrides

In sulfonyl-containing anhydrides

Acting on acid anhydrides; catalyzing transmembrane movement of substances
Acting on acid anhydrides; involved in cellular and subcellular movements
Acting on GTP; involved in cellular and subcellular movements

Acting on carbon-carbon bonds

3.7.1  In ketonic substances
Acting on halide bonds
3.8.3  In C-halide compounds

Acting on phosphorus-nitrogen bonds
Acting on sulfur-nitrogen bonds
Acting on carbon-phosphorus bonds
Acting on sulfur-sulfur bonds

Acting on carbon-sulfur bonds

Carbon-carbon lyases

4.1.1
4.1.2
4.13

Carboxy-lyases
Aldehyde-lyases
Oxo-acid-lyases

4.1.99 Other carbon-carbon lyases
Carbon-oxygen lyases

4.2.1
422
423

Hydro-lyases
Acting on polysaccharides
Acting on phosphates

4.2.99 Other carbon-oxygen lyases
Carbon-nitrogen lyases

4.3.1
432
433

Ammonia-lyases
Amidine-lyases
Amine-lyases

4.3.99 Other carbon-nitrogen lyases
Carbon-sulfur lyases

Carbon-halide lyases
Phosphorus-oxygen lyases
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4.99  Other lyases
5. Isomerases
5.1  Racemases and epimerases
5.1.1  Acting on amino acids and derivatives
5.1.2  Acting on hydroxy acids and derivatives
5.1.3  Acting on carbohydrates and derivatives
5.1.99  Acting on other compounds
5.2 cis-trans-Isomerases
5.3 Intramolecular oxidoreductases
5.3.1 Interconverting aldoses and ketoses
5.3.2  Interconverting keto and enol groups
5.3.3  Transposing C=C bonds
5.3.4  Transposing S-S bonds
5.3.99 Other intramolecular oxidoreductases
5.4 Intramolecular transferases
5.4.1  Transferring acyl groups
5.4.2  Phosphotransferases (phosphomutases)
5.4.3  Transferring amino groups
5.4.4  Transferring hydroxy groups
5.4.99 Transferring other groups
5.5  Intramolecular lyases
5.5.1  Catalyze reactions in which a group can be regarded as eliminated from one part of a
molecule, leaving a double bond, while remaining covalently attached to the molecule
5.99  Other isomerases
5.99.1 Miscellaneous isomerases
6. Ligases
6.1  Forming carbon-oxygen bonds
6.1.1  Ligases forming aminoacyl-tRNA and related compounds
6.2  Forming carbon-sulfur bonds
6.2.1  Acid-thiol ligases
6.3  Forming carbon-nitrogen bonds
6.3.1  Acid-ammonia (or amine) ligases (amide synthases)
6.3.2  Acid-amino-acid ligases (peptide synthases)
6.3.3  Cyclo-ligases
6.3.4  Other carbon-nitrogen ligases
6.3.5 Carbon-nitrogen ligases with glutamine as amido-N-donor
6.4  Forming carbon-carbon bonds
6.5 Forming phosphoric ester bonds
6.6 Forming nitrogen-metal bonds

Sources: Ref. NC-IUBMB. 1992. Enzyme Nomenclature, 6th ed. San Diego (CA): Academic Press, Inc. With
Permission. NC-IUBMB Enzyme Nomenclature Website (www.iubmb.org).

“Readers should refer to the web: http://www.chem.qmul.ac.uk/iubmb/enzyme/rules.html for the most up-to-date
changes.
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Table 6.2. General Rules for Generating Systematic Names and Guidelines for Common
Names®

Rules and
Guidelines No. Descriptions

1. Common names: Generally accepted trivial names of substances may be used in enzyme
names. The prefix D- should be omitted for all D-sugars and L- for individual amino
acids, unless ambiguity would be caused. In general, it is not necessary to indicate
positions of substitutes in common names, unless it is necessary to prevent two differ-
ent enzymes having the same name. The prefix kefo- is no longer used for derivatives
of sugars in which -CHOH- has been replaced by -CO—; they are named throughout
as dehydrosugars.

Systematic names: To produce usable systematic names, accepted names of substrates
forming part of the enzyme names should be used. Where no accepted and convenient
trivial names exist, the official IUPAC rules of nomenclature should be
applied to the substrate name. The 1, 2, 3 system of locating substitutes should be
used instead of the a 3 y system, although group names such as (3-aspartyl-,
v-glutamyl- and also 3-alanine-lactone are permissible; o and (3 should normally be
used for indicating configuration, as in a-D-glucose. For nucleotide groups, adenlyl
(not adenyl), etc. should be the form used. The name oxo acids (not keto acids) may
be used as a class name, and for individual compounds in which -CH2- has been
replaced by —CO-, oxo should be used.

2. Where the substrate is normally in the form of an anion, its name should end in -ate
rather than -ic, e.g., lactate dehydrogenase, not “lactic acid dehydrogenase.”

3. Commonly used abbreviations for substrates, e.g., ATP, may be used in names of
enzymes, but the use of new abbreviations (not listed in recommendations of the
TUPAC-IUB Commission on Biochemical Nomenclature) should be discouraged.
Chemical formulae should not normally be used instead of names of substrates.
Abbreviations for names of enzymes, e.g., GDH, should not be used.

4. Names of substrates composed of two nouns, such as glucose phosphate, which are
normally written with a space, should be hyphenated when they form part of the
enzyme names, and thus become adjectives, e.g., glucose-6-phosphate dehydrogenase
(EC 1.1.1.49). This follows standard practice in phrases where two nouns qualify a
third; see for example, Handbook of Chemical Society Authors, 2nd ed., p. 14 (The
Chemical Society, London, 1961).

5. The use as enzyme names of descriptions such as condensing enzyme, acetate-activating
enzyme, and pH 5 enzyme should be discontinued as soon as the catalyzed reaction is
known. The word activating should not be used in the sense of converting the sub-
strate into a substance that reacts further; all enzymes act by activating their sub-
strates, and the use of the word in this sense may lead to confusion.

6. Common names: If it can be avoided, a common name should not be based on a
substance that is not a true substrate, e.g., enzyme EC 4.2.1.17 (Enoyl-CoA hydratase)
should not be called “crotonase,” since it does not act on crotonate.

7. Common names: Where a name in common use gives some indication of the reaction
and is not incorrect or ambiguous, its continued use is recommended. In other cases, a
common name is based on the same principles as the systematic name (see below), but
with a minimum of detail, to produce a name short enough for convenient use. A few
names of proteolytic enzymes ending in -in are retained; all other enzyme names
should end in -ase.
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11.

12.

13.

14.

15.

16.
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Systematic names: Systematic names consist of two parts. The first contains the name
of the substrate or, in the case of a bimolecular reaction, of the two substrates separat-
ed by a colon. The second part, ending in -ase, indicates the nature of the reaction.

A number of generic words indicating a type of reaction may be used in either common
or systematic names: oxidoreductase, oxygenase, transferase (with a prefix indicating
the nature of the group transferred), hydrolase, lyase, racemase, epimerase, isomerase,
mutase, ligase.

Common names: A number of additional generic names indicating reaction types are
used in common names, but not in the systematic nomenclature, e.g., dehydrogenase,
reductase, oxidase, peroxidase, kinase, tautomerase, dehydratase, etc.

Where additional information is needed to make the reaction clear, a phrase indicating
the reaction or a product should be added in parentheses after the second part of the
name, e.g., (ADP-forming), (dimerizing), (CoA-acylating).

Common names: The direct attachment of -ase to the name of the substrate will
indicate that the enzyme brings about hydrolysis.

Systematic names: The suffix -ase should never be attached to the name of the substrate.

Common names: The name “dehydrase,” which was at one time used for both
dehydrogenating and dehydrating enzymes, should not be used. Dehydrogenase will
be used for the former and dehydratase for the latter.

Common names: Where possible, common names should normally be based on a
reaction direction that has been demonstrated, e.g., dehydrogenase or reductase,
decarboxylase or carboxylase.

Systematic names: In the case of reversible reactions, the direction chosen for naming
should be the same for all the enzymes in a given class, even if this direction has not
been demonstrated for all. Thus, systematic names may be based on a written reaction,
even though only the reverse of this has been actually demonstrated experimentally.

Systematic names: When the overall reaction included two different changes, e.g., an
oxidative demethylation, the classification and systematic name should be based,
whenever possible, on the one (or the first one) catalyzed by the enzyme: the other
function(s) should be indicated by adding a suitable participle in parentheses, as in the
case of sarcosine:oxygen oxidoreductase (demethylating) (EC 1.5.3.1); D-
aspartate:oxygen oxidoreducatase (deaminating) (EC 1.4.3.1); L-serine hydro-lyase
(adding indoleglycerol-phosphatase) (EC 4.2.1.20).

When an enzyme catalyzes more than one type of reaction, the name should normally
refer to one reaction only. Each case must be considered on its merits, and the choice
must be, to some extent, arbitrary. Other important activities of the enzyme may be
indicated in the List under “Reaction” or “Comments.”

Similarly, when any enzyme acts on more than one substrate (or pair of substrates), the
name should normally refer only to one substrate (or pair of substrates), although in
certain cases it may be possible to use a term that covers a whole group of substrates,
or an alternative substrate may be given in parentheses.

A group of enzymes with closely similar specificities should normally be described by a
single entry. However, when the specificity of two enzymes catalyzing the same reac-
tions is sufficiently different (the degree of difference being a matter of arbitrary
choice) two separate entries may be made, e.g., EC 1.2.1.4 [Aldehyde dehydrogenase
(NADP™)] and EC 1.2.1.7 [Benzylaldehyde (NADP™)].

Source: NC-IUBMB. 1992. Enzyme Nomenclature. 6th ed. San Diego, California: Academic Press, Inc. With permission.
“Readers should refer to the web: http://www.chem.qmul.ac.uk/iubmb/enzyme/rules.html for the most recent changes.
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Table 6.3. Rules and Guidelines for Particular Classes of Enzymes?®

Rules and
Guidelines No. Description

Class 1. Oxidoreductases

1. Common names: The terms dehydrogenase or reductase will be used much as hitherto.
The latter term is appropriate when hydrogen transfer from the substance mentioned as
donor in the systematic name is not readily demonstrated. Transhydrogenase may be
retained for a few well-established cases. Oxidase is used only for cases where O, acts
as an aceptor, and oxygenase only for those cases where the O2 molecule (or part of it)
is directly incorporated into the substrate. Peroxidase is used for enzymes using H,O,
as acceptor. Catalase must be regarded as exceptional. Where no ambiguity is caused,
the second reactant is not usually named; but where required to prevent ambiguity, it
may be given in parentheses, e.g., EC 1.1.1.1, alcohol dehydrogenase and EC 1.1.1.2
alcohol dehydrogenase (NADP™).

Systematic names: All enzymes catalyzing oxidoreductions should be oxidoreductases in
the systematic nomenclature, and the names formed on the pattern donor:acceptor oxi-
doreductase.

2. Systematic names: For oxidoreductases using NAD™ or NADP™, the coenzyme should
always be named as the acceptor except for the special case of Section 1.6 (enzymes
whose normal physiological function is regarded as reoxidation of the reduced coen-
zyme). Where the enzyme can use either coenzyme, this should be indicated by writing
NAD(P)*.

3. Where the true acceptor is unknown and the oxidoreductase has only been shown to react
with artificial acceptors, the word acceptor should be written in parentheses, as in the
case of EC 1.3.99.1, succinate:(acceptor)oxidoreductase.

4. Common names: Oxidoreductases that bring about the incorporation of molecular oxygen
into one\donor or into either or both of a pair of donors are named oxygenase. If only
one atom of oxygen is incorporated, the term monooxygenase is used; if both atoms of
O, are incorporated, the term dioxygenase is used.

Systematic names: Oxidoreductases that bring about the incorporation of oxygen into one
pair of donors should be named on the pattern donor, donor:oxygen oxidoreductase
(hydroxylating ).

Class 2. Transferases

1. Common names: Only one specific substrate or reaction product is generally indicated in
the common names, together with the group donated or accepted. The forms transami-
nase, etc. may be used, if desired, instead of the corresponding forms aminotrans-
ferase, etc. A number of special words are used to indicate reaction types, e.g., kinase
to indicate a phosphate transfer from ATP to the named substrate (not “phosphoki-
nase”), diphospho-kinase for a similar transfer of diphosphate.

Systematic names: Enzymes catalyzing group-transfer reactions should be named
transferase, and the names formed on the pattern donor:acceptor group-transferred-
transferase, e.g., ATP:acetate phosphotransferase (EC 2.7.2.1). A figure may be pre-
fixed to show the position to which the group is transferred, e.g., ATP:D-fructose
1-phospho-transferase (EC 2.7.1.3). The spelling “transphorase” should not be used. In
the case of the phosphotransferases, ATP should always be named as the donor. In the
case of the transaminases involving 2-oxoglutarate, the latter should always be named
as the acceptor.

2. Systematic names: The prefix denoting the group transferred should, as far as possible, be
noncommittal with respect to the mechanism of the transfer, e.g., phospho- rather than
phosphate-.
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Class 3. Hydrolases

1. Common names: The direct addition of -ase to the name of the substrate generally
denotes a hydrolase. Where this is difficult, e.g., EC 3.1.2.1 (acetyl-CoA hydrolase),
the word hydrolase may be used. Enzymes should not normally be given separate
names merely on the basis of optimal conditions for activity. The acid and alkaline
phosphatases (EC 3.1.3.1-2) should be regarded as special cases and not as examples
to be followed. The common name lysozyme is also exceptional.

Systematic names: Hydrolyzing enzymes should be systematically named on the pattern
substrate hydrolase. Where the enzyme is specific for the removal of a particular group,
the group may be named as a prefix, e.g., adenosine aminohydrolase (EC 3.5.4.4). In a
number of cases, this group can also be transferred by the enzyme to other molecules,
and the hydrolysis itself might be regarded as a transfer of the group to water.

Class 4. Lyases

1. Common names: The names decarboxylase, aldolase, etc. are retained; and dehydratase
(not “dehydrase”) is used for the hydro-lyases. “Synthetase” should not be used for any
enzymes in this class. The term synthase may be used instead for any enzyme in this
class (or any other class) when it is desired to emphasize the synthetic aspect of the
reaction.

Systematic names: Enzymes removing groups from substrates nonhydrolytically, leaving
double bonds (or adding groups to double bonds) should be called lyases in the system-
atic nomenclature. Prefixes such as hydro-, ammonia- should be used to denote the type
of reaction, e.g., (S)-malate hydro-lyase (EC 4.2.1.2). Decarboxylases should be
regarded as carboxy-lyases. A hyphen should always be written before lyase to avoid
confusion with hydrolases, carboxylases, etc.

2. Common names: Where the equilibrium warrants it, or where the enzyme has long been
named after a particular substrate, the reverse reaction may be taken as the basis of the
name, using hydratase, carboxylase, etc., e.g., fumarate hydratase for EC 4.2.1.2 (in
preference to “fumarase,”which suggests an enzyme hydrolyzing fumarate).

Systematic names: The complete molecule, not either of the parts into which it is
separated, should be named as the substrate. The part indicated as a prefix to -lyase is
the more characteristic and usually, but not always, the smaller of the two reaction
products. This may either be the removed (saturated) fragment of the substrate mole-
cule, as in ammonia-, hydro-, thiol-lyase, or the remaining unsaturated fragment, e.g.,
in the case of carboxy-, aldehyde- or oxo-acid-lyases.

3. Various subclasses of the lyases include a number of strictly specific or group-specific
pyridoxal-5-phosphate enzymes that catalyze elimination reactions of [3- or y-substitut-
ed a-amino acids. Some closely related pyridoxal-5-phosphate-containing enzymes,
e.g., tryptophan synthase (EC 4.2.1.20) and cystathionine -synthase (4.2.1.22) catalyse
replacement reactions in which a 3-, or y-substituent is replaced by a second reactant
without creating a double bond. Formally, these enzymes appeared to be transferases
rather than lyases. However, there is evidence that in these cases the elimination of the
[3- or y-substituent and the formation of an unsaturated intermediate is the first step in
the reaction. Thus, applying rule 14 of the general rules for systematic names and
guidelines for common names (Table 6.2), these enzymes are correctly classified lyases.

Class 5. Isomerases

In this class, the common names are, in general, similar to the systematic names that indicate the basis of

classification.

1. Isomerase will be used as a general name for enzymes in this class. The types of
isomerization will be indicated in systematic names by prefixes, e.g., maleate cis-trans-
isomerase (EC 5.2.1.1), phenylpyruvate keto-enol-isomerase (EC 5.3.2.1), 3-oxosteroid

(Continues)
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Table 6.3. (Continued)

Rules and
Guidelines No.

Description

Class 6. Ligases
1.

A’-A*-isomerase (EC 5.3.3.1). Enzymes catalyzing an aldose-ketose interconversion
will be known as ketol-isomerases, e.g., L-arabinose ketol-isomerase (EC 5.3.1.4).
When the isomerization consists of an intramolecular transfer of a group, the enzyme is
named a mutase, e.g., EC 5.4.1.1 (lysolecithin acylmutase) and the phosphomutases in
sub-subclass 5.4.2 (Phosphotransferases); when it consists of an intramolecular lyase-
type reaction, e.g., EC 5.5.1.1 (muconate cycloisomerase), it is systematically named a
lyase (decyclizing).

Isomerases catalyzing inversions at asymmetric centers should be termed racemases or
epimerases, according to whether the substrate contains one, or more than one, center
of asymmetry: compare, e.g., EC 5.1.1.5 (lysine racemase) with EC 5.1.1.7
(diaminopimelate epimerase). A numerical prefix to the word epimerase should be used
to show the position of the inversion.

Common names: Common names for enzymes of this class were previously of the type
XP synthetase. However, as this use has not always been understood, and synthetase
has been confused with synthase (see Class 4, item 1, above), it is now recommended
that as far as possible the common names should be similar in form to the systematic
name.

Systematic names: The class of enzymes catalyzing the linking together of two molecules,
coupled with the breaking of a diphosphate link in ATP, etc. should be known as ligas-
es. These enzymes were often previously known as “synthetase’’; however, this termi-
nology differs from all other systematic enzyme names in that it is based on the product
and not on the substrate. For these reasons, a new systematic class name was necessary.

Common name: The common names should be formed on the pattern X-Y ligase, where
X-Y is the substance formed by linking X and Y. In certain cases, where a trivial name
is commonly used for XY, a name of the type XY synthase may be recommended (e.g.,
EC 6.3.2.11, carnosine synthase).

Systematic names: The systematic names should be formed on the pattern X:Y ligase
(ADP-forming), where X and Y are the two molecules to be joined together. The phrase
shown in parentheses indicates both that ATP is the triphosphate involved and that the
terminal diphosphate link is broken. Thus, the reactionis X +Y + ATP = X-Y + ADP
+ Pl'

Common name: In the special case where glutamine acts an ammonia donor, this is
indicated by adding in parentheses (glutamine-hydrolyzing) to a ligase name.

Systematic names: In this case, the name amido-ligase should be used in the systematic
nomenclature.

Source: NC-IUBMB. 1992. Enzyme Nomenclature. San Diego, California: Academic Press, Inc. With permission.
“Readers should refer to the web version of the rules, which are currently under revision to reflect the recent changes.
http://www.chem.qmul.ac.uk/iubmb/enzyme/rules.html
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Table 6.4. Common Enzyme Group Terms Used in the Food Industry

Group Term Selected Enzymes in This Group
Carbohydrases Amylases (EC 3.2.1.1, 3.2.1.2,3.2.1.3)
Pectic enzymes (see below)
Lactases (EC 3.2.1.108, 3.2.1.23)
Invertase (EC 3.2.1.26)
a-Galactosidases (EC 3.2.1.22, 3.2.1.23)
Cellulase (EC 3.2.1.4)
Hemicellulases (EC not known)
Dextranase (EC 3.2.1.11)
Proteases Serine proteases (EC 3.4.21)
(Endopeptidases) Cysteine proteases (EC 3.4.22)
Aspartic proteases (EC 3.4.23)
Mettaloproteases (EC 3.4.24)
Proteases Aminopeptidases (EC 3.4.11)
(Exopeptidase)
Proteases Carboxypeptidases (EC 3.4.16)
(Carboxypeptidases) Metallocarboxypeptidases (EC 3.4.17)
Cysteine carboxypeptidases (EC 3.4.18)
Dipeptide hydrolases (EC 3.4.13)
Oxidoreductases Polyphenol oxidase (EC 1.10.3.1)

Pectolytic enzymes
(Pectic enzymes)

Heme enzymes

Hemicellulase

Peroxidase (EC 1.11.1.7)
Lactoperoxidase (EC 1.11.1.7)
Catalase (EC 1.11.1.6)
Sulfhydryl oxidase (EC 1.8.3.2)
Glucose oxidase (EC 1.1.3.4)
Pyranose oxidase (EC 1.1.3.10)
Xanthine oxidase (EC 1.1.3.22)
Lipooxygenase (EC 1.13.11.12)
Dehydrogenases (see below)
Alcohol oxidase (EC 1.1.3.13)

Pectin (methyl) esterase (PE, EC 3.1.11.1)
Polygalacturoniases (PG, EC 3.2.2.15 or 3.2.1.67)
Pectate lyases or pectic acid lyases (PAL)
(Endo-type, EC 3.2.1.15 or 4.2.2.2)

(Exo-type, EC 3.2.1.67 or 4.2.2.9)

Pectic lyase (PL, EC 4.2.2.10)

Catalase (EC 1.11.1.6)

Peroxidase (EC 1.11.1.7)

Phenol oxidase (Monophenol monooxygenase, EC 1.14.18.1 ?)
Lipoperoxidase (EC 1.13.11.12)

Glucanases (EC 3.2.1.6, 3.2.1.39, 3.2.1.58, 3.2.1.75, 3.2.1.59, 3.2.1.71, 3.2.1.74,
3.2.1.84) .
Xylanase (EC 3.2.1.32) (Continues)
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Table 6.4. (Continued)

Group Term Selected Enzymes in This Group
Galactanases (EC 3.2.1.89, 3.2.1.23, 3.2.1.145)
Mannanase (EC 3.2.1.25)
Galactomannanases (EC not known)
Pentosanases (EC not known)
Nucleolytic enzymes Nucleases
(Endonucleases, EC 3.1.30 or 3.1.27)
(Exonucleases, EC 3.1.15 or 3.1.14)
Phosphatases
(Nonspecific phosphatases, EC 3.1.3)
(Nucleotidases, EC 3.1.3)
Nucleosidases (EC 3)
(Inosinate nucleosidase, EC 3.2.2.12)
Nucleodeaminases
(Adenine deaminase, EC 3.5.4.2)
Dehydrogenase Alcohol dehydrogenase (EC 1.1.1.1)

Shikimate dehydrogenase (EC 1.1.1.25)

Maltose dehydrogenase (EC 3.1 to 3.3)

Isocitrate dehydrogenase (EC 1.1.1.41, 1.1.1.42)
Lactate dehydrogenase (EC 1.1.1.3, 1.1.1.4, 1.1.1.27)

Source: Nagodawithana and Reed. 1993, NC-IUBMB 1992, NC-IUBMB website (www.iubmb.org)

Table 6.5. Recommended Names, Systematic Names, and Enzyme Codes (EC) for Some

Common Food Enzymes

Enzyme
Recommended Name Systematic Name Code (EC)
5'-nulceotidase 5'-ribonucleotide phosphohydrolase 3.1.3.5
a-amylase 1,4-a-D-glucan glucanohydrolase 3.2.1.1
(Glycogenase)
a-galactosidase a-D-galactoside galactohydrolase 3.2.1.22
(Melibiase)
a-glucosidase a-D-glucoside glucohydrolase 3.2.1.20
(Maltase, glucoinvertase,
glucosidosucrase, maltase-
glucoamylase)
D-amino acid oxidase D-amino-acid:oxygen oxidoreductase 1.4.3.3
(deaminating)
D-lactate dehydrogenase (R)-lactate:NAD(+) oxidoreductase 1.1.1.28
(Lactic acid dehydrogenase)
L-amino acid oxidase L-amino-acid:oxygen oxidoreductase 1.43.2
(deaminating)
L-lactate dehydrogenase (S)-lactate:NAD(+) oxidoreductase 1.1.1.27

(Lactic acid dehydrogenase)
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[B-amylase

(Saccharogen amylase, glycogenase)

B-galactosidase (Lactase)
B-glucosidase
(Gentiobiase, cellobiase,
amyygdalase)
B-glucanase, see Hemicellulase
Acid phosphatase
(Acid phosphomonoesterase,
phosphomonoesterase,
glycerophosphatase)
Adenine deaminase
(Adenase, adenine aminase)
Adenosine phosphate deaminase
AMP deaminase
(Adenylic acid deaminase,
AMP aminase)
Alcalase, see Subtilisin Carlsberg
Alcohol dehydrogenase
(Aldehyde reductase)
Alcohol oxidase
Alkaline phosphatase
(Alkaline phophomonoesterase,
phosphomonoesterase,
glycerolphosphatase)
Alliin lyase
(Alliinase)
Aminoacylase
(Dehydropeptidase II, histozyme,
acylase I, hippuricase,
benzamidase)
Asparate amino-lyase
(Aspartase, fumeric aminase)
Aspergillus nuclease S (1)
[Endonuclease S (1) (aspergillus),
single-stranded-nucleate endo-
nuclease, deoxyribonuclease S (1)]
Bacillus thermoproteolyticus
neutral proteinase
(Thermolysin)
Bromelain

Carboxy peptidase o
(Carboxypolypeptidase)
Catalase

Catechol oxidase
(Diphenol oxidase, o-diphenolase,
phenolase, polyphenol oxidase,
tyrosinase)

Cellulase
(Endo-1,4-B-glucanase)

1,4-a-D-glucan maltohydrolase

B-D-galactoside galactohydrolase
B-D-glucoside glucohydrolase

Orthophosphoric-monoester
phosphohydrolase (acid optimum)

Adenine aminohydrolase

Adenosine-phosphate aminohydrolase
AMP aminohydrolase

Alcohol:NAD(+) oxidoreductase

Alcohol:oxygen oxidoreductase

Orthophosphoric-monoester
phosphohydrolase(alkaline
optimum)

Alliin alkyl-sulfenate-lyase

N-acyl-L-amino-acid amidohydrolase

L-amino-acid:oxygen oxidoreductase
(deaminating)

None, see comments in original
reference

None, see comments in original
reference

None, see comments in original
reference
Peptidyl-L-amino-acid hydrolase

Hydrogen-peroxide:hydrogen-
peroxide oxidoreductase

1,2-benzenediol:oxygen
oxidoreductase

1,4-(1,3:1,4)-p-D-glucan
4-glucanohydrolase

151

3212

3.2.1.23
3.2.1.21

3.132

3542

3.5.4.17
3546

1.1.1.1

1.1.3.13
3.1.3.1

44.14

35.1.14

43.1.1

3.1.30.1

34244

34224
34.17.1
1.11.1.6

1.10.3.1

32.14
(Continues)
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Table 6.5. (Continued)

Enzyme
Recommended Name Systematic Name Code (EC)
Chymosin None, see comments in original 34234
(Rennin) reference
Chymotrypsin None, see comments in original 3.4.21.1
(Chymotrypsin « and 3) reference
Debranching enzyme, see
a-dextrin endo-1,6-a-glucosidase
Dextranase 1,6-a-D-glucan 6-glucanohydrolase 32.1.11
a-dextrin endo-1,6-a-glucosidase a-dextrin 6-glucanohydrolase 3.2.1.41

(Limit dextrinase, debranching

enzyme, amylopectin

6-gluco-hydrolase, pullulanase)
Diastase (obsolete term)
Dipeptidase
Dipeptidyl peptidase I

(Cathepsin C, dipeptidyl-amino-

peptidase I, dipeptidyl transferase)
Endopectate lyase, see Pectate lyase
Exoribonuclease 11

(Ribonuclease II)
Exoribonuclease H

Ficin
Galactose oxidase

Glucan-1,4-a-glucosidase
(Glucoamylase, amyloglucosidase,
v-amylase, acid maltase,
lysosomal a-glucosidase,
exo-1,4-a-glucosidase)

Glucose-6-phosphate isomerase
[Phosphohexas isomerase,
phosphohexomutase, oxoisomerase,
hexosephosphate isomerase
phosphosaccharomutase,
phosphoglucoisomerase,
phosphohexoisomerase, glucose
isomerase (deleted, obsolete)]

Glucokinase

Glucose oxidase
(Glucose oxyhydrase)

Gycerol kinase

Glycogen (starch) synthase
(UDPglucose-glycogen glucosyl-
transferase)

Inosinate nucleosidase
(Inosinase)

Dipeptide hydrolase
Dipeptidyl-peptide hydrolase

None, see comments in original
reference

None, see comments in original
reference

None, see comments in original
reference

D-galactose-1,4-lactone:oxygen
2-oxidoreductase

1,4-a-D-glucan glucohydrolase

D-glucose-6-phosphate keto-isomerase

ATP:D-gluconate 6-phosphotransferase
3-D-glucose:oxygen 1-oxidoreductase

ATP:glycerol 3-phosphotransferase
UDPglucoase:glycogen

glucosyltransferase

5'-inosinate phosphoribohydrolase

3.2.1.1 (obsolete)
3.4.13.11

3.1.13.1
3.1.132
34223
1.1.3.9

3213

5.3.1.9

27.1.12
1.1.34

2.7.1.30
24.1.11

3222
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B-fructofuranosidase
(invertase, saccharase)
Lactase
D-lactate dehydrogenase
(Lactic acid dehydrogenase)
L-lactate dehydrogenase
(Lactic acid dehydrogenase)
Lipoxygenase
(Lipoxidase, carotene oxidase)
Lysozyme
(Muramidase)
Malate dehydrogenase
(Malic dehydrogenase)
Microbial aspartic proteinase
(Trypsinogen kinase)
Monophenol monoxygenase
(Tyrosinase, phenolase, monophenol
oxidase, cresolase)
Palmitoyl-CoA hydrolase
(Long-chain fatty-acyl-CoA
hydrolase)
Papain
(Papaya peptidase I)
Pectate lyase
(Pectate transliminase)
Pectic esterase
(Pectin demethoxylase, pectin
methoxylase, pectin methylesterase)
Pepsin A (Pepsin)

Peroxidase

Phosphodiesterase |
(5'-exonuclease)
Phosphoglucomutase
(Glucose phosphomutase)
Phosphorylase
(Muscle phosphorylase o and 3,
amylophosphorylase,
polyphosphorylase)
Plasmin
(Fibrinase, fibrinolysin)
Polygalacturonase
(Pectin depolymerase, pectinase)
Pyranose oxidase
(Glucoase-2-oxidase)
Rennet, see Chymosin
Pancreatic ribonuclease
(RNase, RNase I, RNase A,
pancreatic RNase, ribonuclease I)
Serine carboxypeptidase

3-D-fructofuranoside fructohydrolase

Lactose galactohydrolase
(R)-lactate:NAD(+) oxidoreductase

(S)-lactate:NAD(+) oxidoreductase
Linoleate:oxygen oxidoreductase

Peptidoglycan
N-acetylmuramoylhydrolase
(S)-malate:NAD(+) oxidoreductase

None, see comments in original
reference

Monophenol, L-dopa:oxygen
oxidoreductase

Palmitoyl-CoA hydrolase

None, see comments in original
reference
Poly (1,4-a-D-galacturonide) lyase

Pectin pectylhydrolase

None, see comments in original
reference

Donor:hydrogen-peroxide
oxidoreductase

Oligonucleate 5’-nucleotidohydrolase

a-D-glucose 1,6-phosphomutase

1,4-a-D-glucan:orthophosphate
a-D-glucosyltransferase

None, see comments in original
reference

Poly (1,4-a-D-galacturonide)
glycanohydrolase

Pyranose:oxygen 2-oxidoreductase

None, see comments in original
reference

Peptidyl-L-amino-acid hydrolase
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3.2.1.26

3.2.1.108
1.1.1.28

1.1.1.27
1.13.11.12
3.2.1.17
1.1.1.37
3.4.23.6

1.14.18.1

3.1.2.2

34222
4222

3.1.1.11

3.4.23.1
1.11.1.7
3.14.1
5422

24.1.1

3.4.21.7
3.2.1.15

1.1.3.10

3.1.2.75

3.4.16.1
(Continues)
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Table 6.5. (Continued)

Enzyme
Recommended Name Systematic Name Code (EC)
Shikimate dehydrogenase Shikimate;NADP(+) 3-oxidoreductase 1.1.1.25
Staphylococcal cysteine protease None, see comments in original 34.22.13
(Staphylococcal proteinase II) reference
Starch (bacterial glycogen) synthase ADPglucose:1,4-a-D-glucan 2.4.1.21
(ADPglucose-starch 4-a-D-glucosyltransferase
glucosyltransferase)
Streptococcal cysteine protease None, see comments in original 3.4.22.10
(Streptococcal proteinase, reference
streptococcus peptidase a)
Subtilisin None, see comments in original 3.4.21.14
reference
Sucrose-phosphate synthase UDPglucose:D-fructose-6-phosphate 24.1.14
(UDPglucaose-fructose phosphate 2-a-D-glucosyl-transferase
glucosyltransferase, sucrose-
phosphate-udp glucosyl-
transferase)
Sucrose synthase UDPglucose:D-fructose 24.1.13
(UDPglucoase-fructose 2-a-D-glucosyltransferase
glucosyltransferase, sucrose-UDP
glucosyltransferase)
Thiol oxidase Thiol:oxigen oxidoreductase 1.8.3.2
Triacylglycerol lipase 3.1.1.3
(Lipase, tributyrase, triglyceride lipase)
Trimethylamine-N-oxide aldolase Trimethylamine-N-oxide 4.1.2.32
formaldehydelase
Trypsin None, see comments in original 34214
(a- and B-trypsin) reference
Tyrosinase, see Catechol oxidase 1.10.3.1
Xanthine oxidase Xanthine:oxygen oxidoreductase 1.1.3.22

(Hypoxanthin oxidase)

Sources: Nagadodawithana and Reed 1993, NC-IUBMB Enzyme Nomenclature website (www.iubmb.org).
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INTRODUCTION

Long before human history, our ancestors, chim-
panzees, might have already experienced the mild
drunk feeling of drinking wine when they ate the
fermented fruits that contained small amounts of
alcohol. Archaeologists have also found some sculp-
tured signs on 8000-year-old plates describing the
beer-making processes. Chinese historians wrote
about the lavish life of Tsou, a tyrant of Shang
dynasty (around 1100 BC), who lived in a castle
with wine-storing pools. All these indicated that
people grasped the wine fermentation technique
thousands of years ago. In the Chin dynasty (around
220 BC) in China, a spicy paste or sauce made from
fermentation of soybean and/or wheat was men-
tioned. It is now called soybean sauce.

Although people applied fermentation techniques
and observed the changes from raw materials to spe-
cial products, they did not realize the mechanisms
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that caused the changes. This mystery was uncov-
ered by the development of biological sciences.
Louis Pasteur claimed the existence and function of
organisms that were responsible for the changes. In
the same era, Justus Liebig observed the digestion of
meat with pepsin, a substance found in stomach flu-
id, and proposed that a whole organism is not neces-
sary for the process of fermentation.

In 1878, Kuhne was the first person to solve the
conflict by introducing the word “enzyme,” which
means “in yeast” in Greek. This word emphasizes
the materials inside or secreted by the organisms to
enhance the fermentation (changes of raw material).
Buchner (1897) performed fermentation by using a
cell-free extract from yeast of significantly high-
light, and these were molecules rather than life-
forms that did the work. In 1905, Harden and Young
found that fermentation was accelerated by the addi-
tion of some small dialyzable molecules to the cell-
free extract. The results indicated that both macromol-
ecular and micromolecular compounds are needed.
However, the nature of enzymes was not known at
that time. A famous biochemist, Willstatter, was
studying peroxidase for its high catalytic efficiency;
since he never got enough samples, even though the
reaction obviously happened, he hesitated (denied)
to conclude that the enzyme was a protein. Finally,
in 1926, Summer prepared crystalline urease from
jack beans, analyzed the properties of the pure com-
pound, and drew the conclusion that enzymes are
proteins. In the following years, crystalline forms of
some proteases were also obtained by Northrop and
others. The results agreed with Summer’s conclu-
sion.

The studies on enzyme behavior were progressing
in parallel. In 1894, Emil Fischer proposed a “lock
and key” theory to describe the specificity and stereo
relationship between an enzyme and its substrate. In
1902, Herri and Brown independently reported a
saturation-type curve for enzyme reactions. They re-
vealed an important concept in which the enzyme-
substrate complex was an obligate intermediate
formed during the enzyme-catalyzed reaction. In
1913, Michaelis and Menten derived an equation
describing quantitatively the saturation-like behav-
ior. At the same time, Monod and others studied the
kinetics of regulatory enzymes and suggested a con-
certed model for the enzyme reaction. In 1959,
Fischer’s hypothesis was slightly modified by Kosh-

land. He proposed an induced-fit theory to describe
the moment the enzyme and substrate are attached,
and suggested a sequential model for the action of
allosteric enzymes.

For the studies on enzyme structure, Sanger and
his colleagues were the first to announce the unveil-
ing of the amino acid sequence of a protein, insulin.
After that, the primary sequences of some hydro-
lases with comparatively small molecular weights,
such as ribonuclease, chymotrypsin, lysozyme, and
others, were defined. Twenty years later, Sanger won
his second Nobel Prize for the establishment of the
chain-termination reaction method for nucleotide
sequencing of DNA. Based on this method, the de-
duction of the primary sequences of enzymes blos-
somed; to date, the primary structures of 55,410
enzymes have been deduced. Combining genetic
engineering technology and modern computerized
X-ray crystallography and/or NMR, about 15,000
proteins, including 9268 proteins and 2324 enzymes,
have been analyzed for their three-dimensional
structures [Protein Data Bank (PDB): http://www.
rcsb.org/pdb]. Computer software was created, and
protein engineering on enzymes with demanded pro-
perties was carried on successfully [Fang and Ford
1998, Igarashi et al. 1999, Pechkova et al. 2003,
Shiau et al. 2003, Swiss-PDB Viewer(spdbv): http://
www.expasy.ch/spdbv/mainpage.htm, SWISS-
MODELserver: http://www.expasy.org/swissmod/
SWISS-MODEL .htm].

FEATURES OF ENZYMES
MosST OF THE ENZYMES ARE PROTEINS

Proteins are susceptible to heat, strong acids and
bases, heavy metals, and detergents. They are hydro-
lyzed to amino acids by heating in acidic solution
and by the proteolytic action of enzymes on peptide
bonds. Enzymes give positive results on typical pro-
tein tests, such as the Biuret, Millions, Hopkins-
Cole, and Sakaguchi reactions. X-ray crystallo-
graphic studies revealed that there are peptide bonds
between adjacent amino acid residues in proteins.
The majority of the enzymes fulfill the above criteri-
on; therefore, they are proteins in nature. However,
the catalytic element of some well-known rib-
ozymes is just RNAs in nature (Steitz and Moore
2003, Raj and Liu 2003).
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CHEMICAL COMPOSITION OF ENZYMES

For many enzymes, protein is not the only compo-
nent required for its full activity. On the basis of the
chemical composition of enzymes, they are catego-
rized into several groups, as follows:

1. Polypeptide, the only component, for example,
lysozyme, trypsin, chymotrypsin, or papain;

2. Polypeptide plus one to two kinds of metal
ions, for example, a-amylase containing Ca*",
kinase containing Mg”", and superoxide dis-
mutase having Cu®" and/or Zn>";

3. Polypeptide plus a prosthetic group, for exam-
ple, peroxidase containing a heme group;

4. Polypeptide plus a prosthetic group and a metal
ion, for example, cytochome oxidase (a+as3)
containing a heme group and Cu®*;

5. Polypeptide plus a coenzyme, for example,
many dehydrogenases containing NAD ™ or
NADP™;

6. Combination of polypeptide, coenzyme, and a
metal ion, for example, succinate dehydroge-
nase containing both the FAD and nonheme
iron.

ENZYMES ARE SPECIFIC

In the life cycle of a unicellular organism, thousands
of reactions are carried out. For the multicellular
higher organisms with tissues and organs, even more
kinds of reactions are progressing in every moment.
Less than 1% of errors that occur in these reactions
will cause accumulation of waste materials (Drake
1999), and sooner or later the organism will not be
able to tolerate these accumulated waste materials.
These phenomena can be explained by examining ge-
netic diseases; for example, Phenylketonuria (PKU)
in humans, where the malfunction of phenylalanine
hydroxylase leads to an accumulation of metabolites
such as phenylalanine and phenylacetate, and oth-
ers, finally causing death (Scriver 1995, Waters
2003). Therefore, enzymes catalyzing the reactions
bear the responsibility for producing desired metab-
olites and keeping the metabolism going smoothly.

Enzymes have different types of specificities.
They can be grouped into the following common
types:

1. Absolute specificity. For example, urease (Sirko
and Brodzik 2000) and carbonate anhydrase

(Khalifah 2003) catalyze only the hydrolysis
and cleavage of urea and carbonic acid, respec-
tively. Those enzymes having small molecules
as substrates or that work on bi