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Preface 
Food chemistry has grown considerably since its early foundations 

were laid. This has been brought about not only by research in this 
field, but also, and more importantly, bYiadvances in the basic sciences 
involved. 

In this second edition, the chapters dealing with fundamentals have 
been rewritten and strengthened. Three new chapters have been 
added, Water and Solutions, Colloids, and Minerals. The chapter on 
Fruits and Vegetables has been expanded to cover texture. 

Other chapters discuss flavor and colors, together with one on brown
ing reactions. The last seven chapters give the student a background of 
the classes offood products and beverages encountered in everyday use. 
Each chapter includes a summary and a list of references and sug
gested readings to assist the student in study and to obtain further 
information. 

Basic Food Chemistry is intended for college undergraduates and for 
use in food laboratories. 

The author wishes to express his appreciation to the following people, 
who reviewed the chapters on their respective specialties: Doctors L.R. 
Hackler, M. Keeney, B. Love, L.M. Massey, Jr., L.R. Mattick, W.B. 
Robinson, R.S. Shallenberger,D.F. Splittstoesser, E. Stotz, W.L. Sulz
bacher, and J. Van Buren. 

In addition, the author wishes to express his appreciation to Dr. H.O. 
Hultin and Dr. F.W. Knapp for their reviews of the entire original 
manuscript and for their helpful comments. 

The author welcomes notices of errors and omissions as well as sug
gestions and constructive criticism. 

Frank A. Lee 

xi 



Photosynthesis 

Introduction 
Role of Chlorophyll 
Chemistry of Photosynthesis 
Summary 
Bibliography 

INTRODUCTION 

1 

The basic source of energy in the world is photosynthesis. This is the 
result of a series of reactions by which the low energy substances, 
carbon dioxide and water, are converted into sugars, which are high 
energy substances. The conversion is accomplished with the addition of 
a minimal free energy which amounts to +686,000 calories per mole 
and is obtained from the oxidation of a mole of glucose. 

ROLE OF CHLOROPHYLL 

The agent for the conversion of carbon dioxide and water into sugars 
is chlorophyll, the green pigment in plants, and the energy is derived 
from sunlight. This involves two types of reactions. One takes place in 
the sunlight, the second takes place in the dark and results in the 
formation of sugars. Chlorophyll a is the agent for solar energy conver
sion in the primary process, the products of which are enzymatically 
converted to sugars in the subsequent dark reactions. . 

Many types of plants have the power to carryon photosynthesis. 
These include the higher green plants as well as the green, brown, and 
red algae and many unicellular organisms. Lower forms that carryon 
photosynthesis include the blue-green algae and purple and green bac
teria. Many of these are anaerobes and require H 2 S or other compounds 
of sulfur to complete their activities in this chain of reactions. In such 
cases the S takes the place of O2 in the process. These lower forms oflife 
are very important in the photosynthetic process, and it seems likely 
that a great deal of photosynthesis is carried on by them. It follows that 
photosynthetic products are produced in great quantities by unicellular 
forms oflife. It is well to note, however, that all forms oflife which carry 
on photosynthesis, except bacteria, make use of water as the hydrogen 
(electron) donor to reduce carbon dioxide which is the electron acceptor. 

1 



2 BASIC FOOD CHEMISTRY 

Chlorophyll and associated pigments are contained in the plants in 
bodies known as chloroplasts. Chloroplasts are rather complex struc
tures. They vary in size, being about 1-2 /Lm in diameter and 4-10 /Lm 
long, and are composed of structures known as grana. These latter are 
composed of lamellae, which, in turn, are made up of sheets of mem
branes known as quantasomes (Table 1.1). 

Chlorophyll is present in the chloroplasts as lipoprotein complexes. 
However, the physical state of the chlorophyll, which is phptochem
ically active, is not yet understood. This combination is broken by 
nonpolar solvents, hence the extraction of chlorophyll from plant ma
terials is by means of these solvents. Isolated spinach chloroplasts are 
often used to study the reactions involved in photosynthesis. 

Blue-green algae, and bacteria that are capable of carrying on photo
synthesis, do not have chloroplasts, although the blue-green algae have 
lamellae in the cytoplasm. The photosynthetic bacteria have another 
arrangement, which is attached to the cell membrane. 

Chlorophyll is the important pigment in photosynthesis because of 
its part in the absorption of light, the energy of which permits the 
buildup of sugars. The presence of many conjugated double bonds in 
chlorophyll results in a particular structure resonating at the frequen
cies of the red and blue range of visible light. Actually, chlorophylls a 
and b are involved, usually about 3 parts of a to 1 part of b, in the higher 
plants. Chlorophyll c is found in brown algae, diatoms, and dinoflagel
lates. Chlorophyll d is found in red algae. Accessory pigments include 
the yellow carotenoids and the blue or red phycobilins. It is perhaps 
likely that these accessory pigments have an effect in the part of the 
solar spectrum that is not in the chlorophyll range. Chlorophyll, 
depending on its plant source, can utilize light wavelengths from about 
400 to almost 900 nm to carryon photosynthesis. For chlorophyll a 

TABLE 1.1. Approximate Composition of an Average Spinach Quantasome 

Component 

Chlorophyll a 
Chlorophyll b 
Carotenoids 
Quinones 

Plastoquinone A 
Plastoquinone B 
Plastoquinone C 
a-Tocopherol 
a-Tocopherylquinone 
Vitamin K2 

Molecules 
per 

Quantasome 

160 
65 
48 

16 
8 
4 

10 
4 
4 

Molecules 
per 

Component Quantasome 

Phospholipids (lecithin, 116 
phosphatidyl ethanol-
amine, phosphatidyl 
inositol, phosphatidyl 
glycerol) 

Sulfolipids 48 
Galactosylglycerides 500 
Cytochrome b. 1 
Cytochrome f 1 
Plastocyanin 5 
Ferredoxin 5 

Source: White et at. (1973). Reproduced with permission of the McGraw-Hill Book 
Company. 
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from higher plants, the absorption maximum is in the neighborhood of 
675 nm while that of chlorophyll b is about 650 nm. Accessory pigments 
such as the carotenoids and other chlorophylls absorb from 400 to about 
550 nm. 

Evidence has been collected that indicates that two light reactions 
are involved in the part of the photosynthetic process that evolves 
oxygen. It has been postulated by Duysens (1964) that photosystem I 
involves chlorophyll a and does not evolve oxygen. However, photo
system I is associated with photo system II which contains chlorophyll 
a and chlorophyll b or another chlorophyll (c or d) according to the 
species involved and does evolve oxygen. Other pigments are involved 
also. There has been much speculation concerning the mechanisms of 
action of these two systems. 

Chlorophylls a and b have a non-ionic magnesium atom in the struc
ture, which is held by two coordinate and two covalent linkages. When 
chlorophyll is treated with weak acids, the magnesium is removed from 
the molecule and pheophytin, the olive green compound, is formed. 
This is especially important to food chemists because it is the cause of 
the particular green color found in canned green vegetables that have 
been processed under pressure. 

H, 
H 

H ~ 

}"" o ~o 
I 
CH3 

Chlorophyll a 

The basic structures for chlorophylls a and b were worked out by H. 
Fischer (1934, 1937). The structure for chlorophyll b is the same as 
chlorophyll a except that a -CHO (formyl) group takes the place of the 
methyl group at position 3. 

CHEMISTRY OF PHOTOSYNTHESIS 

For many years it was thought that the path for the conversion of 
carbon dioxide and water into sugars was through formaldehyde, 
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CH2 0, the simplest such compound. However, this compound could 
never be detected. Furthermore, it is toxic to plants if present in more 
than trace amounts. This theory was abandoned when the work of 
Calvin showed that a different and complex pathway is the actual 
course of events. The general equation for this synthesis is 

6 CO2 + 6 H20~ C6 H 12 0 6 + 6 O2 

This may be written in the more general terms as follows: 

x CO2 + X H20~ (CH2 0)x + O2 

These changes were investigated using CO2 and water with labeled 
carbon atoms (14C) and suspensions of green algae, followed by two
directional paper chromatography. Finally the spots were demon
strated by placing the chromatograms over photosensitive paper. The 
first compound to be formed was found to be a 3-carbon compound, 
3-phosphoglyceric acid, with the labeled carbon appearing mainly in 
the carboxyl carbon atom. This compound was formed from a 5-carbon 
compound, ribulose-l,5-diphosphate rather than a 2-carbon compound. 
When CO 2 and H 2 0 react with this compound, two molecules of 
3-phosphoglyceric acid result. The enzyme involved in this reaction is 
diphosphoribulose carboxylase. 

CH2 0P03 H2 
I 
C=O 
I 

H-C-OH 
I 

H-C-OH 
I 

CH2 0P03 H2 

Ribulose-l,5-diphosphate 

3-Phosphoglyceric acid 

Table 1.2 gives the steps involved in the production of sugars by 
photosynthesis together with regeneration of pentose, which is neces
sary to the continuation of the cycle. It should be noted that the carbo
hydrates actively engaged in this process are in the form of phosphoric 
acid esters. The transfer of energy is brought about by adenosine tri
phosphate (ATP), an extremely important compound. In reaction 2, the 
3-phosphoglycerate from the first reaction is reduced to 3-phosphogly
ceraldehyde. The molecules of this compound thus formed are used in 
3 and 4 to make fructose-6-phosphate in the amount of five molecules 
of this compound. As the table shows, one of these molecules is the net 
gain or final product of the photosynthetic process. The others are 
changed into ribulose-l,5-diphosphate for use in the next cycle. This set 
of reactions has been demonstrated by the use of purified enzymes. It 
is believed that this set of reactions occurs in the chloroplasts. There 
are, however, reasons to believe the possible existence of other path
ways for the production of sugars by photosynthesis. 
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It has been shown by the use of 180-labeled water and carbon dioxid~ 
that the oxygen formed during the process of photosynthesis comeEj 
from the water and not from the carbon dioxide (Kok and Jagendorf 
1963). The great force that affects the conversion of light energy is 
demonstrated in this reaction by the fact that the electrons flow in the 
direction ,of the more energy-rich state, which is against the usual flow 
of electrons. Only a very powerful force could accomplish this. 

It was suspected for a long time that two types of reactions were 
involved in photosynthesis. One of these reactions was thought to 
require the presence of sunlight to supply the necessary energy, the 
other could take place in the dark; that is, light was not required. 
Experimental support for this supposition was first obtained by Hill in 
1937. The results of subsequent research have increased the funda
mental knowledge of this phase of the photosynthetic process. It was 
found that a suspension of chloroplasts illuminated in the absence of 
CO2 and then placed in the dark with CO 2 added permitted, briefly, the 
formation of sugars. This indicates that key compounds that can react 
with CO 2 were formed during the exposure to light. 

Further, it was shown that the first step in the photosynthetic pro
cess, the one using sunlight as the energy source, reduces NADP+ 
(nicotinamide adenine dinucleotide phosphate) and phosphorylates 
ADP, which results in the formation of NADPH and ATP. This first 
step releases oxygen, but oxygen is not released in the second step. This 
emphasizes the fact that the oxygen released during photosynthesis 
comes from water and not from the CO 2. Water, therefore, is the only 
electron donor necessary. NADPH and ATP are used in the dark reac
tion to reduce CO 2 to hexoses and other products. 

2 H 20 + 2 NADP+ ----? 2 NADPH + 2 H+ + O2 

Photosynthetic bacteria use H2 S and other compounds in the first 
step of photosynthesis, and, therefore, do not release oxygen. However, 
if H 2S is used by them in this stage of the process, sulfur is released 
instead of oxygen. In short, the process is fundamentally similar. 

Although a great deal has been learned in recent years about the 
process of photosynthesis and its intricacies, many problems are still 
unsolved. 

SUMMARY 

The basic source of energy in the world is the process known as 
photosynthesis. In this process, carbon dioxide and water are converted 
into sugars. It is, however, a rather complex process. The agent for the 
conversion of carbon dioxide and water into sugars is chlorophyll, the 
green pigment in plants. Chlorophyll is important in photosynthesis 
because of the part it plays in the absorption oflight. The energy thus 
absorbed permits the buildup of sugars. Calvin (1956; Wilson and 
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Calvin 1955) showed the complex pathway that is the actual course of 
events in photosynthesis. 
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Water is an important part of a large number of foods. It is not only 
an important component ofthese foods, it is necessary for the digestion 
ofthese foods in the body to sustain life. Without water, life as we know 
it would be impossible. Water is necessary in photosynthesis for the 
production of carbohydrates by this process. The deterioration offoods, 
both microbiological and chemical, is affected by the presence of water 
in the food. Dehydration, which is the elimination of most of the water 
present, permits food to be stored for relatively long periods of time. 

The amount of water found in representative foods is given in Table 
2.1. 

mE STRUCTURE OF WATER 

Water as found under natural conditions is made up mostly ofH216 0. 
Very small amounts of other forms of water which contain the 17 0 and 
18 0 isotopes of oxygen as H 217 0 and H 218 0 can be found as well as 
"heavy water," which contains 2H (heavy hydrogen, also known as 
deuterium, D). The formula for the water molecule in general use is 
H 2 0. 

The structure of the water molecule accounts for its special behavior. 
This results from the hydrogen bonding and the tetrahedral ar
rangement of the electron pairs around the oxygen atom. Its bond angle 
is 104.5°, and the bond length, the distance between the nuclei of 
hydrogen and oxygen, is 0.9572 A. 

In the diagram of the water molecule (Fig. 2.1), the dotted lines 
symbolize the hydrogen-bonding tendency arising from the diffuse 
cloud of electrons in the direction of the dotted lines. Several molecules 
held together by the hydrogen bond, as in solid or liquid water, form an 
assembly of tetrahedral groups; each molecule is bonded to four other 
molecules, which it closely approaches. An understanding of the princi-

9 
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TABLE 2.1. The Water Content of Some Foods, Edible Portion 

Almonds 
Apricots 

raw 
dried 

Asparagus, raw 
Bacon, raw 
Bedns 

snap, raw 
common, dried 

Food 

Beef, loin, club steak, total edible raw, 36% fat 
Bread, white (1-2% nonfat dry milk) 
Butter and margarine, salted 
Celery, raw 
Cheese, Cheddar, American 
Chicken, light meat 
Cocoa, breakfast, high fat 
Corn, sweet, raw 
Cornmeal, yellow 
Eggs, chicken 

white 
yolk 

Flour, wheat, patent, all purpose 
Grapefruit, Florida 
Jellies 
Lard 
Lemons, raw, peeled 
Lettuce, raw, Iceberg 
Liver, calf 
Macaroni, dry, uncooked 
Milk 

cow, fresh 
whole 
skim 
canned, evaporated, unsweetened 

Molasses, cane 
Peas 

young, raw 
dry split, raw 

Potatoes, raw 
Rice, white, raw 
Salmon, Chinook 

raw 
canned, solids and liquid 

Source: USDA 1963. 

Percentage Water 

4.7 

85.3 
25.0 
91.7 
19.3 

90.1 
10.9 
49.1 
35.8 
15.5 
94.1 
37.0 
73.7 
3.0 

72.7 
12.0 

87.6 
51.1 
12.0 
89.1 
29.0 
o 

90.1 
95.5 
70.7 
10.4 

87.4 
90.5 
73.8 
24.0 

78.0 
9.3 

79.8 
12.0 

64.2 
64.4 

pIes of bonding is required to explain the properties of water. These 
properties are of two types, depending on whether the chemical bop' 
between both the Hand 0 atoms are broken in the action involved 
whether only the hydrogen bonds are broken, leaving the H 2 0 mole
cules intact. 
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FIG. 2.1. Structure of the 
water molecule. 

Chemical changes like the rusting of iron, the formation of clay in 
soils, or the splitting of cane sugar in the stomach are of the first type. 

Physical changes, such as the melting of ice, evaporation in a boiler 
or from a lake, or the viscous resistance to flow in a pipe or stream, are 
of the second type (Hendricks, 1955). 

The water molecule is a polar covalently bonded compound which is 
nonlinear and is made up of two hydrogen atoms which are bonded to 
oxygen by single covalent bonds. A very important feature ofthe water 
molecule is hydrogen bonding. Hydrogen bonding is the result of the 
dipole moment of the water molecule itself. This leads to a strong 
interaction between water molecules. The dipole moment is the product 
of the distance between the two average centers of positive and nega
tive electricity and the electric charge. Hydrogen bonds are not con
fined to water alone. Compounds other than water molecules are linked 
with hydrogen bonds. It is likely that a major role is enacted by hydro
gen bonding in water-solute interactions in physiological processes. 

The two-dimensional associations of water molecules are shown. 

H 
I 

H-O··· ·H-O· ... ·H-O 
I I 
H H 

O-H 
I 
H 

Three-dimensional arrangements can also form and coexist. 
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Physical Properties of Water 

Water has a number of rather unusual physical properties. The melt
ing and boiling points of water are higher than other compounds of 
similar molecular weight. This is caused largely by the hydrogen bonds 
between the water molecules. Because of this fact water is a liquid in 
the intermediate temperature areas of the earth. Another interesting 
property of water is its expansion when it freezes. This explains why ice 
floats. It also means that ice contracts when it thaws, so that the 
specific gravity of water is higher than that of ice. These properties are 
highly important to life on this planet. 

These are not the only unusual properties of water. It has a high 
latent heat of fusion and high heat of vaporization as well as high 
specific heat. This last property results in the absorption or release of 
large amounts of heat with a comparatively small change in tempera
ture. Latent heat of fusion and latent heat of vaporization are caused 
by hydrogen bonding between water molecules. 

A change from the solid to the liquid state takes place at the melting 
point without a rise in temperature. The hydrogen bonds which hold 
the molecules of water in the crystal lattice are broken by 80 calories 
per gram, which is necessary to change 1 gram of ice at O°C to liquid 
at the same temperature. This is known as the heat of fusion. As the 
temperature of liquid water rises, this progressive addition of energy 
causes a decrease in the number of hydrogen bonds, but the water stays 
liquid up to 100°C. At this stage more heat is necessary to convert it 
to the gaseous state. This latent heat of vaporization is 540 calories per 
gram; it is the number of calories needed to convert 1 gram ofliquid to 
vapor at the boiling point. 

The increase in density of water as contrasted with that of ice is 
caused by change in structure to produce a structure of greater density. 
This condition continues until the temperature of maximum density 
(4°C) is reached. As the temperature increases above this, the density 
decreases normally. 

Water has a high dielectric constant. In liquid water this is 78.5 at 
25°C. This is held to originate from the polarity of the separate mole
cules and their orientations. The dielectric constant is a measure of the 
relative effect of the medium on the force with which two oppositely 
charged plates attract one another. 

The dielectric constant (E) is equal to the ratio of the charges of 
electricity: 

C liquid 
E=--

Cair 

In this case C liquid is the electrical capacity of the condenser filled with 
the liquid and C air is that of the condenser filled with air. 
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Ice 

In the crystal structure of ice, each ofthe oxygen atoms is surrounded 
in tetrahedral fashion by four additional oxygen atoms. The average 
distance between oxygen atoms in ice is 2.76 A. The result of this is an 
hexagonal crystal lattice structure in ice, as shown in Fig. 2.2. 

Ice has a low density because of this open structure. In this structure 
a specific hydrogen atom is closer to one of the oxygen atoms to which 
it is connected than to the other. In addition, two hydrogen atoms are 
bonded to one oxygen atom, and the bonds are strong. The melting of 
ice results in the breaking of some of the hydrogen bonds. The effect of 
this is that the water molecules pack together more closely in liquid 
water, which results in the higher density of the latter. During freez
ing, water expands almost 9%. However, concentrated sucrose solu
tions do not show expansion. This is important in the packaging of 
sweetened fruits for freezing preservation. 

Water, as is well known, can exist in three forms, namely solid, 
liquid, and gas. The basis of freeze drying (lyophilization) depends on 
the fact that when ice is heated at pressures of less than 4.58 mm Hg, 
it goes directly into the gaseous form. Under these conditions the ma
terial is dried without returning to the liquid state. This technique 
produces dehydrated products usually of higher quality than those 
dried by other means. Because of the added cost, however, it is used 
mainly for the more expensive products. 

Supercooling of water is another factor that must be considered. This 
is the cooling of the water below the temperature at which it normally 
freezes (crystallizes). The supercooled water immediately crystallizes 
when a small crystal of ice is introduced. When this happens the tem
perature rises to aoc. The size of the sample influences the tempera
ture at which the water can be held in the supercooled state. Very pure 
water can be supercooled to -32°C if the sample size is 1 ml. However, 
smaller volumes of very pure water can be cooled to somewhat lower 

FIG. 2.2. Hexagonal crystal 
lattice structure in ice. 
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temperatures, and some experiments have indicated that water can be 
supercooled down to the range of -40°C to -50 DC. 

It is harder to start crystallization than to keep it going. The rate of 
the growth of ice crystals decreases with a lowering of the temperature. 
Rapid freezing results in the formation of small ice crystals while slow 
freezing produces large ones (Lee et al. 1946; Lee and Gortner 1949). 

Many solutes have the ability to slow the growth of ice crystals 
(Lusena and Cook 1954). The reason for this is not clear. The most 
effective compounds studied that retard ice-crystal growth at lOoC 
were alcohols and sugars. It was also found that at low concentrations 
proteins were equally as effective (Lusena 1955). The reason for this is 
not clear. Studies have shown (Lusena and Cook 1953) that although 
membranes may be completely permeable to liquids, they may be com
pletely, partially, or impermeable to growing ice crystals. The increase 
in the growth of ice crystals in materials of known permeability in
creased with porosity. In addition, the rate of cooling, the composition 
of the membrane, and the concentration and properties of the solute in 
the aqueous phase affect it as well. 

Directly related to the ice-crystal size at the end ofthe freezing period 
is the number of nuclei. Two types of nucleation are known, homo
geneous and heterogeneous. Homogeneous nucleation, according to 
Matz (1965), is the result of random local fluctuations in the configura
tion and density of pure water, which leads to the chance spontaneous 
occurrence of regions having crystal-type orientation and dimensions. 
Heterogeneous nucleation is the result of the deposition of water mole
cules in crystalline array on some foreign particle (Matz 1965). 

Crystals tend to enlarge in frozen products during storage, especially 
when storage temperatures fluctuate widely. Slow freezing offood ma
terials such as fruits and vegetables results in the formation oflarge ice 
crystals in the tissues, mostly in the extracellular areas. With rapid 
freezing very small ice crystals are formed that are distributed 
throughout the tissues. 

Many fruits, vegetables and prepared products can be frozen success
fully. However, because of deterioration in texture and breakdown of 
emulsions during thawing some foods such as raw salad vegetables are 
not satisfactorily frozen. 

Water Activity 

The ratio of the moisture content of a food and the relative humidity 
of the air surrounding it is known as the water activity. It is an impor
tant characteristic. Water activity (a w) is determined by 

a w = p/Po = ERH 

where P = water vapor pressure exerted by the food material, Po 
vapor pressure of pure water at temperature To, To = equilibrium 
temperature of the system, and ERH = equilibrium relative humidity. 
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When the percentage of moisture is over 50%, the water activity is 
about 1.0. The water activity is lower than this figure when the mois
ture content is lower than 50%, and decreases rapidly with the lower
ing of the moisture content. The data can be prepared in the form of 
sorption isotherms. For hydroscopic products adsorption isotherms are 
needed, while in a study of the process of drying, desorption isotherms 
are necessary. 

Figure 2.3 shows the moisture- vapor equilibrium humidity of food 
substances. A vapor pressure of almost that of pure water is exerted by 
80-90% of the total water vapor present in a food. The effect on drying 
times and the stability ofthe food is affected by the last 10-20% ofthe 
water. 

According of Labuza (1968), a sorption isotherm is a "plot of the 
amount of water absorbed as a function of the relative humidity or 
activity of the water space surrounding the material." 

An adsorption isotherm is compiled from the data collected by plac
ing completely dry samples into atmospheres of increasing relative 
humidity and noting the gain in weight caused by the water adsorbed. 

A desorption isotherm is obtained from data obtained by placing wet 
samples under these same relative humidities and determining the 
weight of water lost. 

Procedures for carrying out these experiments have been described 
by Taylor (1961), Karel and Nickerson (1964), and Hofer and Mohler 
(1962). 

According to Labuza (1968), the isotherms in Fig. 2.4 can be shown 
in regions that depend on the state of water present. Region A cor
responds to the adsorption of a monomolecular film of water. The ad
sorption of additional layers over the monolayer are region B, and the 
condensation of water in the pores of the material followed by dissolu
tion of the soluble material present is region C. Labuza also noted that 
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if isotherms are to be used in predicting the drying time of a food 
substance, it is the desorption branch of the isotherm which is of 
importance. 

The BET isotherm is the one most often used in food work. It was 
published in 1938 by Brunauer et al. The equation for this is 

a 1 [a(C -1)] 
(1 a)v = Vrn C + vrnC 

where a = activity, v = volume absorbed (in cm 3/ g solid or g / g solid), 
Vrn = monolayer value (same units as v), and C = a constant. 

It must be noted that the BET isotherm in general holds only be
tween water activities of 0.1 to 0.5. However, a plot of a / (1 - a)v vs. 
a gives a straight line. The monolayer coverage value can be calculated 
from the intercept and slope of this line. This means that a monolayer 
coverage of water can be calculated. 

According to Salwin (1963), moisture-sorption data give useful infor
mation for processing and packaging dehydrated foods, and items that 
are to be packaged together can be determined reliably. 

Deterioration as a result of chemical reactions, as well as spoilage 
from microorganisms, is closely related to the water content of food. 
According to Loncin et al. (1968) bacterial growth occurs generally 
below a water activity of 0.90. Water activity between 0.85 and 0.80 
inhibits the growth of molds and yeasts. Dehydrated foods store well 
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because of the limited amount of water present, although in certain 
products deterioration does occur slowly as a result of other reasons. As 
a practical matter dehydrated foods with a water content between 5 
and 15% usually have satisfactory storage stability. 

Water activity of food products can be lowered by removal of water 
(dehydration or drying) or by the addition of water-soluble substances 
such as salt or sugar. Obviously, the agent involved depends on the 
nature of the original product. 

Nonenzymatic browning reactions in foods depend on water activity, 
and according to Loncin et al. (1968) they reach a maximum at a values 
of 0.6-0.7. The browning rate of most foods is slow at low humidities 
but increases to a maximum in foods in the range of intermediate 
moisture content. This is illustrated in Fig. 2.5 which shows the brown
ing rate of pea soup mix as influenced by relative humidity (Labuza et 
al. 1970). Figure 2.6 shows the browning in a model system containing 
sucrose at three relative humidities. 

Water activity is of importance in the inactivation of enzymes. When 
water activity decreases below 0.85, most enzymes are inactivated. 
These include amylases, peroxidases, and phenoloxidases. According to 
Loncin et al. (1968) lipases may remain active when the water activity 
values are as low as 0.3 or in some cases 0.1. Acker (1969) gives exam
ples of the effect of water activity on some enzymatic reactions. 

Acker (1963) showed that in various foods, some enzymatic reactions 
take place at very low water activities, but at higher water activities 
the reaction is accelerated. This is particularly true in the capillary 
condensation region. Capillary condensation region is one in which 
water condenses in the porous structure ofthe food and acts as a solvent 
for various solutes. 
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FIG. 2.6. Browning in a sucrose-containing model 
system at three relative humidities. 
From Labuza et a/. (1970). Used with permission of the Institute of Food 
Technologists. copyright owner. 

The effect of water activity on splitting of lecithin by phospholipases 
in a mixture of ground barley with 2% lecithin at different water 
activities at 30°C was studied by Acker and Kaiser (1959). When the 
water activity was high, the rate of these enzyme activities was enough 
to effect measurable hydrolysis in hours or days. When water activity 
was low, hydrolysis did not take place even ifthe content of water was 
enough for complete hydrolysis. Hydrolysis at each different level of 
water activity tends to produce a different final value. When those a 
values lower than 0.70 were increased to 0.70 after 48 days of storage 
the enzyme reaction started to gain and continued until it approached 
the value obtained for the sample stored at the higher value (a = 0.70). 

For lipolytic enzymes, the physical condition of the substrate is very 
important. Cocoa butter shows lipolysis at 25°C, at which temperature 
it is solid, but some of the triglyceride is below the melting point of the 
fat. This accounts for the splitting that takes place under these condi
tions. Oxidizing enzymes are influenced by water activity to about the 
same extent as hydrolytic enzymes. 

Bound Water 

Bound water is water which is not held chemically, but is not as 
available as unbound or free water. This can be demonstrated by the 
fact that free water can be removed by evaporation or by relatively 
light pressure. Furthermore, free water can be removed by freezing at 
temperatures below O°C, but bound water is not removed by this treat
ment. Bound water is not available as a solvent. Lloyd and Moran 
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(1934) showed that some water in gelatin can be removed by pressure 
at 8000 lb, but the remaining (bound) requires 30,000 lb of pressure for 
removal. Further, the first part can be removed by freezing at -20°C, 
but not the second part. Gelatin is a protein that can absorb a great 
amount of water, and when a solution of this protein is allowed to stand 
it sets to a jelly-like mass. This property is the basis of its importance 
in foods. Meat proteins are definitely limited as to the amount of water 
that they can absorb. The formation of gels may be due to the orienta
tion of the molecules so that water is confined in the spaces between the 
cohering masses of protein. 

According to Karmas and DiMarco (1970), Differential Thermal 
Analysis (DTA) or Differential Enthalpic Analysis (DEA) seem to be 
uniquely suited for characterization of proteins with respect to water 
binding or retention. Fourteen amino acids exhibited peaks of bound 
water beyond the evaporation peak of free water. The acid and basic 
amino acids indicated no water retention. Exceptional water retention 
properties, 30-70% of the total water content as measured by peak 
areas, were exhibited by the nonpolar amino acids: isoleucine, leucine, 
methionine} and valine. The methyl and methylene groups of these 
nonpolar structures seem to be responsible for the water retention 
properties, probably because of hydrate formation. One explanation 
could be that as the temperature is raised to a critical point, the semi
crystalline array around the nonpolar amino acid radicals collapses. 
Beef muscle tissw~ and egg albumin showed strong water retention 
properties. 

Higasi (1955) noted that bound water is a quality that is neither 
well-defined nor exactly measurable. He further noted that the vapor 
pressure method used in its determination is to be regarded as the most 
trustworthy. The two ,methods described are (1) drying over sulfuric 
acid, and (2) use of a vacuum pump and manometer. The first of these 
is probably the best, but it takes a long time to run the determination. 
Because of this, studies o:p. fresh material are practically impossible. 

Shanbhag et al. (1970) found that bound water at room temperature 
could be accurately determined by means of nuclear magnetic reso
nance (NMR). The instrument used is a wideline NMR spectrometer. 
Hydrogen nuclei from th(~ free water gave a negligible signal at the 
lowest radio-frequency attenuation, but a strong signal was given by 
the hydrogen from bound water. This permitted a new definition for 
bound water and a method: for its quantitative determination, both at 
room temperature. These results are shown in Fig. 2.7. 

SOLUTIONS 

A solution is a mixture oftwo or more substances, which is physically 
and chemically homogeneous. The dissolved substance is in an ionic or 
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molecular state of subdivision. This differentiates the true solution 
from a colloidal suspension. Colloids will be considered in Chapter 3. 

The solution is made up of the solvent and the solute. The food 
chemist is mainly interested in the following .solutions: gas in liquid, 
liquid in liquid, and solid in liquid. 

The tendency of molecules to enter solution governs the solubility of 
a substance. This tendency is known as solution pressure. When the 
solution pressure is high, the substance is soluble. Conversely, when 
the solution pressure is low the solubility 01" the substance is low. The 
molecules diffuse in all directions while they go into solution. Some of 
them go back to the surface of the solute. An increase in the number of 
molecules in solution causes the number of these molecules returning 
to the surface of the solute to increase. This tendency is known as 
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diffusion pressure, and it is proportional to the concentration of dis
solved molecules. A substance is soluble if the amount of dissolved 
solute is high relative to the amount of solvent. Most substances, but 
not all, show an increase in solubility with an increase in temperature. 
A solution is saturated when a state of equilibrium exists between the 
rate of return to the solid condition and the rate of solution. It is 
possible, also, to prepare a supersaturated solution with some sub
stances. These are prepared by saturating at a high temperature and 
then cooling slowly. However, such solutions are not stable. 

The boiling point of a solution of a nonvolatile solute is always higher 
than that of the pure solvent used. Also, the freezing point of the 
solution is lower than that of the pure solvent used. Molecular weights 
of substances can be determined by the lowering of the freezing point 
and the raising of the boiling point of the solutions as contrasted with 
the freezing or boiling points of the pure solvent. 

It is possible to concentrate a solution by freezing out some of the 
solvent, which at first separates in the pure condition. However, as the 
temperature continues to be lowered, some of the solute freezes with 
the ice, and eventually the entire solution freezes. 

Another property of solutions is osmotic pressure. When a solution 
and a quantity of the solvent are separated by a semipermeable mem
brane, the solvent passes through the membrane to the solution. The 
process is known as osmosis. A solution of sucrose in water that con
tains one gram molecular weight (1 mole) of the solute (sucrose) dis
solved in 1000 grams of water would require 22.4 atmospheres of 
pressure exerted on the solution to affect equilibrium, that is, to stop 
the passage of water through the membrane to the solution. This is the 
osmotic pressure of the solution. It can be used to determine molecular 
weights. 

Vapor pressure is another important property of volatile liquids. 
Vapor pressure increases as a liquid is being heated, and when the 
pressure is equal to that of the atmosphere above it the liquid boils. 
Nonvolatile solutes affect a depression of the vapor pressure of a solu
tion. This results in the raising of the boiling point. 

Surface Tension 

The surface of water has a different behavior from that of the main 
body of the water, since it behaves as an elastic film which surrounds 
that body of water. This is known as the resistance of the surface film 
to rupture, and is called "surface tension." The presence of this surface 
film explains why a needle can be made to float on the surface of the 
water ifit is carefully placed. However, any disturbance of the surface 
will cause it to sink. 

Water has a high dielectric constant and is therefore a good solvent 
for salts. This means that the water has a high tendency to oppose the 
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electrostatic forces of attraction between charged particles. This is ex
pressed by 

where F = the attractiveforce between two ions of opposite charge, e 1 

and e2 are the charges on the ions, D = dielectric constant, and r = the 
distance between them. 

Basis of Solution 

As sugar (a polar covalent compound) goes into solution, hydrogen 
bonds form between the polar groups of the sugar molecule and the 
molecules of water with the result that the sugar is held in solution. 

Sodium chloride acts a little differently. Sodium chloride is an ionic 
bonded compound. The polar water molecule's electrical attraction to 
the positive sodium ions is greater than the attraction that holds the 
ions together. The negative ions of the salt are pulled by the positive 
ends of the water molecule with the result that the crystal structure is 
disrupted. This, in turn, destroys the bonding forces between the ions, 
and the ions go into solution. 

SUMMARY 

Water is an important part of a large number offoods. It is essential 
to the very existence of life on this planet. The structure of the water 
molecule accounts for its special behavior. 

A discussion of the physical properties of water is given in which the 
salient points are presented. This includes the solid state (ice) as well 
as the liquid. 

A considerable discussion is given to water activity. The ratio of the 
moisture content of a food and the relative humidity of the air sur
rounding it is known as water activity. It is a very important charac
teristic. The sorption isotherm is a "plot of the amount of water ad
sorbed as a function of the relative humidity or activity of the water 
space surrounding the material." Adsorption and desorption isotherms 
are considered. The BET isotherm is most often used in food work. 

A discussion on bound water includes the methods used for its de
termination. Bound water is water that is not held chemically, but is 
not as available as unbound or free water. 

A solution is a mixture oftwo or more substances, which is physically 
and chemically homogeneous. Solutions and their properties are dis
cussed. 



2 WATER AND SOLUTIONS 23 

BmLIOGRAPHY 

ACKER, L. 1963. Enzyme activity at low water contents. Rec. Adv. Food Sci. 3, 
239-247. 

ACKER, L. 1969. Water activity and enzyme activity. Food Technol. 23, 1257-1270. 
ACKER, L., and KAISER, H. 1959. Influence of humidity on the course of enzymic 

reactions in low moisture foods II. Z. Lebensm. Unters. Forsch. 110, 349-356. 
BRUNAUER, S., EMMETT, P. H., and TELLER, E. 1938. Adsorption of gases in 

multimolecular layers. J. Am. Chern. Soc. 60,309-319. 
CHIRIFE, J., and IGLESIAS, H. A. 1978. Equations for fitting water sorption iso

therms offoods. Part I. A review. J. Food Technol. 13, 159-174. 
CHUNG, L., and TOLEDO, R. T. 1976. Predicting the water activity of multicom

ponent systems from water sorption isotherms in individual components. J. Food 
Sci. 41, 922-927. 

DUCKWORTH, R.B. 1975. Water Relations of Foods. Academic Press, New York. 
EISENBERG, D., and KAUZMAN, W. 1969. The Structure and Properties of Water. 

Oxford University Press, London and New York. 
HAGERDAL, B., and MARTENS, H. 1976. Influence of water content on the stability 

of myoglobin to heat treatment. J. Food Sci. 41,933-937. 
HAMM, R. 1962. The water binding capacity of mammalian muscle. VII. The theory 

of water binding. Z. Lebensm. Unters. Forsch.116, 120-126. 
HENDRICKS, S. B. 1955. Necessary, convenient, commonplace. In Water, The Year

book of AgrictJ.lture. U.S. Government Printing Office, Washington, DC. 
HIGASI, K. 1955: Bound water. Res. Inst. Appl. Elec. Hokkaido Univ. Monograph 

Ser.5, 9-35. 
HOFER, A.A., and MOHLER, M. 1962. Establishing sorption isotherms and applica

tion in the food industry. Mitt. Geb. Lebensmittelunters. Hyg. 53,274-290. 
IGLESIAS, H.A., and CHIRIFE, J. 1976. Prediction of the effect of temperature on 

water sorption isotherms of food material. J. Food Technol. 11, 109-U6. 
IGLESIAS, H.A., and CHIRIFE, J. 1976. A model for describing the water sorption 

behavior of foods. J. Food Sci. 41, 984-992. 
KAREL, M., and NICKERSON, J.T.R. 1964. Effects of relative humidity, air, and 

vacuum on browning of dehydrated orange juice. Food Technol. 18, 1214-1218. 
KARMAS, E., and DiMARCO, G.R. 1970. Dehydration profiles of amino acids and 

proteins. J. Food Sci. 35, 615-617. 
KLOTZ, I.M. 1965. Role of water structure in macromolecules. Fed. Proc. Fed. Am. 

8oc. Exp. BioI. 24, 824-833. 
LABUZA, T.P. 1968. Sorption phenomena in foods. Food Technol. 22,263-272. 
LABUZA, T.P. 1977. The properties of water in relationship to water binding in foods: 

A review. J. Food Process. Preserv.1, 167-190. 
LABUZA, T.P., TANNENBAUM, S.R., and KAREL, M. 1970. Water content and 

stability of low-moisture and intermediate-moisture foods. Food Technol. 24, 
543-550. 

LABUZA, T.P., ACOTT, K., TATINI, S.R., and LEE, R.Y. 1976. Water activity de
termination: a collaborative study of different methods. J. Food Sci. 41, 910-917. 

LEE, F.A., and GORTNER, W.A. 1949. Effect of freezing rate on vegetables. Refrig. 
Eng. 57, 148-151, 184-187. 

LEE, F.A., GORTNER, W.A., and WHITCOMBE, J. 1946. Effect of freezing rate on 
vegetables. Appearance, palatability, and vitamin content of peas and snap beans. 
Ind. Eng. Chern. 38,341-346. 

LLOYD, D.T., and MORAN, T. 1934. Pressure and water relations of proteins. Proc. 
R. Soc. London Ser. A. 147, 382-395. 

LONCIN, M., BIMBENET, J.J., and LENGES, J. 1968. Influence of the activity of 
water on the spoilage of foodstuffs. J. Food Technol. 3, 131-142. 



24 BASIC FOOD CHEMISTRY 

LUSENA, C.V. 1955. Ice propagation in systems of biological interest. III. Effect of 
solutes on nucleation and growth of ice crystals. Arch. Biochem. Biophys. 57, 
277-284. 

LUSENA, C.V., and COOK, W.H. 1953. Ice propagation in systems of biological in
terest. I. Effect of membranes and solutes in a model cell system. Arch. Biochem. 
Biophys. 46, 232-240. 

LUSENA, C.V., and COOK, W.H. 1954. Ice propagation in systems of biological in
terest. II. Effect of solutes at rapid cooling rates. Arch. Biochem. Biophys. 50, 
243-251. 

MALONEY, J.F., LABUZA, T.P., WALLACE, D.H., and KAREL, M. 1966. 
Autoxidation ofmethyllineolate in freeze-dried model systems. I. Effect of water on 
the autocatalyzed oxidation. J. Food Sci. 31, 878-884. 

MARTINEZ, F., and LABUZA, T.P. 1968. Effect of moisture content on the rate of 
deterioration of freeze-dried salmon. J. Food Sci. 33,241-247. 

MATZ, S.A. 1965. Water in Foods. AVI Publishing Co., Westport, CT. 
MOY, J.H., CHAN, K.C., and DOLLAR, A.M. 1971. Bound water in fruit products by 

the freezing method. J. Food Sci. 36, 498-499. . . 
PAULING, L. 1960. The Nature of the Chemical Bond. Cornell University Press, 

Ithaca, New York. 
PIMENTEL, G.C., and McCLELLAN, A.L. 1960. The Hydrogen Bond. W.H. Free-

man, San Francisco. , 
PIMENTEL, G.C., and SPRATLEY, R.D. 1969. Chemical Bonding Clarified through 

Quantum Mechanics. Holden-Day, San Francisco. 
ROCKLAND, L.B. 1969. Water activity and storage stability. Food Technol. 23, 

1241-1251. 
ROSS, K.D. 1975. Estimation of water activity on intermediate moisture foods. Food 

Technol. 29, no. 3, 26-34. 
SALWIN, H. 1963. Moisture levels required for stability in dehydrated foods. Food 

Technol. 17, 1114-1123. 
SALWIN, H., and SLAWSON, V. 1959. Moisture transfer in combinations ofdehy

drated foods. Food Technol. 13, 715-718. 
SARA V ACOS, G.D. 1967. Effect of the drying method on the water sorption of dehy

drated apple and potato. J. Food Sci. 32, 81-84. 
SHALLCROSS, F.V., and CARPENTER, G.B. 1957. X-Ray diffraction study of the 

cubic phase of ice. J. Chem. Phys. 26, 782-784. 
SHANBHAG, C., STEINBERG, M.P., and NELSON, E.1. 1970. Bound water defined 

and determined at constant temperature by wideline NMR. J. Food Sci. 35, 
612-615. 

SLOAN, A.E., and LABUZA, T.P. 1976. Prediction of water activity lowering ability 
offood humectants at high a w • J. Food Sci. 41,532-535. 

SLOAN, A.E., WALETZKO, P. T., and LABUZA, T.P. 1976. Effect of order of mixing 
on a w lowering ability offood humectants. J. Food Sci. 41, 536-540. 

SLOAN, A.E., SCHLUETER, D., and LABUZA, T.P. 1977. Effect of sequence and 
method of addition of humectants and water on a w lowering ability in an IMF 
system. J. Food Sci. 42, 94-96. 

TAYLOR, A.A. 1961. Determination of moisture equilibriums in dehydrated foods. 
Food Technol. 15, 536-540. 

USDA. 1955. Water. Yearbook of Agriculture. U.S. Government Printing Office. 
Washington, DC. 

USDA. 1963. Agriculture Handbook No.8. U.S. Department of Agriculture, 
Washington, DC. 

VAN DEN BERG, C., KAPER, F.S., WELDRING, J.A.G., and WOLTERS, I. 
1975. Water binding by potato starch. J. Food Technol. 10, 589-602. 

VETROV, A.A., KONDRATOV, 0.1., and YUHNEVICH, G.V. 1975. The spectrum of 
the intermolecular vibration of water. Aust. J. Chem.28, 2099-2107. 

WARD, A.G. 1963. The nature of the forces between water and the macromolecular 
constituents offood. Rec. Adv. Food Sci. 3,207-214. 



Colloids 

What Are Colloids? 
Behavior of Colloids in an Electric Field 
Syneresis 
Imbibition 
Emulsions 
Foams 
Viscosity 
Summary 
Bibliography 

3 

Colloid science first came into being in 1861 when Thomas Graham 
published the results of his work on the rate of diffusion of substances 
in solution. He noted that solutions of substances that could be crystal
lized diffused rapidly through such membranes as parchment, while 
substances that did not produce crystals did not diffuse through these 
membranes at all. The crystallizable substances he called "crystal
loids," while those noncrystallizable substances were designated "col
loids." 

WHAT ARE COLLOIDS? 

As a result of his work, Graham concluded that colloids represented 
a kind of matter. We know now, however, that the term colloid 
designates a dispersed state of matter rather than a kind of matter. We 
know further that the size of the particles determines whether they are 
in a true solution or a colloidal solution. True solutions contain par
ticles less than 1 nm in size. Colloidal solutions contain particles of 
1-100 nm (10-1000 A) in size. The particles of coarser dispersions are 
larger in size than these particles. The particles in a true or a colloidal 
solution are too small to be seen with the best microscope. 

Two types of colloidal substances are known. One is lyophilic. This 
describes substances that easily form colloidal suspensions and have 
affinity for the dispersing medium. If the medium is water, the term 
hydrophilic is used. Examples of this type are gelatin and glues. The 
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swelling of gelatin in water shows the great affinity between these 
molecules. 

A lyophobic colloid has little affinity for the dispersing medium. If 
the medium is water the term used is hydrophobic. An example of such 
a colloid is colloidal gold. 

Food chemists are interested mainly in three types of dispersions: 
solids in liquids; liquids in liquids, called emulsions; and gases in 
liquids, known as foams. 

The two usual phases of the colloidal system are the dispersion 
medium and the dispersed phase. The particles of the dispersed phase 
are known also as micelles, or the discontinuous phase, whereas the 
dispersal medium is known as the continuous phase. 

The depression of the freezing point and the increase of the boiling 
point, as well as osmotic pressure of crystalline substances in solution, 
were discussed in Chapter 2. These methods do not lend themselves 
satisfactorily for use on colloidal solutions, although molecular weights 
of certain proteins, albumin and hemoglobin, have been determined by 
means of osmotic pressure, but under very carefully controlled condi
tions. Other methods have been found to be more adapted to these 
determinations. 

Behavior of Colloids in an Electrical Field 

The charge on protein particles or molecules in colloidal systems 
results from the direct ionization of the protein. 

Since proteins are amphoteric, they do not possess a net charge at 
their isoelectric (neutral) point, and, therefore, do not migrate at this 
point. On the alkaline side of this neutral point they are negative and 
migrate to the anode. On the acid side they have a positive charge and 
migrate toward the cathode. This situation can be demonstrated by 
electrophoresis. 

Carbohydrate suspensions are usually neutral or slightly negative. 
They can, however, capture an ion by adsoprtion from an electrolyte in 
the liquid medium. Many different substances can acquire a surface 
charge in this way. 

A double layer theory of the charge relations at the surface of col
loidal particles was proposed by Helmholtz-Gouy. This theory con
siders the charged surface of the colloid to be surrounded by a layer of 
oppositely charged ions. This outer layer is further divided into an 
immobile layer at the surface of the colloidal particle. Over this is a 
mobile layer. The outer and inner layers can be oppositely charged. 
Some properties of colloids are dependent on the electrokinetic poten
tial between the immobile and mobile layers. When this so-called zeta 
(0 potential is lowered to a definite value by the addition of electrolytes 
it causes the double layers of the colloid particles to contract, often 
allowing the particles to aggregate and precipitate. 

The precipitation of a hydrophilic colloid can be brought about by the 
use of electrolytes in high concentration. This is known as "salting-
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out." In low concentrations the solubility of many proteins can be in
creased by a process known as "salting-in." 

The nature of the anion as well as the cation is important in the 
salting-out process. Magnesium sulfate (MgSO 4) or ammonium sulfate 
(NH 4) 2 SO 4 in sufficient concentration are used to salt-out proteins. 
Because of its solubility (NH 4)2S04 is very effective for this purpose. 
In low concentrations, (NH4)2S04 and MgC1 2 are of use in the salting
in process. 

Hydrophilic colloids, which are more stable than hydrophobic col
loids, can be used to stabilize the latter. A small amount of the hydro
philic colloid is all that is necessary to act as a protective colloid. Gums 
such as acacia and proteins such as egg albumin and gelatin are used 
for this purpose. 

Gels are semisolid systems that possess high viscosities. They exhibit 
a behavior similar to that of solids. Gels tend to maintain their form 
under the stress of their own weight when removed from a mold. Also, 
they show strain under mechanical stress. Gels will return to the origi
nal shape after mild distortion. They show two distinct differences from 
solids. First, diffusion of substances soluble in the pure solvent takes 
place at the same rate in the gel as in the pure solvent. Second, chem
ical reactions can take place in gels at about the same rate as in the 
solvent. Gels can be disrupted by mechanical action. However, some of 
them will set again when the agitation stops. Such gels are called 
"thixotropic." Thixotropy, then, is an isothermal sol- gel interchange 
that is the result of agitation. In many food products, thixotropy is 
important. When measurements are made, care must be taken to be 
certain that results are not affected by thixotropic changes. 

Heat-reversible gels are those that return to the solstate when heat 
is applied. Gelatin solution is such a gel. Sols that form gels which 
cannot be reversed are known also. Egg white is an example. Coagula
tion takes place when it is heated. 

The bulk of the water in a gel is mechanically immobilized. Since it 
acts like free water, it can be removed from the gel by means of vacuum 
or dry air evaporation. As a result ofthe removal of the water, the gel 
shrinks considerably, and becomes hard and dry. In this final state it 
is known as a xerogel. The food gels, gelatin and pectin, produce xero
gels that are almost fully reversible in the usual dispersing medium. 

Gelatin desserts, pectin in fruit jellies, and modified starches in such 
products as pie fillings and thickeners in such products as gravies are 
well-known food uses. Because pectin requires sugar to produce gel, 
pectin will not work in artificially sweetened jellies, but such sub
stances as agar-agar and certain gums can be used. 

SYNERESIS 

When a liquid, which is a very dilute solution, exudes, or is released 
from the surface of a gel, this is known as syneresis. This results from 
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the aqueous phase component of the gel and is independent of the vapor 
pressure on the system. When syneresis takes place, the volume of the 
gel shrinks. When a gel is at its isoelectric point, syneresis is maxi
mum, that is, it is influenced by pH. Syneresis is also affected by the 
nature of the dispersed phase. 

IMBIBmON 

Imbibition is the absorption of water by a number of substances the 
result of which is an increase in volume. Some of the factors that 
influence the process of imbibition are pH and temperature. Slight 
acidity implements the activity of proteins in this process. When ex
posed to temperatures over 30°C gelatin and agar gels will swell until 
they become liquid. 

EMULSIONS 

An emulsion is a colloidal system made up of two mutually insoluble 
liquids, one of which is dispersed as droplets in the other. Since such 
systems tend to be unstable, an emulsifying agent is necessary. This 
agent holds the droplets apart so that they do not coalesce into a con
tinuous liquid. In short, it insures the permanence of the emulsion. 

It is possible to have both oil-in-water and water-in-oil emulsions. 
Since the adsorption of the emulsifying agent must take place at an 
interface between the two phases, the resulting surface orientation 
controls the type of emulsion obtained. 

While soap makes an excellent emulsifying agent, it is not, for ob
vious reasons, used in food products. In foods, the emulsifying agents 
most likely to be used are such substances as gums and proteins. These 
emulsifiers are mixtures of several compounds rather than individual 
substances. The oils in foods; of course, are mixtures, and ordinarily the 
aqueous phase contains substances such as sugars and / or salts, which 
may have an effect on the emulsion. Water-soluble substances such as 
gums, dextrins, proteins, and lecithin favor oil-water emulsions, while 
oil-soluble substances such as cholesterol favor water-oil emulsions. 

The type of emulsion obtained is affected by the ratio of the two 
phases. When water and oil are shaken together both water-oil and 
oil-water emulsions result. If the amount of water is much larger than 
the oil, the oil-water becomes the more stable of the two. Also impor
tant is the condition of shaking. Continuous shaking is less effective 
than intermittent shaking. The period of agitation is necessary to give 
the emulsifying agent a chance to adsorb on the newly formed surface. 
Temperature is important also; since higher temperature decreases 
surface tension and viscosity, emulsification takes place more easily. 
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Food emulsions are generally complex. However, the theory of emu 1-
sions can be illustrated by simply using a soap as the emulsifying 
agent. Palmitic acid occurs in many fats; the corresponding soap is 
sodium palmitate (C 15 H 31 COONa). This soap contains the hydrocar
bon radical C 15H31, which is oil-soluble, and COONa, which is water
soluble. The hydrocarbon radical dissolves in the oil, and the COONa 
radical goes into the water, ionizing to form -COO- and Na + ions. The 
result is a negative surface charge in balance with the positive charge 
of the sodium ions in the water surrounding it. Since the droplets of oil 
are negatively charged, they repel one another, preventing the droplets 
from coalescing. This, in turn, stabilizes the emulsion. 

BREAKING OF EMULSIONS 

It is necessary to know the conditions under which emulsions remain 
stable, in order to determine how to eliminate a troublesome emulsion. 

Methods used to break an emulsion are either physical or chemical. 
Breaking down an undesirable emulsion is often difficult. 

Of the chemical methods, altering the pH and the alteration or de
struction of the emulsifier are important. Also, using an oil-water 
emulsifying agent in a water-oil emulsion will destabilize the emul
sion. 

Some physical methods include agitation such as churning or stir
ring, filtration, centrifugation, freezing, heating (to lower the 
viscosity), addition of a liquid in which both phases are soluble, and 
addition oftwo different solids each preferentially wetted by one phase. 

FOAMS 

Foams are colloidal dispersions of gases in very viscous liquids. 
There is an interface between the liquid and the gas, similar to that 
encountered between the liquids in an emulsion. The surface tension at 
the interface is lowered with an increase in the concentration of dis
solved material. Ifthe viscosity at the interface is sufficiently increased 
by the increase in dissolving material, the foam will be stabilized. 
Under these conditions, a foam stabilizer is not needed. Colloidal sub
stances, concentrated at the interface, give stable foams, as do proteins. 

Whipped cream is a long-lasting foam. Marshmallows and 
meringues are foams that are stable because of the protein 
present-gelatin in the case of marshmallows and egg albumin in the 
meringues. The meringue is further improved by heat. 

Foam on beer is stable because of a gum and dextrins extracted from 
the hops. These substances concentrate at the surface film and yield 
foam on the release of CO 2. 
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Pure liquids do not form foams. Foams may be broken by the addition 
of some of the aliphatic alcohols (C 6-C 9 ), ether, and toluene. 

VISCOSITY 

Viscosity, the resistance to flow because of internal friction, is an 
important property of hydrophilic sols. 

Specific viscosity rather than absolute viscosity is what is usually 
determined. The flow through a capillary tube is measured in terms of 
time. However, thick emulsions cannot be determined with this equip
ment, and other methods have been devised. Some ofthese measure the 
time it takes for a rotating inner cylinder, or bob, or a rotating forked 
paddle in the emulsion to make 100 revolutions. This is compared 
against viscosities of a substance selected as a standard. 

Water and other liquids in which the rate of shear and the shear 
stress are directly proportional are known as Newtonian liquids and a 
straight-line relationship exists between rate of shear and shear stress. 
While this is true of dilute suspensions and emulsions, it is not true of 
many food products and these are considered non-Newtonian. Such 
products produce "apparent viscosities." 

If the flow of a given volume of sample through a tube is used to 
determine the viscosity of a liquid, the Ostwald viscometer can be used. 
From the data obtained, one makes use of the Poiseuille equation for 
the calculation of the results. 

Pr 41f 
YJ =-- t 

8 vl 

where YJ is the viscosity, v is volume of the liquid flowing through a 
capillary tube of length l and radius r. P is the pressure, and the whole 
takes place in time t. 

It is possible to determine the viscosity of a liquid relative to water 
by measuring the time of flow of water through the capillary and the 
time of flow of the other liquid. The following equation will then give 
the relative viscosity. 

YJl = relative viscosity of the liquid, d 1 = the density, tl = time of 
flow. The viscosity ofthe water is 1, d w = its density, and t w = its time 
of flow. 

To determine absolute viscosity, the relative viscosity can be multi
plied by the absolute viscosity of water at the given temperature. Fluid
ity is the reciprocal of viscosity. 
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The determination of viscosities of colloidal dispersions (hydrophilic 
colloids) shows that such dispersions are much more viscous than true 
solutions. While a 1% solution of sucrose is only 3-4% higher in viscos
ity than water, a 1% dispersion of starch has a viscosity 50% higher. 

Viscosity is affected by the following factors. 
1. Viscosity of colloidal solutions decreases with heat (increase in 

temperature) 
2. The viscosity of a hydrophilic colloid increases with an increase in 

hydration. 
3. Colloids with small particles show higher viscosity than one ofthe 

same concentration of larger particles. This is called the degree of 
dispersion. 

4. Small amounts of non electrolytes may increase viscosity. Viscos
ity decreases by small amounts of electrolytes. An increase in viscosity 
usually results from the solution of a large amount of solids. 

SUMMARY 

The term "colloid" designates a dispersed state of matter. The size of 
the particles determines whether they are in a true solution or a col
loidal suspension. Those less than 1 nm in size are in true solution. 

The charge on protein particles in colloidal systems is the result of 
the direct ionization of the protein. Proteins are amphoteric. 

Carbohydrate suspensions are usually neutral or slightly negative. 
However, they can capture an ion by adsorption from an electrolyte in 
the liquid medium. 

A double layer theory of the charge relations at the surface of col
loidal particles was proposed by Helmholtz-Gouy. 

Hydrophilic colloids can be precipitated by the use of electrolytes in 
high concentration. This is "salting out". 

Gels are semisolid systems that possess high viscosities. Diffusion of 
substances in the pure solvent takes place at the same rate in the gel 
as in the pure solvent. Also, chemical reactions take place at about the 
same rate as in the solvent. 

Heat reversible gels are discussed. 
Water in a gel acts like free water and can be removed by means of 

vacuum or dry air evaporation. As a result the gel shrinks to form a 
xerogel which is hard and dry. 

Syneresis and imbibition are discussed. 
An emulsion is a colloidal system made up oftwo mutually insoluble 

liquids, one of which is dispersed as droplets in the other. To avoid 
instability, an emulsifying agent is necessary. 

Information is given on the making of an emulsion and in the break
ing of a troublesome emulsion. 
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Foams are dispersions of gases in very viscous liquids. The similarity 
of foams to emulsions as well as their stabilization are discussed. 

Viscosity, its determination, and factors which affect it are given 
consideration. 
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INTRODUCTION 

4 

Carbohydrates are found throughout the world and, of all the bio
logical substances in the plant kingdom other than water, they are 
present in the largest quantity. They are present in milk, in blood and 
tissues of animals and are of structural importance in plants and in the 
shells of such animals as the crab. They are extremely important as a 
component of foods, in which they are sources of energy, flavor, and 
bulk. The sugars and starches are sources of energy: sugars provide 
sweetness, and cell uloses and other large molecules contribute to bulk. 

Although the name suggests the hydration of carbon, this is not 
strictly the case. Carbohydrates are compounds of carbon, hydrogen, 
and oxygen, and usually, but not always, the hydrogen and oxygen are 
present in the ratio of2:1, as in water. It is true, however, that crystal
line sugars may possess water of crystallization, which is given up on 
heating, but the carbohydrate part of the molecule gives up water only 
under drastic heat. Chemically, carbohydrates are polyhydroxyalde
hydes or ketones, or condensation products or derivatives of them. 
Sugars, the simpler carbohydrates, are soluble in water and the solu
tion is sweet in taste. The complex carbohydrates are relatively insolu
ble in water and are broken down to sugars during hydrolysis by means 
of acids or enzymes. Polysaccharides, on the other hand, are colloidal 
and dispersible under the proper conditions in water. Such suspensions 
are tasteless. Cellulose is not digestible in the human body, but con
tributes to bulk. 

33 
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Carbohydrates are formed in plants as a result of the process of 
photosynthesis. This takes place by the transfer ofthe energy ofthe sun 
through the medium of the catalyst chlorophyll acting on the raw 
materials, carbon dioxide and water, to produce sugars by a rather 
complex process discussed in Chapter 1. Conversion i~to other carbohy
drates also occurs and these include monosaccharides; oligo saccharides 
which include disaccharides and other sugars up to about 10 simple 
sugars in combination, and large compounds such as hemicelluloses, 
cellulose, starches, pectins, gums, and mucilages. 

The carbohydrates may be organized as follows. 
I. Monosaccharides, the simple sugars. 

A. Pentoses (arabinose, ribose, xylose) 
B. Hexoses 

a. Aldehexoses (galactose, glucose, mannose) 
b. Ketohexose (fructose) 

II. Oligosaccharides. 
A. Disaccharides 

a. Reducing (lactose, maltose) 
b. Nonreducing (sucrose) 

B. Trisaccharides 
a. Nonreducing (gentianose, raffinose) 

C. Tetrasaccharides 
a. Nonreducing (stachyose) 

III. Polysaccharides 
A. Homopolysaccharides (single or one kind of monosac

charide unit) 
a. Penotsans (arabans, xylans) 
b. Hexosans 

1. Glucosans (cellulose, dextrin, glycogen, 
starch) 

2. Fructosan (inulin) 
3. Mannan 
4. Galactan 

B. Heteropolysaccharides (two or more monosaccharide 
units on hydrolysis) 

a. Gums, mucilages, pectins. 
C. Nitrogen containing (chitin) 

MONOSACCHARIDES 

Monosaccharides are the simple sugars and are classified according 
to the number of carbon atoms in the molecule. While the organic 
chemists are interested in trioses, tetroses, as well as the others, the 
food chemist is primarily concerned with hexoses (six carbon atoms) 
and to a lesser extent with the pentoses (five carbon atoms in the 
molecule). Early research work on the sugars was difficult because 
sugars are hard to crystallize since they tend to form syrups. 
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Pentoses 

Pentoses are widely distributed as constituents of complex polysac
charides. These polysaccharides are known as pentosans and they yield 
pentose sugars on hydrolysis. Free pentoses are found only in very 
small amounts. Pentoses are not fermentable by yeasts and are not of 
much use as an energy source in the diet. 

L-Arabinose. It is found as a·constituent of many gums, hemicellu
loses, mucilages, and pectins. It has been detected in a variety offruits, 
among which are apples, figs, some grapes, and grapefruit. It can be 
prepared by hydrolysis of gums such as gum arabic and beet pulp with 
dilute sulfuric acid. 

n-Ribose. Ribose is a very important sugar. It is a part ofthe molecule 
of riboflavin, which is vitamin B 2' It is also a constituent of nucleic 
acids and the nucleotide coenzymes. 2-Deoxyribose, a part of deoxyribo
nucleic acid (DNA), is a derivative of ribose. 

o-Xylose. Also known as wood sugar, this sugar occurs in straw, corn 
cobs, wood gum, and bran as pentosans. It has been found in some ofthe 
stone fruits, including cherries, peaches, and plums, as well as in pears. 

Hexoses 

Glucose and fructose are found in large quantities in the free state 
under natural conditions. They are also found in various types of com
bined substances. Some of these sugars are glucose, fructose, galactose, 
and mannose. 

.);-O~H H'Kr'.'OIl ~)I II 
HO";""!f/"CH,OH H~OIl lIO 

II OH OH H H OH 1\ 1\ 

a·D·Glucose {3-D-Fructopyranose a-D-Galactose a·D-Mannose 

Glucose and mannose and glucose and galactose are epimers. This 
means they differ in configuration in each ofthe two pairs with respect 
to a single carbon atom. In the first pair it is C-2. In the second pair it 
is C-4. 

n-Glucose is prepared for general use by the hydrolysis of starch. 
Corn syrup and crude and refined dextrose are the forms one usually 
encounters. The last one, refined dextrose, is known as cerelose. Corn 
syrup is not, of course, pure glucose, but contains in addition maltose 
and other oligosaccharides. 

Glucose. This sugar occurs as a free sugar in plant leaves, roots, 
stems, flowers, and ripe fruits. It is present in the sap of the sugar 
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maple from which maple syrup is made. It is found in the blood of most 
animals. In the combined form it is found in oligosaccharides and poly
saccharides such as sucrose, starch, and cellulose. 

n-Fructose (Levulose). Gottschalk (1945) found that the /3-D-fructo
pyranose isomer is not fermented by bakers' yeast, while the /3-D-fruc
tofuranose is. Fructose in the combined form (i.e., sucrose, inulin, and 
some phosphate esters) exists as a furanose. 

The concentration of fructose in fresh apples and pears was found to 
be considerably higher than the concentration of glucose. In most other 
fruits the concentration of glucose is somewhat higher than that of 
fructose. In a few fruits, namely grapes and strawberries, it is about 
equal. Fructose is present in honey, molasses, and ripe fruits. It can be 
prepared by the hydrolysis of inulin, a polysaccharide of fructose that 
also contains a small amount of glucose. 

n-Galactose. Galactose is ordinarily found combined as a constituent 
of oligosaccharides and polysaccharides. The hydrolysis of lactose, 
gums, mucilages, raffinose, and stachyose yields galactose. Heating 
lactose with 2% sulfuric acid yields, under usual conditions, the stable 
a-D-galactose isomer. 

n-Mannose. Mannose is found in the gummy plant exudate known as 
mannan, a polysaccharide. Mannose is widely distributed in the form 
of mannosans, a polymeric form. Mannitol is the alcohol derived from 
mannose. It is found in brown algae, in the bark and leaves of a number 
of trees, in cauliflower, onion, and pineapple. 

Optical Activity 

Optical activity or optical rotation is an important property of 
sugars. This activity involves the rotation of the plane of polarized 
light. 

The instrument used for the measurement of this activity is called 
the polarimeter, or if it is especially calibrated for sugar work it is 
called a saccharimeter. The scale used in the polarimeter expresses 
angular rotation, whereas that used in· the saccharimeter expresses 
percentages directly for convenience in working with sugar solutions. 

The polarimeter in its simplest form consists of two Nicol prisms and 
uses monochromatic light from a sodium source. The polarizing prism 
is the one nearest the light source and is in a fixed position. The 
analyzer is the prism that can be rotated and is near the eye of the 
observer. Essentially all the radiation will pass through if the prisms 
are arranged so that the optical axes are in the same plane. The radia
tion will be totally absorbed if the optical axis ofthe polarizer is at right 
angles to that of the analyzer. This is known as total extinction. The 
scale of the instrument indicates the number of degrees the analyzer is 
rotated. The point where the two Nicol prisms are crossed without a 
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sample in the polarized beam may be used to set the zero point. The 
plane of polarized light is rotated to the right or to the left when an 
optically active compound is placed between the prisms. If, in order to 
obtain total extinction, it is necessary to rotate the analyzer to the left, 
the compound is levorotatory ( -). If it must be rotated to the right the 
compound is dextrorotatory (+). The angular rotation of the optically 
active compounds is equal to the angle through which the analyzer 
must be turned. 

The concentration of an optically active compound in solution is 
directly proportional to the angular rotation of the compound. The 
angular rotation is proportional also to the rotating power of the sub
stance and to the length ofthe solution through which the light passes. 
The specific rotation of a substance [a] is defined as the angular rota
tion in degrees of a solution which contains 100 g of solute in 100 ml of 
solution when determined in a true 1 decimeter (dm) long. The result 
is expressed as 

[a] = 100 X A 
l Xc 

where A (in degrees) is the rotation (plus or minus), l is the length of 
the tube in decimeters, and c is the concentration in grams of solute in 
100 ml of solution. 

Specific rotation is affected by temperature and the wavelength of 
the light. 

Specific rotation is indicated as 

[a] ~o = rotation value (solvent used) 

This is specific rotation at 20°C with D line of sodium. 
A dextrorotatory compound is designated by a + or d, and a levorota

tory one is designated by a - or l. 
Optical rotation is brought about by carbon atoms which have four 

different groups attached to them. These are called asymmetric carbon 
atoms. If two or more groups attached to the carbon atom are the same, 
the carbon atom is symmetric, and the plane of polarized light will 
not be rotated. The Rl CR2HOH group of the sugars has the asym
metric carbon atom. In the structural formulas these are sometimes 
designated with an asterisk when asymmetry is being discussed. The 
open chain formula for glucose has four asymmetric carbon atoms and 
the ring formula has five. 

A mixture of equal parts each of dextro and levo forms of a compound 
is optically inactive. Each rotates the polarized light the same number 
of degrees, but in opposite directions. The result is no optical activity. 
This is known as a racemic mixture. A racemic mixture of this type can 
be resolved or separated into the two optically active compounds. 
Another type of compound, the meso, cannot be separated because of its 
structure. The molecule has a plane of symmetry, that is, it can be 
divided into two mirror image halves. It is, therefore, optically inactive. 
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The dextro- and leva-tartaric acids are enantiomorphs, that is, optical 
isomers, and the molecules have two of the substituents on each asym
metric carbon atom reversed in space and are mirror images. These are 
able to rotate polarized light in equal but opposite directions. Dextra
and leva-tartaric acids are enantiomers, mesa-tartaric acid is dia
stereoisomeric with these. This discussion is illustrated with the struc
tures of tartaric acid. 

COOH COOH COOH 
I 

H-C-OH 
I 

HO-C-H 
I 

H-C-OH 
I 

HO-C-H 
I 

H-C-OH 
I 
COOH 

I 
H-C-OH 

I 
COOH 

I 
COOH 

meso-Tartaric acid D( - )-Tartaric acid L( + )-Tartaric acid 

The small capital letters D and L are enantiomeric designations used 
in connection with sugars. These do not indicate optical rotation, but 
instead the position of the hydroxyl attached to the highest numbered 
asymmetric carbon atom. The compounds designated as D have the 
hydroxyl group of the asymmetric carbon atom farthest from the alde
hyde group projected to the right. Those designated as L have the 
hydroxyl group projected to the left. 

Glyceraldehyde is the simplest aldose, with one asymmetric carbon 
atom and, therefore, two isomers. It is taken as the reference substance, 
and the D and L forms are given along with the open chain structures 
for D-glucose and L-glucose. 

CHO 
I 

HC*OH 
I 
CH20H 

D( + )-Glyceraldehyde 

H-C=O 
I 

H-C-OH 
I 

HO-C-H 
I 

H-C-OH 
I 

H-C-OH 
I 
CH 20H 

D-Glucose 

CHO 
I 

HO-C*H 
I 
CH20H 

L( - )-Glyceraldehyde 

O=C-H 
I 

HO-C-H 
I 

H-C-OH 
I 

HO-C-H 
I 

HO-C-H 
I 
CH 20H 

L-Glucose 
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According to Van't Hoff (1875) the possible number of isomers is 2\ 
where n is the number of asymmetric carbon atoms present in the 
compound. For glucose, which contains four asymmetric carbon atoms, 
the number of possible isomers is 16. Of these eight belong to the 
D-series. All of them have been isolated from nature or synthesized. 
D-Glucose, D-mannose, and D-galactose have been found in nature. 
These and the ketohexose, D-fructose, are the only sugars that cal). be 
fermented by yeast. 

Since the corresponding ketones contain one less asymmetric carbon 
atom than the aldehydes, fructose contains three asymmetric carbon 
atoms, and, therefore, has eight iso~rs. As in the case of the aldoses, 
half of them belong to the L series and half to the D. D-Fructose is the 
principal natural ketose. 

STRUCTURE OF CARBOHYDRATES 

Information on the structure of sugars is available in the book by 
Shallenberger and Birch (1975) and on carbohydrates in Pigman and 
Horton (1972). Structure of the molecule is important since it governs 
the reactions and properties of the compound. Of importance are the 
number of carbon atoms present, the presence of an aldehyde or a 
ketone group, and the positions ofthe hydroxyl groups in the molecule. 
For the carbohydrates of high molecular weight one must consider the 
number and kind of units in the chain as well as the position of the 
linkages connecting the units. 

The structures of D-glucose and L-glucose were the first structures 
drawn for these sugars. This open chain formula does not explain all of 
the scientifically observed facts. First, it does not explain the failure to 
obtain a color test with Schiffs reagent. Since this is a test for alde
hydes, it indicates an alteration in the aldehyde group. Second, a 
change takes place in the optical rotation ofthe freshly prepared solu
tions of many sugars when they are allowed to stand. This change, 
known as mutarotation, cannot be explained by the open chain for
mula. The preparation of the a and {3 crystalline isomers of glucose 
produced further evidence. 

Mutarotation 

Mutarotation, the phenomenon in which a solution undergoes a 
change in value of the optical rotation when it is allowed to stand after 
dissolution, has been known for many years. A freshly prepared solu
tion of a-D-glucose has an optical rotation of[a]~ + 112.2°; a freshly 
prepared solution of {3-D-glucose has an optical rotation of [a] ~o + 18.7°. 
When either of these solutions is allowed to stand, the reading changes 
to [a]~ + 52.7°. This change is the result of the equilibrium between 
a and {3 forms of the pyranose ring structure. These are probably in 
equilibrium with the straight chain form. 
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CHO 
I 

H H-C-OH 

~
H20H HO I 

~
H CHOH/'O 

HO-C-H 2 H 
HO OH HO H H- I ~ 

HO HO OH H-?-OH 
H HO 

HO H 
H H-C-OH H 

I 
CH2 0H a-D-Glucose ,8-D-Glucose 

Open chain form 

When D-glucose mutarotates in water solution a mixture of about 
36% a-D-glucopyranose and 64% ,8-D-glucopyranose, with probably very 
small amounts of fr~e aldehyde form, is obtained. This is simple muta
rotation. Simple mutarotation in sugars, therefore, is usually the inter
conversion of the a-form of that sugar to its ,8-form, or the reverse. 
Complex mutarotation in sugars is usually a transformation of ring 
forms. Acids and bases catalyze or accelerate the mutarotation of 
sugars. The enzyme mutarotase acts to catalyze the mutarotation of 
glucose. 

The existence of mutarotation is one of the facts which lead to the 
Fischer- Tollens formulas. The ring formulas were necessary to ex
plain mutarotation. It should be realized that the aldehyde or ketone 
groups remain potentially the functional group. 

I 
H-C-OH 

I 0 
H-C-OH 

I 
HO-C-H 

I 
H-C-OH 

I 
H-C----J 

I 
CH20H 

a-D-Glucose 
[a]~O = + 112.2 

I 
HO-C-H 

I 0 
H-C-OH 

I 
HO-C-H 

I 
H-C-OH 

I 
H-C-----' 

I 
CH20H 

,8-D-Glucose 
[a]~o = +18.7 

From the formulas it is clear that sugars exist in the cyclic form. This 
appears as the cyclic hemiacetal or hemiketal forms. The six
membered ring is the form in which most of the simple sugars are 
known. 

The stereochemistry at C-l is the only point of difference in the two 
cyclic isomers of glucose. The acetal carbon is the former aldehyde 
carbon. When this takes place the former aldehyde carbon becomes 
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asymmetric. These two cyclic isomers are known as anomers. The 
acetal carbon is known as the anomeric carbon. 

The size of the ring became important with the introduction of this 
type of formula in sugar chemistry. Carbon.4 or carbon-5 can be in
volved in the formation of a cyclic hemiacetal. A furanose ring is 
created with four carbon atoms and one oxygen atom. A pyranose ring 
is formed from five carbon atoms and one oxygen atom. These names 
come from furan and pyran, the five- and six-membered cyclic ethers. 
The pyranose form is ordinarily found in nature and is the more stable 
of the two. The Fischer-Tonens formula for glucose shows a chain of 
carbon atoms in which positions 1 and 5 are joined by an oxygen bridge. 
A long chain of carbon atoms is not feasible for such an oxygen bridge; 
therefore this molecular configuration cannot be the true one. The C-l 
and C-5 atoms must be closer together in an existing configuration. The 
Haworth formulas correct this problem. In these structures, the plane 

o o 
Pyranose Furanose 

of the ring is perpendicular to the plane of the page, and the thick lines 
of the ring are in front of the plane of the page while the thin lines are 
behind the plane of the page. The difference between the Fischer
Tonens structural formula and the Haworth formula is that any at
tached group on the right of the carbon chain in the Fischer-Tonens 
formula is shown below the plane of the ring, while groups to the left 
are shown above the plane of the ring. 

H_f:lC_OH 

H-C-OH 
I 

HO-C-H 0 

H-1-~ 
H2C 

a-D-Xylose 

H 

H OH 

a-D-Xylopyranose 

It must be determined whether the carbon atoms of a hexose sugar 
which are not in the ring are above or below the plane of the ring. In 
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a-D-glucose the ring is to the right and the carbon is up. If the ring is 
to the left, the carbon will be below the plane of the ring. 

H-? OH I 
H-C-OH 

I 
HO-C-H 0 

H-?-OH I 
H-C~ 

I 
CH20H 

a-D-Glucopyranose 

OCH20 H 0 

H H H 

HO OH H OH 

H OH 

!39-0H H 
HO-C-H k------O H 

I HO 
o H-C-OH 

I HO-?-H 

L--C-H OH H 
I 
CH 20H 

13-L-Glucopyranose 

For a ketohexose in the furanose form the position ofC-6 is above, but 
C-l is above if the formula is in the a form and below in the f3 form. 

HOr::O~H20H 

H~OH 
OH H 

a-D-Fructofuranose 

HOC~O~H 

H~CH20H 
OH H 

f3-D-Fructofuranose 

Although the formulas for glucose and other sugars were greatly 
improved by using the Haworth structure over the Fischer-Tollens 
structure, further improvement was necessary because the Haworth 
structure does not give an exact picture of the furanose or pyranose 
rings. In the Haworth structure all of the atoms are placed on a single 
plane; this is an oversimplification. The actual molecule cannot exist 
this way in space because the valence angle ofthe carbon atom does not 



4 CARBOHYDRATES 43 

permit a stable planar arrangement of the atoms. It was demonstrated 
that the five-membered furanose ring was nonplanar and strained, but 
the six-membered pyranose ring was without strain and presented 
itself in space as either the "chair" or "boat" arrangements. The chair 
is more stable because it is the structure of lower energy. It is possible 
to compare the pyranose ring with cyclohexane, which is capable of 
existing in chair and boat forms. 

Chair form Boat form 

In work on structural models of cyclohexane it was shown that the 
arrangement of hydrogen atoms on the ring exists in two ways: those 
on C-H bonds which are parallel to the plane of the ring (equatorial), 
and those on C-H bonds perpendicular to this plane (axial). The chair 

H 

H .k---""r--H 

H 

Cyclohexane 

form of cyclohexane illustrates this. According to this convention the 
conformational representation of a-D-glucopyrano~e is shown as follows. 

o 
Jr----"t-- H 

HO 
H 

a-D-Glucopyranose 

a-D-Glucose and f:J-D-glucose are stereoisomers and as such are called 
anomers, because their only difference in configuration involves the 
steric arrangement of C-l, which is the carbonyl carbon as it appears 
in the linear formula. This particular carbon atom is known as the 
anomeric carbon atom. 
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CARBOHYDRATE REACTIONS 

Action of Acids 

Dilute mineral acids have little effect on the structure of monosac
charides. However, when a monosaccharide is heated in a strong 
mineral acid the sugar is dehydrated. Aldopentoses treated in this 
manner give furfural. 

CHO 
I 

C (H"O:H: 
I ---:-'-',;< t:. With 12% Hel C Htoi:H: ______ ~ .. 
I .... ' ; I 

C H(o' Hi I ------, 

Hc(H~(;;C!D 

Pentose 

H H 
C--C 

II II + 3H2 0 
CH C.CHO 

"'0/ 
Furfural 

Aldohexoses treated in this fashion yield 5-hydroxymethyl furfural. 
However, continued heating yields as the final product levulinic acid 
together with formic acid. Furfurals easily undergo further changes to 
produce humins, which are brown in color, and are involved in some 
browning reactions in foods. These aldehydes can condense with 
amines or phenols to form colored complexes. 

Action of Alkalies 

Reducing sugars undergo tautomerization resulting in an enediol 
salt 1 formed after standing for several hours in dilute alkaline solu
tion. 

H-C=O H-C-OH H-C-ONa 
I II II 

H-C-OH~ C-OH ~ C-OH 
I ...--- I ...--- I 

HO-C-H HO-C-H + NaOH HO-C-H + H 2O 
I I I 

H-C-OH H-C-OH H-C-OH 
I I I 

H-C-OH H-C-OH H-C-OH 
I I I 
CH20H CH20H CH20H 

D-Glucose 1,2-Enediol Enediol salt 

Since the formation ofthe enediol destroys the asymmetry at C-2 and 
since the last four carbon atoms have an identical configuration, fruc
tose, glucose, and mannose will produce the same enediol salt. Acidifi-
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cation of the enediol salt is necessary to complete the reaction and all 
three of these sugars will be formed. This rearrangement of related 
sugars is known as the Lobry de Bruyn-Alberda van Ekenstein trans
formation. The reaction on glucose gives fructose and mannose. 

H-C=O 
I 

H-C-OH 
I 

HO-C-H 
I 

H-C-OH 
I 

H-C-OH 
I 
CH20H 

D-Glucose 

H-C-OH 
II 
C-OH 
I 

HO-C-H ~ 
I ~ 

H-C-OH 
I 

H-C-OH 
I 
CH 20H 

1,2-Enediol form 

Jr 
CH20H 
I 
C=O 
I 

HO-C-H 
I 

H-C-OH 
I 

H-C-OH 
I 
CH20H 

D-Fructose 

H-C=O 
I 

HO-C-H 
I 

HO-C-H 
I 

H-C-OH 
I 

H-C-OH 
I 
CH20H 

D-Mannose 

These reactions show the effect that alkali can have on a sugar. 
Enolization is a general property of aldehydes and ketones. The isom
erization reactions, glucose ~ fructose and mannose ~ fructose are 
enzymatic reactions important to the intermediary metabolism of 
sugars. 

Base cations are important during the action of alkali on sugars. It 
was found that the initial course of the reaction taking place at 0.5 N 
concentration of alkali was different with monovalent and divalent 
bases. At temperatures of 35°-37°C both Ca(OH)2 and NaOH easily 
bring about enolization. However, glucose in Ca(OH)2 after 24 hr yields 
only mannose, while glucose in N aOH solution yields only fructose. It 
should be noted that at an alkali concentration of 0.035 N no differ
ences in the action of NaOH or Ca(OH)2 on the catalysis of the isom
erization of glucose could be detected. 

The treatment of reducing sugars with strong alkali produces further 
isomerization. The result is that enolization along the carbon chain is 
continued. The substances formed under these conditions could include 
1,2-enediol, 2,3-enediol, and 3,4-enediol. 
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H-C=O H-C-OH CH20H 
I II I 

H-C-OH C-OH C=O 
I I I 

HO-C-H ~HO-C-H ~HO-C-H 
I I I 

H-C-OH H-C-OH H-C-OH 
I I I 

H-C-OH H-C-OH H-C-OH 
I I I 
CH20H CH20H CH20H 

D-Glucose 1,2-Enediol D-Fructose 

CH20H CH20H 
I I 

H-C-OH H-C-OH· 
I I 

~ 
C=O C-OH 
I ~ II ..--- ..---

H-C-OH C-OH 
I I 

H-C-OH H-C-OH 
I I 
CH20H CH20H 

3-Ketose 3,4-Enediol 

CH20H 
I 
C-OH 
II 
C-OH 
I 

H-C-OH 
I 

H-C-OH 
I 
CH20H 

2,3-Enediol 

It is quite probable that the major pathway for the formation of 
brown color in foods is the degradation and dehydration by way of the 
1,2-enol forms of aldose or ketose amines. This same route by way ofthe 
2,3 and 3,4 forms seems important in the production of flavor. 

A mixture of products results when the enediols break at the double 
bonds. The formation of aldoses by cleavage ofthe enediol may, in turn, 
undergo further enolization as well as rearrangement with the forma
tion of a complex mixture of substances. This greatly increases the 
effective reducing power of a sugar. 

One application of the isomerization reactions for use in foods is the 
creation of fructose. This sugar has higher sweetening power and can 
be made from dextrose, which is readily available commercially. 

In strongly alkaline solutions and in the absence of oxidizing agents, 
hexoses are changed into carboxylic acids. Starting with glucose, 1,2 
enediol is formed. The final result is meta-saccharinic acid. 

HCOH HC=O HC=O C02H 

" t I I 
COH COH c=o C(HOH) 
I II 

~ 
I BASE I 

HOCH • CH CH 2 ~ CH2 
I I " I I 
R R R R 

1,2-Enediol 3-Deoxy-D-erythro- meta-Saccharinic 
hexosulose acid 
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The C 6 acids, saccharinic acid, isosaccharinic acid, and metasac
charinic acid, are isomeric, and formation depends on the concentration 
of alkali. For pentose or higher sugars, the formation of saccharinic 
acids does not disturb the configuration after C-3. Concentrated alkali 
favors the formation of the iso- and metasaccharinic acids, while dilute 
alkali favors the formation of saccharinic acid. 

Reducing Action in Alkaline Solution. Reducing sugars are those 
that have a free aldehyde or ketone group; such sugars are glucose and 
fructose. These reducing sugars undergo enolization in alkaline solu
tions. These enediol forms are very reactive and are easily oxidized by 
oxidizing agents and also by oxygen. Such ions as Ag+, Cu z+, Hg2+, and 
Fe(CN)6 3- are easily reduced by reducing sugars, which, in turn, are 
oxidized to complex mixtures of acids. The most frequently used ion for 
these determinations is Cu(lI) (Cu 2+), which is employed both quanti
tatively and qualitatively. The method was originally worked out by 
Fehling (1849). The solution used is known as Fehling's solution. The 
copper ion is used with sodium potassium tartrate and sodium hy
droxide. Potassium hydroxide or sodium carbonate may be used also. 
Some solutions make use of sodium citrate. The tartrate or citrate has 
the ability to keep the cupric hydroxide from separating out because 
either one can form complexes with the cupric ions, which are slightly 
dissociated and soluble. . 

The sugar fragments which are produced by the alkali and heat are 
easily oxidized and the Cu(II) is reduced to the cum (Cu +) state. This 
reaction is very complex and proceeds in the following manner. 

Reducing sugar + alkali --? enediols and reducing sugar fragments 

+ 
CU(OH)2 ~copper complex 1 of tartrate 

OH-
Hz 0 + CU2 0 ~ CuOH ~ Cu + + mixture of sugar acids 

Reduction is indicated by the appearance of the yellow-orange cum 
hydroxide, resulting from the combination of the cum ions and the 
hydroxyl ions. This Cu(!) hydroxide loses water from the action of the 
heat, and the final precipitate is the insoluble CU20. 

Oxidation 

Monosaccharides can yield a variety of compounds under different 
oxidizing conditions because of the presence of the aldehyde or ketone 
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group and also because of the hydroxyl groups. The final products of 
complete oxidation are CO 2 and H 2 0. 

Oxidation with bromine water or sodium hypoiodite can yield aldonic 
acids with aldoses but not with ketoses. 

Aldonic acids may lose water, the result of which is the formation of 
lactones. Gluconic acid yields a gamma (y)- and a delta (a)-lactone. Of 
these the y-lactone is the more stable compound. 

COOH 
I 

HCOH 
I -H20 

HOCH • 
I ........ ---

HCOH +H20 
I 

HCOH 
I 

CH 2 0H 

Gluconic acid Glucono-Il-lactone 

Conversion of Ketoses to Aldoses 

Glucono-y-Iactone 

It has already been noted that a ketose can be reduced to a mixture 
oftwo corresponding sugar alcohols. Fructose was shown to yield sorbi
tol and mannitol. These alcohols are then oxidized to the aldonic acids. 
The aldonic acids are changed to lactones, which can be cautiously 
reduced to the corresponding aldoses. 

The oxidation of aldoses to aldonic acids is a specific reaction for 
these sugars and can be used as a method to distinguish them from the 
ketoses. A simple titration of the excess iodine is all that is necessary 
to make it quantitative. . 

When additional calcium is needed in the body, it can be admin
istered orally in the form of the calcium salt of gluconic acid. 

Uronic acid is another product ofthe oxidation of aldoses. In this case 
the primary hydroxyl group of the sugar molecule is oxidized to a 
carboxyl group. 

Reducing sugars are not used directly for the formation of uronic 
acids because the carbonyl group is so reactive that it is oxidized first. 
For this reason natural sources (enzyme systems) are ordinarily used 
to obtain these compounds. 

Glucuronic acid 
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Certain polysaccharides, notably chondroitin, contain glucuronic 
acid, and various woods have it as monomethyl ethers. 

The detoxification of phenol and other such substances in the body by 
the formation of glucuronides is important. 

COOH OH COOH 

{) 6 H H H 
+ -

HO OH H OH 

H OH H OH 

D-Glucuronic acid Phenol a-Phenylglucuronide 

Strong oxidation by such agents as nitric acid acting on reducing 
sugars results in the oxidation of the carbonyl group as well as the 
primary alcohol group. This produces a dicarboxylic acid. Glucaric acid 
is the result of such oxidation of glucose. 

COOH 
I 

HCOH 
I 

HOCH 
I 

HCOH 
I 

HCOH 
I 
COOH 

Glucaric acid 

Pectin, which is an important food polysaccharide, is made up of 
chains of galacturonic acid residues. Methyl groups esterify part of the 
C6 acid groups. This is a constituent also of plant gums and mucilages. 

Saccharic acids, also known as aldaric acids, are formed by the oxida
tion of aldoses with nitric acid. This treatment produces a carboxyl 
group at each end of the chain. Glucose yields glucaric acid with such 
treatment. 

Reduction 

Reduction of free monosaccharides can result from the use of sodium 
amalgam and water. It can also be done by electrolysis of an acidic 
solution of the sugar. The result is the corresponding sugar alcohol. 
Glucose is reduced to D-sorbitol, the corresponding polyol. 
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The. usual practice in naming alcohols is to place the suffix -itol at the 
end of the name of the sugar. Sorbitol does not follow this convention, 
however; if it did, the name of the compound would be glucitol. 

CHO 
I 

HCOH 
I 

HOCH 
I 

HCOH 
I 

HCOH 
I 

CH 20H 

Glucose 

H 

CH 20H 
I 

HCOH 
I 

HOCH 
I 

HCOH 
I 

HCOH 
I 

CH 20H 

Sorbitol (Glucitol) 

During hydrogenation of ketoses a new asymmetric carbon atom 
forms and two products result. Fructose yields sorbitol and mannitol, 
which have different configurations at the second carbon atom, hence 
they are epimers. 

The polyhydric alcohols or polyols are crystalline solids, the solutions 
of which range from strongly to mildly sweet. D-Sorbitol is found in a 
number of fruits, among which are the drupes (stone fruits) and pomes 
(apples and pears). Sorbitol as well as mannitol are prepared commer
cially in large amounts. Sorbitol is used in the manufacture of ascorbic 
acid and some detergents. It is used also in candy manufacture, and 
medicinally as a diuretic and cathartic. It is also employed as a sweet
ener for diabetics. 

Condensation Reactions 

Aldoses and ketoses react with one molecule of phenylhydrazine to 
form a phenylhydrazone. The second step is to heat with an excess of 
reagent to form yellow osazones from the hydrazones. Osazones are 
bright yellow crystals and can be identified by their decomposition 
points and microscopic character. 

The formation of identical osazones by reactions with glucose, man
nose, and fructose show that these three sugars have the sameconfigu
ration at C-3, C-4, and C-5. 

Osazones can be hydrolyzed by dilute acids to osones, which can be 
reduced to ketones. Thus, a method is provided for the conversion of an 
aldose to a ketose by way of the phenylhydrazine reaction. 

Reactions Involving Hydroxyl Groups 

The hydroxyl group in sugars is a very important group, especially 
if the hemiacetal group is considered. 



eHO 
[ 

HCOH 
I 

HOCH 
I 

HCOH 
I 

HCOH 
I 
CH2 0H 

Phenylhydrazine 

Products formed 
by this reaction: 
ammonia and 
aniline 
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Glucose phenyl
hydrazone 

Glucosazone 

Glycosides. A well-known reaction of hydroxyl groups is the forma
tion of glycosides. A glycoside is a sugar derivative in which the hemi
acetal (the potential aldehyde or ketone) is replaced with an alkyl or 
aryl group. This can be done by mixing the sugar with the necessary 
alcohol and using acid as a catalyst. When glucose reacts with methyl 
alcohol and Hel under anhydrous conditions, the methyl glycoside or, 
in this case, methyl glucoside is formed. Because this compound is 
formed from glucose, it is called a glucoside. 

O~ 

~
~'\.O 

HO HO OH 
HO 

MeOH 
----+ 

He' 

J: 
~'" 0 

HO~~Me ·~Hb C 

a-D-Glucose Methyl-a-D-glucose 

Sugar acetals have surfactant properties. Some surfactants are solu
bilizing agents, dispersants, detergents, wetting agents, whipping 
agents, foaming agents, or defoaming agents. These molecules are 
useful as emulsifiers, stabilizers, and flavor media. 4,6-Benzylidene 
methyl-a-D-glucoside is used to develop cherry flavor. It is likely that 
benzaldehyde is slowly released to bring about this flavor. 

Sugar Esters. All sugars are polyhydroxy compounds and, there
fore, they can be esterified by acids and anhydrides at the free hydroxyl 
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positions. This is especially important because sugars are metabolized 
almost entirely in the form of phosphorylated sugar. The sugar phos
phate esters are produced in vivo by means of enzyme reactions. 

hexokinase 
a-n-Glucose + ATP ) 

S h P phosphorylase 
tarC+i :> 

OCH20H 0 

H H H 

HO OH H OP032-

H OH 

Glucose I-phosphate 
( Cori ester) 

a-n-glucose-6-phosphate + ADP 

a-n-glucose-l-phosphate 

O
CH20P03~ 

H H H 

HO OH H OH 

H OH 

Glucose 6-phosphate 
(Robison ester) 

As one might expect, these phosphates of the same sugar perform 
differently in biochemical reactions. 

Amino Sugars. The amino sugars are formed by replacement of the 
hydroxyl group with an amino group at the C-2 atom. Two such sugars 
often found in organisms are 2-amino-2-deoxy-n-glucosamine and 
2-amino-2-deoxy-galactosamine. Their N-acetyl derivatives are found 
also. 

Glucosamine is present in chitin and is formed by hydrolysis of this 
substance. It is found in mucoproteins and mucopolysaccharides. As 
chitin it is present in the shells of crustaceans (lobsters, crabs, etc.) and 
insects and in the cell walls of fungi. 

Galactosamine is present in chondroitin sulfate, the polysaccharide 
of cartilage. 

Sialic Acids. Sialic acids are amino sugar derivatives made up of a 
C 6 amino sugar linked either to lactic or pyruvic acid. Two of these 
which are frequently found are N-acetylneuraminic acid and N
acetylmuramic acid. 

Deoxy Sugars. These sugars are of particular importance because 
2-deoxy-n-ribose is a part of deoxyribonucleic acid (DNA), the sugar 
ribose being part of ribonucleic acid. DNA is involved in the synthesis 
of proteins. 

Included in the group of deoxy sugars are L-rhamnose, which is 
6-deoxY-L-mannose and L-fucose, which is 6-deoxY-L-galactose. 



COOH 
I 
C=O 
I 
CH2 

I 
H-C-OH 

~ ~ I 
CH3-C-N-C-H 

I 
HO-C-H 

I 
H-C-OH 

I 
H-C-OH 

I 
CH20H 

N-Acetylneuraminic acid 

OLIGOSACCHARIDES 
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o 
II 
C-H 

I ~ ~ 
LaC.tdic {H_r:J: -C-CH, 

aCI I I 
CH3 H-C-OH 

I 
H-C-OH 

I 
CH20H 

N-Acetylmuramic acid 

Oligosaccharides are small polymers formed by the combinations of 
two to about 10 monosaccharides with the elimination of water. The 
monosaccharides are linked together by means of a glycosidic bond, 
which is the result of the condensation of the hydroxyl of the hemi
acetal group of C-1 with the hydroxyl of an alcohol. 

Disaccharides 

A disaccharide is the result of a linkage between two monosac
charides. A disaccharide may be considered a glycoside, the second 
monosaccharide of which serves as the "aglycone." In this group are 
sucrose and lactose which occur naturally, and maltose which is formed 
as a result of the enzymic hydrolysis of starch. 

Sucrose. This sugar is available commercially as cane sugar or beet 
sugar. It is also known as saccharose. The term "sugar" is generally 
understood to mean sucrose. 

Sucrose is a combination of glucose and fructose. It is a nonreducing 
sugar because in the formation of the glucosidic linkage the anomeric 
carbonyl groups of both glucose and fructose are used. Because of this 

;----OH 

o 

H OH OH H 

Sucrose (a-D-glucopyranosyl-(1,2l-fJ-D-fructofuranosidel 
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linkage, mutarotation is not possible. The molecule can be hydrolyzed 
with dilute acids or with the enzyme known as invertase. The product 
formed is invert sugar, which is a mixture of glucose and fructose. 
Sucrose is dextrorotatory ( +66.5 0) while invert sugar is levorotatory 
( -19.8°). 

The main component of honey is invert sugar. When sucrose is 
heated at 200°C it loses water and a brown syrup, caramel, is produced. 
Sucrose can be fermented by yeast, because yeast develops hydrolytic 
enzymes necessary to convert disaccharides to monosaccharides which 
are then fermented. 

The theory which explains the sweet taste of a compound is discussed 
in Chapter 10 on flavor. 

Lactose. Lactose is a disaccharide made up of a unit of galactose 
and a unit of glucose. It is the sugar found in the milk of all animals. 
Different species have different amounts of lactose in their milk, cow 
milk contains about 4.5%. 

H 
,<----0 

o 

H OH H OH 

a-Lactose (O-{3-D-Galactopyranosyl-(1,4)-a-glucopyranose) 

Lactose is known and available in two forms, alpha and beta. It is a 
reducing sugar, and it undergoes mutarotation in solution. Unlike 
sucrose, lactose is decomposed by alkali. Lactose can be hydrolyzed by 
the enzyme f3-galactosidase, otherwise known as lactase. The usual 
crystalline form of lactose is a-lactose monohydrate. This hydrate is 
prepared by crystallizing a supersaturated solution at a temperature 
below 93.5°C. This hydrate loses water around 130°C and caramelizes 
between 160 0 and 180°C. Other crystalline forms oflactose have been 
prepared, but the presence of water at temperatures below 93.5°C 
cause these forms to change to the hydrate just described. Lactose is the 
least sweet of the other sugars. 

Lactose possesses properties useful to the food industry. It is used in 
baked goods as a filler, especially when it is desirable to reduce sweet
ness. This is particularly true when corn syrup solids or starch are not 
satisfactory. In addition, lactose can react with proteins to produce the 
golden brown color in crusts. The Maillard reaction in this case pro
duces the color. Since lactose is not fermented by yeast, its useful 
properties are preserved as the baking proceeds. Lactose has the prop
erty of absorbing flavors, coloring materials, and aromas, hence it is 
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used as a carrying material for flavoring materials and volatile 
aromas. Lactose used in baked goods functions as a tenderizer. It is also 
used in infant foods. 

Maltose. The narrH maltose comes from malt liquors, which are 
prepared from sprouted barley or other cereals. Maltose is formed as a 
result of the enzymatic hydrolysis of starch. When starch is broken 
down by amylase approximately 80% maltose is obtained. Maltose is a 
reducing sugar which shows mutarotation. The enzyme maltase splits 
maltose into two glucose units. This enzyme is specific for the 
a-linkage. Maltose, which is prepared by partial hydrolysis of starch 
with enzymes or acids, is an important component of corn syrups. The 
commercial starch hydrolysates contain mainly D-glucose, maltose, tri
saccharides, and higher saccharides. 

These starch hydrolysates enjoy wide application in food products, 
including soft drinks, confections, infant foods, bread, and coffee sub
stitutes. 

Hodge et al. (1972) described the technology for making starch hy
drolysates that contain 90% or more maltose. The process uses a multi
ple enzyme process together with ,B-amylase, that is, isoamylases 
(amylo-a-1,6-glucosidases), which are able to debranch the amylopec
tin fraction of the gelatinized starch to linear segments. This has 
potential as a possible substitute for sucrose as a table sweetener. 

Trisaccharides 

Raffinose. Raffinose is the trisaccharide (made up of three 
monoses) of interest to food scientists because it occurs in the free state 
in the juice of the sugar beet. The three monoses are n-glucose, n
fructose, and n-galactose, and raffinose can be hydrolyzed into these 
three sugars when strong acids are used. Hydrolysis with weak acids 
produces the disaccharide melibiose, which comprises galactose and 
glucose. The enzyme a-glucosidase, also known as maltase, hydrolyses 
raffinose into galactose and sucrose. 

Tetrasaccharides 

Stachyose. The tetrasaccharide stachyose occurs in the pea and is 
made up of a-n-glucose, ,B-n-fructose, and two a-n-galactose entities. 

The a-(1~6) linkage is thought to be a unique feature ofthe galacto
sylsucroses. These unusual glycosidic bonds cause special utilization 
problems when they are ingested in quantity. 

According to Olson et al. (1975), raffinose and stachyose, both present 
in dry beans, together with a sugar-free bean residue, seem to be in
volved in the development of flatulence. This problem is of importance 
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because of the widespread use of beans in the diet. Rackis (1975) re
ported on this problem in connection with soy products. 

POLYSACCHARIDES 

Polysaccharides are classed as carbohydrates that contain ten or 
more carbohydrate units. Most of these substances are large or very 
large molecules although some have low molecular weights. The larger 
ones may have thousands of monosaccharide units in the molecule. 

While sugars form true solutions, polysaccharides form colloidal 
solutions, and are, therefore, difficult to purify. The polysaccharides 
are tasteless and amorphous. The formula (C a HIO 0 5 )X is the empirical 
formula for the hexosans and indicates that the molecular weight is not 
known. 

Polysaccharides are important in structural tissues such as cellulose 
in plants and chitin in marine life. Muramic acid is found in the cell 
walls of bacteria. Starch is the storage substance in plants, whereas 
glycogen is in animals. 

Polysaccharides are classified as (a) homopolysaccharides: single 
monosaccharides linked together-starch, cellulose, and glycogen; (b) 
heteropolysaccharides; two or more different constituents-hemi
celluloses, mucilages, pectins, and resins; and (c) conjugated com
pounds made up of saccharides, proteins, or lipids. 
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Starch 

Starch is a polysaccharide made up largely of two types of molecules, 
amylose and amylopectin, usually 1 part ofthe former to 3 parts of the 
latter. Starches high in amylose content are known, however. Starch 
from wrinkled peas, a garden type, contains approximately 70% amy
lose. About 20% of corn starch is amylose. Wrinkled pea starch does not 
gelatinize when heated to boiling in water. 

The molecules of amylose are relatively small and exist in chains of 
several hundred glucose units, which are joined by a-D-(1~4) linkage. 
Amylose is the component of starch that has been found to complex and 
form a helical structure with iodine, causing the iodine to show a strong 
abs6rption oflight and a resulting intense blue color; amylopectin does 
not give a blue color. Amylose can complex with surfactants, fatty 
acids, and polar agents like butyl and amyl alcohols, and thymol, mak
ing possible the separation of amylose from amylopectin, as is described 
later in this chapter. 

Amylopectin, on the other hand, is branched and can have molecular 
weights ranging from several hundred thousand to millions, which, in 
turn, amount to thousands of glucose units to the molecule. Several 
kinds oflinkages could exist in the amylopectin molecules, but they are 
mostlya-D-(1~4) anda-D-(1~6). The a-D-(1~3) linkage is known to be 
present in amylopectin from waxy maize. The branch point for amylo
pectin is the a-D-(1~6) linkage. Very small amounts may possibly be 
in other situations. 

The explanation of the a-D-(1~3), (1~4), and (1~6) linkages fol
lows. 

(1) D- refers to the group positions which have already been dis
cussed. 

(2) The points of union with the numbered carbon atoms in the 
glucose formula are shown by (1~3), (1~4), and (1~6). 

Starch occurs in the form of granules. The immediate precursors of 
starch are D-glucose-l-phosphate, and uridine diphosphate-D-glucose. 
These are formed during photosynthesis and will take care of the syn-

QCH20 H 
Q H OCH20H 0 H nCH20H 0 H ;t;\CH20H Q H 

H H H 
OH H OH H OH H OH H 

HO H OH 0 H OH 0 H OH 0·······0 H OH 

H,OH 

NON-REDUCING END AMYlOSE CHAIN REDUCING END 

FIG. 4.1. Structure and symbolic representation of amylose. In the native 
amylose molecule there may befrom a few hundred to 10,000 or more glucose 
units linked by an a-1,4 glycosidic bond. 
From French (1969)_ 
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thesis of starch in the leaves. For synthesis elsewhere in the plant, the 
starch precursors must be converted into sucrose for transport to the 
storage area, at which point resynthesis of the starch must occur. The 
synthesis of amylose and amylopectin from sucrose follows pathways of 
several steps. More steps are required for the production of amylopectin 
than for that of amylose. Starches are formed and broken down in plant 
tissues by enzymes. Figure 4.4 shows the pathways for the conversion 
of sucrose into amylose and amylopectin. These pathways show the 
current understanding of what occurs, but as research continues they 
may be subject to change. Sucrose is the starting material for the 
synthesis of these two components of starch. Sucrose and adenosine 
diphosphate can undergo conversion to yield adenosine diphosphate 
D-glucose and D-fructose. This change is brought about by the enzyme 
sucrose:adenosine diphosphate glucosyltransferase. D-Glucose and D
fructose can also be formed by the hydrolysis of sucrose via a sucrose 
hydrolase. Following this, the D-glucose and the D-fructose, by the 
known glycolytic reactions are changed to O:-D-glucose-l-phosphate, 
which through the pyrophosphorylase reaction, reacts with uridine 
triphosphate to form uridine diphosphate D-glucose. D-Glucosyl units 

-I,6-LINKAGE 

1,4 -LINKAGE 

.... <>-« 
..... -0-0--0 ..... 

FIG. 4.2. Structure (top) and symbolic representation (bottom) of an 0:-1,6 
branch point in amylopectin or glycogen. The vertical arrow indicates an 0:-1,6 
bond. 
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FIG. 4.3. Branching pattern of amylopectin, as pro
posed by Meyer. The A chains are those which are 
linked solely at the reducing end by an a-1,6 link to 
another chain. Each B chain is also linked at the reduc
ing end by an a-1,6Iink to another chain, and in addi
tion it is also linked through one or more a-1,6Iinks to 
the reducing end or ends of A or B cabins. The C chain 
carries the reducing group of the molecule. The mole
cule contains only 11 chains with 170 glucose units. 
Molecules of native amylopectin range from several 
hundred to many thousand glucose units in size. One 
should imagine 5-100; models such as the above 
joined together to make a single amylopectin mole
cule. 
From French (1969). 

required for the synthesis of amylose by the l,4-a-n-glucan synthe
tase can be donated by both adenosine diphosphate n-glucose and 
uridine diphosphate n-glucose. This last action is primarily irreversible 
since long chains ofn-glucose units are formed. These chains are unable 
to act as substrates for the branching enzyme, probably because of the 
size of the molecules. The pyrophosphatases in the plant can convert 
adenosine diphosphate n-glucose and the corresponding uridine com
pound into a-n-glucose-l-phosphate and the mononucleotides. Phos
phorylase synthesizes linear n-glucose polymers from the a-n-glucose
l-phosphate from this last reaction as well as from this compound when 
it is formed from n-fructose of n-glucose. Because of the degradative 
effect of phosphorylase, the molecular weight of these linear polymers 
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FIG. 4.4. Pathways for the biosynthesis of amylose and amylopectin com
ponents of starch. 
From Pazur (1965). Reproduced with permission of Academic Press. 

is rather low and the Q-enzyme can for this reason convert them to 
amylopectin. The systematic branching characteristic of amylopectin is 
brought about by two factors: (1), the phosphorylase reaction is reversi
ble, and (2), more important, the enzyme can redistribute n-glucose 
units (Pazur 1965). 

Starch Hydrolysis. The hydrolysis of starch is accomplished by en
zymes which are found in plants, animals, and microorganisms. They 
are known as alpha-amylases, beta-amylases, glycoamylases, and 
oligosaccharide hydrolases. 

The alpha-amylases are very widely distributed. They bring about a 
quick breakup of the molecules of starch by splitting the a-n-(1~4) 
linkages at random, after which the starch is finally but slowly 
changed to reducing sugars. Maltose is produced together with a little 
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glucose. These enzymes cannot hydrolyze maltose. Amylopectin on hy
drolysis gives D-glucose, maltose, and a "limit dextrin," which holds the 
a-D-(l~6) linkages because these enzymes are unable to hydrolyze 
them. These polysaccharide fragments are called limit dextrins be
cause the enzyme has reached the limit of its ability to hydrolyze. In 
addition, it is well to mention that alphaamylases cannot hydrolyze the 
a-D-(1~3) linkages. The action of plant alpha-amylases on amylopec
tin produces limit dextrins which are undoubtedly structurally rather 
similar to those resulting from the action of animal alpha-amylases. 

Alpha-amylases of plant origin are important in baking, distilling, 
and brewing industries because of their ability to form fermentable 
sugars from starch. They are used in the form of malt enzymes. 

Starch can be hydrolyzed by beta-amylase, 1,4-a-D-glucan malto
hydrolase, to form maltose and a high-molecular-weight limit dextrin. 
Beta-amylase liberates maltose of the beta configuration, hence the 
name given to the enzyme. This enzyme has been prepared in the 
crystalline form (Balls et al. 1946). Beta-amylase attacks the nonreduc
ing ends of the outer chains and in stepwise fashion removes the malt
ose units. Amylose with an even number of D-glucose units yields only 
maltose from this activity, but amylose with an odd number of D
glucose units forms not only maltose, but maltotriose, which contains 
the reducing D-glucose unit present in the original amylose. The malto
triose undergoes slow hydrolysis to D-glucose and maltose ifthe concen
tration of the enzyme is high, and the incubation is continued for a 
period of time. Starting at the nonreducing ends of the outer chains, 
amylopectin is hydrolyzed in a similar fashion. Because beta-amylase 
is unable to bypass or hydrolyze an a-D-(1~6) bond, the resulting limit 
dextrin contains all of the a-D-(1~6) bonds and has a high molecular 
weight. Therefore considerable amounts of amylopectin remain unhy
drolyzed. Beta-amylase is usually associated with alpha-amylase in 
plant sources. It is found in wheat, barley, sweet potatoes, and in other 
plant products. 

Glucoamylases are found in some species of fungi, and in some yeasts 
and bacteria. These include species of Aspergillus and Rhizopus of the 
fungi, and of the yeast Saccharomyces diastaticus, and ofthe bacterium 
Clostridium acetobutylicum. Experimental data (Pazur and Ando 1959; 
Pazur and Kleppe 1962) have shown that this enzyme can hydrolyze 
the three bonds, a-D-(1~3), a-D-(1~4), and a-D-(1~6). Amylopectin, 
amylose, maltooligosaccharides are hydrolyzed to D-glucose by gluco
amylase. It has been noted that glucose of the beta configuration is 
released by this reaction. This enzyme occurring in animal tissues can 
convert glycogen by direct action to yield D-glucose. 

Starch is degraded not only by enzymes but by the action of acid and 
heat. Dextrins are partial degradation products of this treatment. 
Amylodextrin, also known as soluble starch, is one such product; it 
gives blue color with iodine. If starch is heated dry at 230°-260°C a 
commercial starch gum results. 
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Dextrins are soluble in water and can be precipitated from solution 
by the addition of alcohol. Since they have free carbonyl groups they 
are able to reduce Fehling's solution. Dextrins are components of corn 
syrups. 

Starch and other similar compounds are hydrolyzed by oligosac
charide hydrolases to oligosaccharides. After this step, other enzymes 
are necessary to finish the hydrolysis to yield D-glucose. Pazur (1955), 
using paper chromatography and [14 C] D-glucose, determined that 
oligosaccharide hydrolases are capable of reversing their action. Iso
maltose would be formed from glucose. Because of this activity, com
plete hydrolysis by these enzymes is not possible, and the resulting 
mixture contains such compounds as isomaltose, isomaltotriose, and 
other high molecular weight compounds, as well as D-glucose. 

Oligosaccharide hydrolases in purified form have been made from 
molds, yeasts, and animal sources. 

Figure 4.5 shows various pathways by which starch may be con
verted into D-glucose. 

A number of routes involving enzymes are possible for the transfor
mation of starch into D~glucose. D-Glucose is the basic compound in the 
reactions taking place in the chemistry of the cell. It provides the 
energy and the necessary carbon atoms to form the many complex 
compounds of the cell. The process of photosynthesis makes this com
pOund available in green plants. Since D-glucose is stored in the plants 
in the form of starch, D-glucose must be released from this substance to 
make it available for use. 

D-Glucose is released from the nonreducing ends ofthe starch chains 
by glucoamylase. In this case both the a-D-(1~4) and the a-D-(1~6) 
linkages are hydrolyzed, making possible an entire conversion to 
D-glucose. This is the most direct route. 

The phosphorylase pathway is the second route for the conversion of 
starch to D-glucose. a-D-Glucose-1-phosphate and a limit dextrin, 
shown as a glucan fragment in Fig. 4.5 are the products ofthis reaction. 
R-enzyme hydrolyzes the a-D-(1~6) linkages in this glucan fragment 
to a-D-(1~4). In the next step, these fragments can be altered to 
a-D-glucose-1-phosphate and D-glucosyl oligosaccharides by phos
phorylase. In the end, phosphatase splits a-D-glucose-1-phosphate to 
D-glucose and inorganic phosphate, and an oligosaccharide hydrolase 
hydrolyzes the oligosaccharides to D-glucose. 

The beta-amylase pathway is the third of these pathways for the 
degradation of starch to glucose. The first step is the formation of 
maltose and a glucan fragment which contains all the a-D-(1~6) link
ages and most of the a-D-(1~4) linkages present in the starting ma
terial, the starch, by R-enzyme. Beta-amylase continues the hydrolysis 
of these fragments to maltose. Finally, maltose is hydrolyzed by an 
oligosaccharide hydrolase to D-glucose. 

The alpha-amylase pathway is the fourth main route. D-Glucose, 
maltose, and low-molecular-weight D-glucosyl oligosaccharides which 
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FIG_ 4_5_ Biochemical pathways for the conversion of starch to D-glucose_ 
From pazur (1965). Reproduced with permission of Academic Press. 

contain (X-D-(1~4) and (X-D-(1~6) linkages are produced from starch by 
the action of alpha-amylase_ An oligo-(1~6)-glucosidase hydrolyzes 
the (X D-(l ~ 6) linkages in these oligosaccharides, the result of which is 
the formation of linear glucosyl oligosaccharides. Maltose and 
D-glucose are formed by the action of alpha-amylase on the linear 
glucosyl oligo saccharides. Again, an oligosaccharide hydrolase hydro
lyzes the maltose to D-glucose, which in this respect is the same as in 
the beta-amylase pathway (Pazur 1965). 

It is important to note that more than one of these pathways may 
operate at the same time under natural conditions. 

Fractionation of Starch. Before starch was found to be hetero
geneous, it was thought by some to be a single compound. It was dry
ground in a ball mill, but it has been shown that this mechanical action 
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degrades the starch and it is no longer recommended as a pretreatment 
for fractionation. The present method, devised by Schoch (1941, 1942) 
is based on selective precipitation with polar organic substances, spe
cifically, a commercial mixture of primary amyl alcohol. 

A suspension of defatted corn starch is gelatinized and then auto
claved for several hours. The hot solution is treated with 10% by vol
ume of the amyl alcohols and allowed to cool slowly to room tempera
ture. The A (amylose) fraction separates as rosettes or needle clusters. 
The B fraction (amylopectin) can be recovered from the solution after 
removal of the amylose by flocculation with an excess of methanol. If 
the A fraction is heat-dried, it loses its solubility in hot water, probably 
by retrogradation in the presence of water. If it is completely dehy
drated by successive treatments with methanol and then dried in a 
vacuum oven, it retains its crystalline condition and its solubility in 
hot water. 

Whistler and Hilbert (1945) concluded from experimental evidence 
that almost any polar organic reagent, having some solubility in water, 
can form crystalline precipitates with amylose. 

By studying X-ray patterns Zaslow (1965) determined that two con
figurations of amylose exist, A and B. The former is found in cereal 
starches and the latter in tuber starches. 

According to Foster (1965) reported molecular weights of amyloses, 
samples of which were prepared under anaerobic conditions, range 
between 160,000 and 700,000. This assumes that no degradation oc
curred during the preparation of the samples. Molecular weights of 
amylopectin have been recorded in the order of magnitude of36 million 
for starches from potatoes. 

Amylose has the ability to associate in aqueous solutions, forming an 
insoluble precipitate. This precipitate results because the linear mole
cules tend to line up parallel to one another, which causes association 
through hydrogen bonding, thus decreasing the affinity for water. The 
aggregate size increases, and a precipitate is formed. The precipitate is 
called retrograded starch, and the phenomenon is known as retre> 
gradation. 

Moisture Absorption by Starch. When held at room temperature, 
starch equilibrates with the moisture in the atmosphere in which it is 
held, and reversibly absorbs water. Under normal conditions, this 
amounts to about 10-17% moisture. The granules possess a limited 
amount of elasticity which permits this to take place. It has been 
suggested that water in starch may be held in three ways, namely, 
water of crystallization, absorbed water, or as interstitial water (Leach 
1965). 

Gelatinization. Gelatinization is irreversible granule swelling and 
is brought about in starch suspended in water by heat at a critical 
temperature, and by certain chemicals at room temperature. Heat 
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gelatinization does not occur all at once at a specific temperature, but 
over a range of about lOoC. This temperature range varies with 
starches from different sources. Wrinkled peas yield starch high in 
amylose and resistant to gelatinization at boiling water temperature 
because it is made up mainly of highly associated linear molecules. The 
same is true of high amylose corn starches. Table 4.1 gives gelatiniza
tion characteristics of starches. Column 3 gives results on the loss of 
birefringence, the most accurate method for the measurement of the 
starting gelatinization temperature of starch. This is done with the 
Kofler microscope hot-stage (Schoch and Maywald 1958; Watson 1964). 
Methods measuring increase in optical transmittancy and rise in vis
cosity lack sensitivity. Granule swelling is the most important event in 
the gelatinization of starch in an aqueous medium. A known weight of 
starch is suspended in an excess of distilled water and heated at con
stant temperature for 30 min with gentle stirring. It is then centrifuged 
and the supernatant removed so that the swollen sediment can be 
weighed. The dissolved starch is determined by drying an aliquot ofthe 

TABLE 4.1. Gelatinization Characteristics of Native Starches 

Starch 
Species Type 

Potato Tuber 

Sago Pith 
Tapioca Root 
Canna Root 
Arrowroot Root 
Sweet potato Root 

Com Cereal 
Sorghum Cereal 
Wheat Cereal 
Rice Cereal 

Waxy maize Cereal 
Waxy rice Cereal 
Waxy 

sorghum Cereal 

Wrinkled pea Legume 
High-amylose 

com Cereal 

Chick pea 
(Garbanzo) Legume 

Source: Leach (1965). 

Kofler Gel. 
Temp. Range 

(OC) 

56-66 

58.5-70 

62-72 
68.5-75 

52-63 
61-77.5 

63-72 

67.5-74 

Swelling 
Power 

>1000 

97 
·71 
72 
54 
46 

24 
22 
21 
19. 

64 
56 

49 

6 

6 

13 

At 95°C 

Solubility 
(%) 

82 

39 
48 
37 
28 
18 

25 
22 
41 
18 

23 
13 

19 

19 

12 

15 

Critical 
Concentration 

Value 

<0.1 

1.0 
1.4 
1.4 
1.9 
2.2 

4.4 
4.8 
5.0 
5.6 

1.6 
1.8 

2.1 

20.0 

20.0 

8.3 
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supernatant and weighing the residue to get figures to apply a correc
tion. Calculations from the swelling power data provided the figures for 
column 6 of Table 4.1, critical concentration values. These figures show 
the weight in grams of dry starch necessary for use with 100 ml of 
water to form a paste at 95°C, the swollen granules of which take up 
almost all the volume - the swollen granules have no free water among 
them. 

The makeup of the micellar network inside the granule controls the 
swelling activity of starch. This is contingent on the kind and degree of 
association. The degree of association may be affected by a number of 
factors, such as molecular weight, distribution of molecular weight, 
and ratio of amylose to amylopectin. Other factors could be length of 
outer branches in the amylopectin and degree of branching. The compo
sition, shape, size, and distribution ofthe micellar areas in the internal 
lattice could also be affected by these factors. Another vital factor is the 
presence of naturally occurring impurities of a noncarbohydrate na
ture. 

Weak internal bonding in potato starch is indicated by unusually 
high swelling. The presence of ionizable esterified phosphate groups 
assist this swelling by reason of mutual electrical repulsion. Starches 
with high amounts of amylose show the opposite behavior. 

Subjecting an aqueous suspension of starch to heat above the critical 
temperature, or to appropriate chemicals, weakens the micellar net
work within the granules by disrupting the hydrogen bonds Continued 
disruption of the hydrogen bonds takes place as the temperature is 
raised further, the swelling of the granules proceeds, and water mole
cules attach themselves to freed hydroxyl groups. An increase in paste 
viscosity, paste clarity, and starch solubility result from the swelling of 
the granules. {rhe patterns of swelling and solubilization are similar for 
each kind of starch, suggesting a direct relationship between these two 
functions. 

Potato starch starts to gelatinize at about 56°C, whereas corn starch 
starts at about 62°C. Some chemicals such as sodium sulfate increase 
the temperature of gelatinization. Sodium nitrate or urea increase 
swelling or lower the temperature of gelatinization. Because gelatini
zation is not affected at pH 5-7, in the manufacture of starch products, 
finishing is done between these two pH values. 

Cowie and Greenwood (1957) have shown that no swelling of the 
granules of potato starch occurred and the birefringent properties were 
not affected by 0.2 M HCI at 45°C. They noted that amylopectin is 
degraded much more rapidly by HCI than is amylose. 

The rate of hydrolysis of wheat starch by acid showed a similar 
relationship to that of amylose and amylopectin. The rate, however, 
was in each case 4 to 5 times slower than that for potato starch, indicat
ing a more compact structure for wheat starch than for potato starch 
(Arbuckle and Greenwood 1958). 

Rice starch is said to be more resistant to acid hydrolysis than several 
other starches. 
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Swanson and Cori (1948) believe that the a-D-(l--?4) glucosidic link
age is less stable to acid hydrolysis than the a-D-(l--?6) linkage. 

Hollo and Szejtli (1961) found that the hydrolysis rates of starch with 
HCI were markedly greater than when sulfuric acid was used, and that 
the ratio depends on the acid concentration and the temperature. 

Normal sodium hydroxide solution can degrade amylose up to 
55-60% under anaerobic conditions. Amylopectin is probably the 
alkaline-resistant fraction of starch (BeMiller 1965B). 

Starch is capable of esterification-either direct esterification with 
acids or esterification with acid anhydrides and acid chlorides. The 
latter is the best for most preparations because, in direct esterification, 
water is a reaction product and some degradation of the starch mole
cule results from acid-catalyzed hydrolysis of the glucosidic bond. Es
terification with formic acid is the main exception to this (Roberts 
1965). 

Technology of Starch. An understanding of the technical applica
tions of starch is useful because starch is employed extensively in the 
food industry as a thickener. The ability of starch to thicken solutions 
and mixtures is a result of heating the starch, which gelatinizes and 
forms a paste. The interrelationships of other ingredients, such as 
sugars, fats, acids, and salts, on starches are also of considerable im
portance in achieving desired results. Starches can be modified to im
prove their effectiveness as thickeners. 

Modified Starches. The Food Chemical Codex ofthe National Acad
emy of Sciences defines modified food starches as products of the treat
ment of any of several grain- or root-based native starches (e.g., corn, 
sorghum, wheat, potato, tapioca, sago) with small amounts of certain 
chemical agents that modify the physical characteristics of the native 
starches to produce desirable properties. 

Starch is chemically modified by mild degradation reactions or by reactions between 
the hydroxyl groups ofthe native starch and the reactant selected. One or more ofthe 
following processes are used: mild oxidation (bleaching), moderate oxidation, acid 
depolymerization, monofunctional esterification, polyfunctional esterification (cross 
linking), alkaline gelatinization, and certain combinations ofthese treatments. These 
methods of preparation can be used as a basis for classifYing the starches thus pro
duced. 

Modified food starches are usually produced as white or nearly white, tasteless, 
odorless powders, as intact granules, and if pregelatinized (i.e., subjected to heat 
treatment in the presence of water), as flakes, amorphous powders, or coarse particles. 
Modified starches are insoluble in alcohol, in ether, and in chloroform. If not pregela
tinized, they are practically insoluble in cold water. Upon heating in water, the gran
ules usually begin to swell at temperatures between 45° and BO°C, depending on the 
botanical origin and the degree of modification. They gelatinize completely at higher 
temperatures. Pregelatinized starches hydrate in cold water. 

Sugars. Bean and Osman (1959) showed that ten different sugars 
and syrups slightly increased the high point of hot-paste viscosity and 
gel strength of 5% corn starch paste. These results were for sugar 
concentrations up to about 20%. At concentrations of sugar higher than 
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20%, a decrease in gel strength resulted. Disaccharides at the higher 
concentrations had greater effect on the inhibition of gelatinization 
than did equal amounts by weight of monosaccharides. Some confusion 
is found in the literature concerning the effects of fats. However, 
Osman and Dix (1960) found that triglycerides lower the temperature 
at which highest viscosity of a starch paste takes place, while most 
surfactants raise it. 

Acids. Acidity in ordinary food products has little effect on mix
tures of starch and water. However, in products with rather low pH 
values, such as salad dressings, cross-bonded starches are used. 

Low concentrations of sodium chloride have been shown to cause a 
small, lowering effect on the viscosity of potato starch. Low concentra
tions of calcium chloride showed greater effect in the reduction of the 
viscosity of potato starch than did sodium chloride, whereas 0.5 to 1 N 
calcium chloride increased the maximum viscosity of corn starch paste 
slightly. 

Acid-modified starch is prepared in an aqueous suspension at sub
gelatinizing temperature. A mixture of starch and 0.1-0.2 N H 2 S04 

between 50° and 55°C is agitated and monitored by in-process controls 
until the desired change in viscosity is achieved. 

Acid-modifed starches have lower hot paste viscosity than regular 
starches, have a higher ratio of cold- to-hot-paste viscosity, and a 
higher alkali number. Other differences have ,also been reported. There 
are some similarities to the corresponding untreated starches, how
ever, including, among others, approximate solubility in cold water, 
physical appearance, and birefringence. 

Used in the food industry for the manufacture of gum candy, acid
modified starch has advantages over native starch in its ability to yield 
hot fluid pastes which set to firm gels on standing and are tender and 
soft. These results are obtained without long cooking and without 
further use of acid. 

Starch Esters. Acetic anhydride or vinyl acetate are used in the 
manufacture of starch acetates to be used in food products. However, 
according to the Food Chemical Codex, not more than 2.5% of acetyl 
groups may be contained in the finished product. 

Starch acetates have stability and lend clarity to the finished food 
product, hence their use. Starches such as waxy corn, which is stable 
under normal conditions, should be acetylated to prevent "weeping" if 
they are to be used at low temperatures. 

Cross-Linked Starches. These starches can be prepared for food use 
in several ways, including the treatment of ungelatinized starch with 
any of the following reagents: acrolein, phosphorus oxychloride, water
soluble metaphosphates, and epichlorohydrin. They can be made also 
with adipic anhydride not to exceed 0.12% and acetic anhydride in the 
reaction mixture. 
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Cross-linking effects the solubility of starch. Intact starch granules 
can be stabilized by primary bonds. Unmodified waxy corn starch 
pastes tend to be cohesive and stringy; but, increasing the number of 
cross-links in the intact starch granules makes these defects tend to 
disappear. Changing the number of cross-links changes the properties 
of the products produced, depending on the use to which they will be 
put-in any case, the thickening effects will be excellent. The products 
can range from those that are to be subjected to mild cooking at near 
neutral pH to those subjected to high pressure cooking under conditions 
of low pH, such as salad dressings and pie fillings. 

Starch Phosphates. These comprise another group of starch com
pounds used to improve products. Starch phosphates are produced by 
heating a dry mixture of a water-soluble phosphate salt and starch, 
yielding the products known as starch phosphate monoesters. To pro
duce distarch phosphate, phosphorus oxychloride, not to exceed 0.1%, is 
used according to the Food Chemical Codex. Sodium trimetaphosphate 
can be used, but the residual phosphate, calculated as P, must not 
exceed 0.04%. 

Starch phosphates have the property of thickening without gelling 
and therefore are especially desirable for such products as cream pie 
fillings, fruit pie fillings, cream soups, baby foods and cream-style corn. 
Another very desirable property of phosphate starches, especially those 
with a very low amount of phosphate substitution, is the improvement 
offreeze-thaw stability of gravies, white sauces, and fillings for frozen 
pies, since it cuts down the separation of water resulting from freezing 
and thawing as compared with untreated starches. Albrecht et al. 
(1960B) rated thickening agents in decreasing order of freeze- thaw 
stability as follows: (1) starch phosphate, (2) ungelatinized regular corn 
starch (this is limited to products in which solids need not be suspended 
during freezing and storage and to products which are heated to near 
boiling point before consumption), (3) pregelatinized, cross-linked 
waxy maize starch, (4) all-purpose flour, and (5) regular corn starch 
(which is gelatinized prior to freezing as part of the sauce formulation 
process). 

Cellulose 

Cellulose, another type of polysaccharide present in fruits and vege
tables and other foods, is of interest to the food chemist because it 
contributes to bulk in the diet. It is not a nutritious substance because 
it cannot be utilized by the human body, which lacks the necessary 
enzymes to digest cellulose. However, when ingested cellulose does 
contribute to the elimination process because ofthe bulk. It is insoluble 
in water. 
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Cellulose is a polysaccharide made up of units of glucose as building 
blocks. This cellulose compound is known to be a beta anomer and is 
beta-linked. Cellulose and its derivatives are split by f3-enzymes and 
not by a-glucosidases. X-Ray evidence also supports the f3-structure. 
Cellobiose, obtained on partial hydrolysis of cellulose, is the simplest of 
the oligo saccharides and has two glucose units in its structure. 

Segment of a cellulose molecule 

In the union, C-4 of one glucose is joined to the C-1 of the next one, 
which gives the 1-4 linkage for the structure of cellulose. Cellulose is 
a polymer of high molecular weight. 

According to Ward (1969) "cellulose is a f3-1,4-glucan of considerable 
size; the macromolecules are held together with hydrogen bonds to 
form a highly ordered fibrillar structure." 

Inulin 

Inulin, a homopolysaccharide, is made up of n-fructose units. It is a 
linear polyfructosan, the fructose units of which are joined by {3-(2 ~ 1) 
glucosidic linkages. In addition, research has shown (Palmer 1951) and 
(Taufel and Steinbach 1959) that small amounts of glucose are con
nected with the chain. It is readily soluble in hot water, but only 
sparingly so in cold. It is a white amorphous powder, easily hydrolyzed 
by acids. Since it is not hydrolyzed by the enzymes of the gastroin
testinal tract it has no value as a nutrient. 

It is found in the Jerusalem artichoke and in dahlia bulbs. It is 
present also in garlic and onion, and in dandelion roots. 

Glycogen 

This is the polysaccharide storage form in animals which cor
responds to starch in plants. It is found in the liver and in muscle 
tissues. Glycogen is branched like amylopectin, but more so, and its 
molecular weight is higher. Glycogen is made of repeating glucose 
units joined together by a-(1~4) linkages. The branched points are 
joined by a-(1 ~ 6) linkages. Glycogen has shorter linear chains than 
amylopectin. 
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Glycogen can be hydrolyzed to yield glucose, maltose, and dextrins. 
Glycogen becomes opalescent in solution, which is dextrorotatory. Gly
cogen gives a violet-brownish red color with iodine. 

Glycogen has an important biochemical function. In the liver it is the 
important reserve for maintaining the level of glucose in the blood. In 
the muscles it is the source of energy necessary for contraction. 

Chitin 

Chitin is the polysaccharide that makes up the hard shells of crusta
ceans. The units of chitin are linked together as they are in cellulose; 
and the chitin chain is like the cellulose chain except that an 
NHCOCH3 group at the C-2 atom in every glucose unit takes the place 
of the hydroxyl group. 

H HNAc H HNAc 

-0 

H HNAc 

Segment of a chitin molecule 

On hydrolysis chitin yields n-glucosamine (2-amino-2-deoxy-n
glucose), an amino sugar. 

Pectin 

Pectins are polysaccharides that are present in all the higher plants 
in the intercellular or middle lamella region and in the cell walls. 

The building block of the pectic substances is n-galacturonic acid. 

H/OH 

H OH 
D-Galacturonic acid 

Pectins from all sources contain n-galacturonic acid, n-galactose, 
L-arabinose, and L-rhamnose. These are in the long chains and are 
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known as 1,4-a-o-galacturonan in the partial methyl ester form, a 
branched L-arabinan, and a 1,4-,B-o-galactan. It has been reported 
that apple pectinic acid contains 87% o-galacturonic acid, 9.3% 
L-arabinose, 1.4% o-galactose, 1.2% L-rhamnose, 0.9% o-xylose, and 
traces offucose, 2-0-methylfucose, and 2-0-methylxylose (Barrett and 
Northcote 1965). 

Galacturonans (see Fig. 4.6), which on. hydrolysis yield only 
m-galacturonic acid, have been obtained. However, separation of the 
components of pectin is difficult. 

Most pectins contain about 9-12% methoxyl ester, but strawberry 
pectin is much lower, about 0.2%. The highest specific optical rotation 
seems to be associated with the highest o-galacturonic acid content. 
Ordinarily the specific optical rotations to the sodium line are 
+230°- +250°. 

Pectin is the substance used in the production of jelly. It reacts with 
sugar and acid under suitable conditions, and this is the reason for its 
industrial importance. By adding pectins, jellies can be made of all 
fruits, whether or not the fruit in question contains naturally a suf
ficiency of high quality pectin. 

This gel-forming property is the result of the linear structure of the 
galacturonan. The situation is stable because of the structure and 
charge effects of the molecules. Neutral sugars, polysaccharide, and 
methylester groups attached to the galacturonan chains keep the poly-

FIG. 4.6. Galacturonan from Amabilis fir. 
From Whistler (1965). 
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saccharide chains from an extensive association. This permits the for
mation of a space that can fill with and hold very large volumes of 
water and solute molecules of low molecular weight substances. Pec
tins can be gelled or firmed by means of polyvalent cations such as 
calcium which bring about intermolecular salt bridging between free 
carboxyl groups and the polyvalent ions. 

Because of the presence of pectin in the intercellular or middle 
lamella region and to some extent in the cell wall, the texture of fruits 
and vegetables is materially affected. 

In the United States the main sources of pectin are apple pomace and 
citrus peel (Whistler 1969). 

Hemicelluloses 

Hemicelluloses are the cell wall polysaccharides other than pectin 
and cellulose that occur in terrestrial plants. They are alkali soluble, 
but the solution also extracts some of the pectin materials, and the 
separation, therefore, is not strictly sharp. Hemicelluloses are class
ified according to the sugars present in the molecule. While some hemi
cell uloses are made up of single sugar units, most are made up of two 
to four different sugar units, and are, therefore, heteroglycans. A man
nan is a polymer of mannose units and a xylan is a polymer of xylose 
units. They are no longer considered intermediates in the biosynthesis 
of cellulose as they formerly were. They are a separate group of poly sac
charides. 

A large number of hemicelluloses have been investigated. They are 
potentially important industrial gums and could find broad application 
in the food industry if they could be obtained at low cost. A large 
possible source is corn hulls. Hemicellulose can be extracted with cal
cium hydroxide, in which the hemicellulose is soluble. This gum is 
entirely soluble in water and it is molecularly homogeneous, since it is 
an acidic arabinoglucuronoxylan. Its solutions have many similarities 
to those of gum arabic (Whistler 1969). 

Seaweed Gums 

Seaweed gums as a group of hydro colloids have extensive application 
in the food industry. Among the most important of these are algin, 
carrageenan, and agar (Whistler 1969). 

Algin. Algin is sodium alginate and is extracted from Macrocystis 
pyrifera, the giant kelp found in the Pacific off the coasts of California 
and Mexico in shallow water. 

The structure of algin is still not fully clear; however, it is a linear 
polymer of !3-D-mannuronic acid units and that L-guluronic acid is 
present also. Different seaweed sources show variations in the ratio 
between D-mannuronic acid and L-guluronic acid present in the gum. 
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Algins behave like pectins in. that they are gelled by calcium and 
other polyvalent cations. It is significant that if these polyvalent ca
tions are present in a solution along with monovalent cations the 
former will be selectively removed by the algins. Algins gelled by 
calcium have important food applications. The hydroxylpropyl ester of 
alginic acid is used in concentrations of 0.1 to 0.5% as an ice cream 
stabilizer. It should be noted that this particular compound is not pre
cipitated or gelled by polyvalent cations. 

Alginic acid precipitates as a gel under acid conditions which repress 
the ionization of the carboxyl groups. 

Carrageenan. Carrageenan is a mixture of two sulfated polysac
charides from the seaweeds known as Irish moss, Chondrus crisp us, 
and Gigartina stellata. These seaweeds are found along the North At
lantic coasts from Rhode Island to Newfoundland, from Norway to the 
shores of North Africa, and has been reported near the coast of Chile 
and also in the South Pacific. 

Carrageenans range in sulfate ester content from 20 to 36%, depend
ing on a variety of factors such as source and environmental conditions. 
Carrageenans were originally held to be two fractions, kappa and 
lambda, but more recent work has shown that they consist of a series 
of molecules of different chemical composition and solubility. The two 
fractions idea came from the fact that K carrageenans are precipitated 
from a carrageenan solution with KCl while the iI. carrageenans remain 
in solution. The K carrageenans and other related polysaccharides, 
such as furcellaran, are capable of forming insoluble gels in the pres
ence of potassium ions. 

Agar. Agar is obtained from different species of Gelidium found 
off the coasts of Japan. Agar is capable of forming gels in concentra
tions as low as 0.04% and is used as a medium for the growth of 
bacteria. Agaran (agarose) was isolated from the soluble portion of agar 
from Gelidium amansii and was shown to be an alternating copolymer 
of 3,6-anhydro-a-L-galactopyranosyl and ,B-D-galactopyranosyl units 
joined by 1 ~3 and 1 ~4 linkages (Whistler 1969): 

o HO 

o o 

Agaran (agarose) from Gelidium amansii 
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The aqueous gels have a melting temperature that depends on the 
quality, concentration, and source of the agar used; an aqueous gel of 
1.5% strength may melt from 30° to 97°C. 

Danish Agar. This comes from a red seaweed, Furcellaria fastigiata, 
off the coasts of Denmark and Norway and is known also as furcellaran. 
At about 40°C the aqueous solutions of this gum gel. The resulting gel 
is increased in strength by the addition of"galactomannans. Furcel
laran can be used in the preparation of jellies, jams, and marmalades, 
as well as in pie fillings, glazes, and icings. 

Exudate Gums 

Gum Arabic. Gum arabic (acacia) is an exudate from trees of the 
Acacia genus, that grow in tropical and subtropical regions. Gum 
arabic is one of the oldest known of the commercial gums. Large quan
tities come from the Sudan, West Africa, Nigeria, Tanzania, Morocco, 
and India. 

Gum arabic is a highly branched and slightly acidic polysaccharide. 
The main chain of the polysaccharide is composed of o-galactopyranose 
units connected by f3-o-(1 ~4) and f3-o-(1 ~6) linkages. Side chains 
made up of o-galactopyranose units are joined usually by f3-o-(1 ~3) 
linkages. To these side chains L-rhamnopyranose or L-arabinofuranose 
residues are attached as end units. o-Glucuronic acid units are fre
quently attached by f3-o-(1 ~6) linkages to o-galactose units and often 
L-arabinofuranose units are attached to the o-glucuronic acid units by 
(1 ~4) bonds. Most of the L-rhamnose is attached to o-glucurono
pyranosyl units as 4-o-a-L-rhamnopyranosyl nonreducing terminal 
units (Aspinall et al. 1963; Aspinall and Young 1965). Gum arabic is a 
complex salt of calcium, magnesium, and potassium with arabic acid. 

The molecular weight of gum arabic is in the range of 200,000 to 
270,000. It is extremely soluble in water; as a result of its low molecular 
weight and branch structure it is necessary to use it in higher concen
trations than most gums in order to obtain solutions of significant 
viscosity. 

A little over half of the gum arabic imported into the United States 
is used by the food industry. It is nontoxic, colorless, tasteless, and 
odorless and does not affect these qualities in other ingredients. Gum 
arabic influences the viscosity, texture, and body of foods. It improves 
the quality of these products by preventing crystallization of sugar 
in confectionery and its thickening power is used in candy glaze and in 
chewing gums, cough drops, and lozenges. It is used as a stabilizer 
in such frozen desserts as ice cream, sherbets, and ices. 

Tragacanth. Tragacanth is another ofthe important exudate gums. 
It is produced in the Near East and is an exudate of a few varieties of 
small shrub-like plants belonging to the Astragalus species. It is one of 
the oldest of the known gums. 
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Tragacanth is made up of two fractions: one is soluble in water, the 
other is only swellable. The structure is not fully known, but is highly 
branched. Tragacanthic acid has a main chain of 1,4-a-D-galac
turonopyranosyl units with side chains attached at C-3. It is used 
frequently as an additive in salad dressings because of its relative 
resistance to hydrolysis (Whistler 1969). 

D:J:GESTION OF CARBOHYDRATES 

While the saliva can act on starch, it is questionable whether it 
exerts much influence because of the limited time starchy foods are 
exposed to it, and also because the acid of the gastric juice has the 
ability to stop this action. Enzymes concerned with the hydrolysis of 
starches are not present in the gastric juice. 

Starch and glycogen are digested mainly in the small intestine. The 
major agent of this digestion is pancreatic amylase. This enzyme is 
most active at pH 7.1, it is stabilized by Ca2+, and the CI- ion must be 
present. The starch granule can be digested by a-amylase whether it is 
disrupted by previous cooking or whether it is intact. Pancreatic amyl
ase is 1,4-a-D-glucanohydrolase and is capable of endohydrolysis of 
a-D-(1---74)-glucosidic linkages in polysaccharides which contain 
a-1,4-linked D-glucose units. 

Since the enzymes in the gastrointestinal tract in man are only 
capable of attacking polysaccharides that have 0:-1,4 linkages, only 
such polysaccharides are digestible by man. Under normal conditions 
carbohydrates in the intestine are converted into monosaccharides, 
which are absorbed by the intestinal mucosa. This does not seem to be 
a case of simple diffusion. 

QUALITATIVE TESTS 

Carbohydrates 

A number of color tests and other tests have been developed for the 
detection of the different types of sugars. Tests are not available, 
however, for all such compounds. 

Anthrone Color Reaction. This is a general test for carbohydrates. 
It was devised by Dreywood (1946) and depends on the formation of a 
blue-green or green color when a solution of the carbohydrate is treated 
with anthrone dissolved in concentrated sulfuric acid. It does not dif
ferentiate among the individual compounds. 

Molisch Reaction. A test for the presence of carbohydrate, this 
reaction is given by all members of the carbohydrate group that are 
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able to produce furfural or similar degradation products in trace 
amounts. The reacting material is naphthol and the color is produced 
at the junction between a layer of the test solution and concentrated 
sulfuric acid. The ring produced at the interface is reddish-violet if 
carbohydrate is present. 

Monosaccharides 

Fehling's Solution Test. This test is based on the principle of the 
reduction of the cupric ion to the cuprous. Solutions of cupric sulfate 
and alkaline sodium potassium tartrate are mixed together and then 
with the reducing sugar solution and heated. A positive reaction shows 
the red precipitate of cuprous oxide, or with lesser amounts of reducing 
sugar, a green or red, or a reddish yellow color. This test works for any 
reducing sugar, monosaccharide or oligosaccharide. Although the reac
tion that occurs is rather complex, it can be illustrated as follows 
(AOAC 1980; Fehling 1849). 

H", ~O 
+ C 

I 
HC-OH 

I 

HO, ~O 
~ C 

I 
HC-OH 

n-Glucose Test. A qualitative test is available for D-glucose which 
is based on the action of f3-D-glucose:0 2 oxidoreductase (1.1.3.4), cata
lase, and o-tolidine. Strips prepared with this mixture are put into thl' 
sugar solution, previously neutralized, and in a short time a blue color 
results. Basically, the glucose oxidase (1.1.3.4) forms D-gluconic acid 
lactone and liberates H2 O2, which is acted on by the catalase, liberat
ing oxygen. The o-tolidine is acted on giving the blue color. 

n-Galactose Test. This test involves a coupled enzyme system. The 
enzyme galactose oxidase is basic to this system because of its action on 
D-galactose. Hydrogen peroxide is produced which is broken down to 
oxygen and water. The leuco compound in the mixture is oxidized to the 
reddish colored compound which shows the presence of D-galactose in 
the sample tested.1 

Seliwanoff Color Test. This test involves heating the sample with 
hydrochloric acid and resorcinol. A red color results if ketose sugars are 
present. 

1 Galactostat Reagent Set is made by Worthington Biochemical Corporation, Freehold, 
N.J., and is designed for this test. 
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Bial Test for Pentoses. The sample is heated for a short time with 
a solution of orcinol in hydrochloric acid containing ferric ions. If pen
toses are present in the sample, a green color results. 

Qualitative Paper Chromatography. One method for the qualita
tive detection and identification of the monosaccharides involves the 
use of filter paper chromatography (Hodge and Hofreiter 1962; Par
tridge 1946, 1948). A small drop ofa solution of the unknown sugar or 
mixture is placed a short distance from the end ofthe filter paper strip. 
This end is placed into the recommended solvent with the spot above 
the solvent surface. The solvent then moves by capillary attraction up 
the paper, and separates the mixture of sugars. After the sheet is dried 
it is sprayed with a suitable indicator to make the sugar spots visible. 
Since the sugars move at different speeds, the distance each has moved 
aids in the identification. Another method involves the use of thin
layer chromatography plates (Hough and Jones 1962). 

Oligosaccharides 

Sucrose. This substance responds to the Raybin test (Raybin 1933, 
1937). This reaction takes place in the cold. Sucrose in solution with 
sodium hydroxide is shaken with a little diazo uracil. When the reagent 
has dissolved, a blue-green color results. Positive tests are given by 
certain higher oligosaccharides such as raffinose and stachyose. 

Test strips which are commercially available can be used for qualita
tive work involving maltose, lactose, and sucrose. 

As in the case of monosaccharides, paper chromatography can be 
used for the detection of oligo saccharides. Other types of chromatog
raphy can be used also. 

QUANTITATIVE TESTS 

Quantitatively, sugars are determined by means of optical rotation 
and by chemical methods involving the reduction of cupric sulfate and 
weighing the precipitated CUz O. From this weight, the equivalent 
value of glucose, fructose, sucrose, or lactose can be obtained from the 
Hammond or Munson-Walker tables. Instead of weighing, one or two 
other methods are employed: titration with sodium thiosulfate and 
titration with potassium permanganate. In either case standard solu
tions of these reagents are necessary (AOAC 1980). Other modifica
tions making use of the same basic chemical reaction are used. 

Because these methods apply to reducing sugars only, it is necessary 
to hydrolyze nonreducing sugars like sucrose before making the de
termination of this substance. 

More recent methods involve the use of several forms of chromatog
raphy, such as paper chromatography, zone electrophoresis, thin-layer 
chromatography, column chromatography, and gas chromatography. 
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The latter has a number of advantages, but requires expensive equip
ment. 

SUMMARY 

Carbohydrates are widely spread throughout the world and, of all the 
biological substances in the plant kingdom other than water, they are 
present in the largest amount. They are compounds of carbon, hydro
gen, and oxygen; usually, but not always, the hydrogen and oxygen are 
present in the ratio of 2:1, as in water. 

Carbohydrates are formed in plants by the process of photosynthesis. 
Carbohydrates are classified as follows: monosaccharides; oligo

saccharides, which include disaccharides, trisaccharides, tetrasac
charides, and others; and polysaccharides, which include cellulose and 
starch, among others. Among the monosaccharides, the food chemist is 
primarily interested in the hexoses and to a lesser extent in the pen
toses. Glucose and fructose are found in large amounts in the free as 
well as in the combined state. 

Optical rotation is an important property of sugars. This involves the 
rotation of the plane of polarized light. Glyceraldehyde is the simplest 
aldose. It contains one asymmetric carbon atom, and because of this it 
has two isomers. 

The structure of the carbohydrate molecule is important because it 
governs the reactions and properties of the compound. 

Mutarotation is the change which takes place in the optical rotation 
of a freshly prepared solution of a sugar like glucose when it is allowed 
to stand. This is the result ofthe equilibrium between the a and f3 forms 
of the pyranose ring structure. The open chain formula alone cannot 
explain this phenomenon. 

Sugars exist in the cyclic form. Considerable discussion is given to 
the structural formulas of sugars. 

A number of interesting reactions result from the treatment ofreduc
ing sugars with alkali. In this connection consideration is given to the 
important Fehling's method for the determination of reducing sugars 
and the chemical reactions involved. 

Because of the importance of the hydroxyl group in sugars reactions 
involving this group are discussed. 

Oligosaccharides are small polymers formed by the combination of 
two to about ten monosaccharides with the elimination of water. They 
are linked together with a glycosidic bond. Sucrose is an important 
disaccharide. It is nonreducing because in the formation of the gluco
sidic linkage the anomeric carbonyl groups of both glucose and fructose 
are used. 

A number of the oligo saccharides have important industrial uses. 
Polysaccharides are large or very large molecules, although some are 

of low molecular weight. The empirical formula for the hexosans is 
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(C 6 H lO 0 5 )x. These compounds are important in the structural 
tissues-cellulose in plants and chitin in marine life. Starch is the 
storage material in plants while glycogen has this function in animals. 
Starch is made up of amylose, which exists as chains of glucose units 
while amylopectin has a branched pattern. 

The biosynthesis of amylose and amylopectin is described. A rather 
complete discussion of starch is given together with other poly
saccharides. 
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The term "lipid" is used to describe a number of substances which are 
soluble in organic solvents (such as diethyl ether, petroleum ether, 
chloroform, carbon tetrachloride) but usually insoluble in water. A few 
compounds, such as lecithin, normally classed as lipids are somewhat 
soluble in water. All of these compounds can be utilized in animal 
metabolism. Petroleum products cannot be so utilized, and, therefore, 
are not included here. 

Unlike proteins and carbohydrates, which are composed of basic 
units or "building blocks," amino acids in the former and monosac
charides in the latter, lipids are made up of various chemical sub
stances; also, lipids are heterogeneous in nature and difficult to clas
sify. They are divided into several groups: fatty acids, oils and fats, 
waxes, phospholipids, sphingolipids, together with such compounds as 
sterols, hydrocarbons, fat-soluble vitamins, carotenoids, and finally the 
combined lipids such as lipoproteins and lipopolysaccharides. Some 
consider fatty acids as one group; neutral fats and phospholipids, both 
of which contain glycerol, as another group; lipids which do not contain 
glycerol, such as sphingolipids, aliphatic alcohols, and waxes together 
with terpenes and steroids, a third group; and combined lipids a final 
group. 

The Bloor classification (Bloor 1926) divides them into (1) simple 
lipids, consisting of neutral fats and waxes and is subdivided into true 
waxes, and cholesterol esters and vitamin A esters, and in addition 
vitamin D esters; (2) The compound lipids comprising phospholipids, 
which include lecithin, cephalins, and the phosphatidic acids; (3) the 
sphingolipids cerebrosides, and the sulfolipids; (4) the derived lipids or 
hydrolytic products, including fatty acids, alcohols of high molecular 
weight, hydrocarbons, carotenoids, together with vitamin D, E, and K. 
See Table 5.1 for a more detailed breakdown of the Bloor classification. 

Any or all of these substances may be present in foods. 
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TABLE 5.1. Classification Scheme for the Lipids 

1. Simple lipids-compounds containing two kinds of structural moieties 
Glyceryl esters-these include partial glycerides as well as triglycerides, and are 

esters of glycerol and fatty acids 
Cholesteryl esters-esters formed from cholesterol and a fatty acid 
Waxes-a poorly defined group which consists of the true waxes (esters of long 

chain alcohols and fatty acids), vitamin A esters, and vitamin D esters 
Ceramides-amides formed from sphingosine (and its analogs) and a fatty acid 

linked through the amino group of the base compoul1.d. The compounds formed 
with sphingosine are the most common 

2. Composite lipids-compounds with more than two kinds of structural moieties 
Glyceryl phosphatides-these compounds are classified as derivat.ives of phos

phatidic acid 
Phosphatidic acid-a diglyceride esterified to phosphoric acid 
Phosphatidyl choline-more descriptive term for lecithin which consists of phos

phatidic acid linked to choline 
Phosphatidyl ethanolamine-often erroneously called cephalin, a term referring to 

phospholipids insoluble in alcohol 
Phosphatidyl serine-also erroneously called cephalin 
Phosphatidyl inositol-major member of a complex group of inositol-containing 

phosphatides including members with 2 or more phosphates 
Diphosphatidyl glycerol-cardiolipin 

3. Sphingolipids-best described as derivatives of cerami de, a unit structure common to 
all. However, as in the case of ceramide, the base can be any analog of sphingosine 

Sphingomyelin-a phospholipid form best described as a ceramide phosphoryl 
choline . 

Cerebroside-a ceramide linked to a single sugar at the terminal hydroxyl group 
of the base and more accurately described as a ceramide monohexoside 

Ceramide dihexosides-same structure as a cerebroside, but with a disaccharide 
linked to the base 

Ceramide polyhexosides-same structure as a cerebroside, but with a trisaccharide 
or longer oligosaccharide moiety. May contain one or more amino sugars 

Cerebroside sulfate-a ceramide monohexoside esterified to a sulfate group 
Gangliosides-a complex group of glycolipids that are structurally similar to 

ceramide polyhexosides, but also contain 1 to 3 sialic acid residues. Most members 
contain an amino sugar in addition to the other sugars. However, not all ganglio
sides contain amino sugars. 

4. Derived lipids-compounds containing a single structural moiety that occur as such 
or are released from other lipids by hydrolysis 

Fatty acids 
Sterols 
Fatty alcohols 
Hydrocarbons-includes squalene and the carotenoids 
Fat-soluble vitamins, A, D, E, and K 

Source: Pomeranz and Meloan (1971). 

SIMPLE LIPIDS 

Fats and Oils 

The largest single group under the lipid classification is made up of 
fats and oils. These are esters offatty acids and glycerol. Since glycerol 
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is a trihydroxy alcohol, monoacid, diacid, and triacid esters are known. 
Most of the naturally occurring fats and oils are composed of triglycer
ides. Specifically, fats are solid at room temperature while oils are 
liquid. The term fats can be used as a general term to cover these 
compounds, both liquid and solid. Triglycerides containing unsatu
rated fatty acids have lower melting points. The oils are usually higher 
in unsaturated fatty acids than the fats. Because fats and oils are esters 
of glycerol and fatty acids, they are composed only of carbon, hydrogen, 
and oxygen. Most of the saturated fatty acids found in nature are made 
up of an even number of carbon atoms, from 4 to 24, in straight chains, 
although small amounts of straight chain acids with an odd number of 
carbon atoms have been found in fats and oils. In addition, small 
amounts of branched fatty acids with an even or odd number of carbon 
atoms have been found in nature. The straight chain unsaturated fatty 
acids occur mainly as molecules with an even number of carbon atoms. 
However, those with an odd number of carbon atoms are known. Al
though fats and oils from plant and animal sources are mainly 
triglycerides, they are mixtures of similar compounds rather than pure 
substances. Furthermore, the distribution of the fatty acids in the ori
ginal molecule can vary considerably. These fats and oils contain small 
amounts of mono- and diglycerides as well as the triglycerides. Pro
cessed fats contain up to 20% mono- and diglycerides. 

The newer terminology uses the word triacylglycerols in place of 
triglycerides. Diacylglycerols is the corresponding term for digly
cerides, and monoacylglycerols the term for monoglycerides. While this 
newer terminology is doubtless more accurate, because of the long use 
of the older terminology, both will be used in this book. 

Fatty Acids 

Saturated'Fatty Acids. The saturated fatty acids correspond to the 
general formula Cn H2n + 1 COOH. Unbranched monocarboxylic acids 
are the usual structure. Some exist which contain cyclic groups and 
hydroxyl groups. Because of this it is possible to classify according to 
structure. 

The saturated fatty acids C4 through Cs are liquid at ordinary room 
temperature. Those with 10 or more carbon atoms are solid. It can be 
seen in Table 5.2 that length of chain andunsaturation influence melt
ing point. 

Solubility of fatty acids in water decreases with the increase in 
molecular weight. Butyric acid is miscible with water in all propor
tions. While caproic, caprylic, and capric acids are only slightly soluble, 
lauric and those of higher molecular weight are insoluble in water. The 
solubility is caused by the carboxyl group. The carboxyl group is hydro
philic while the carbon chain of the fatty acid is hydrophobic. Because 
of this composition, fatty acids have the property of spreading in a thin 
film, usually of monomolecular thickness, over the water. The carboxyl 
group is pointed downward, i.e., into the water. 
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Palmitic acid is the most widely distributed of the saturated fatty 
acids. However, stearic acid, myristic acid, and lauric acid are often 
encountered. Stearic acid is found in rather high percentages in animal 
fats but usually in much smaller amounts in vegetable fats. Butyric 
acid is found in butter; caproic, caprylic, and capric acids are found in 
coconut oil. Myristic acid is found in nutmeg butter and arachidic acid 
is found in peanut oil. All of these are in the combined form as gly
cerides. 

Unsaturated Fatty Acids. Unsaturated fatty acids found in food 
lipids are generally of the unbranched type, as are saturated fatty 
acids. A few minor exceptions exist. Unsaturated fatty acids are more 
reactive than saturated, however. The most common unsaturated acids 
are palmitoleic, oleic, and linolenic, but others have been found. Pal
mitoleic acid and oleic acid are widely distributed in animal and plant 
fats and oils; however, oleic acid is probably the most generally found 
of all fatty acids. Palmitoleic and oleic acids are monoethanoic acids 
since each has one double bond. Linoleic acid is widely distributed, and 
linolenic acid with its three double bonds is found in a number of drying 
oils. Arachidonic acid occurs in animal fats. Linoleic acid is an essential 
fatty acid for man and it is the primary dietary essential fatty acid in 
this case. The 1980 Recommended Daily Allowances of the National 
Research Council states that there is no evidence of a dietary require
ment for linolenic or arachidonic acids in humans (see Holman 1968). 

Animal cells cannot synthesize unsaturated fatty acids that have 
more than one double bond. In the presence of a catalyst such as nickel 
or platinum, however, unsaturated fatty acids can add hydrogen atoms 
to form saturated acids. Stearic acid is formed from oleic, linoleic, and 
linolenic acids. This will be discussed later in this chapter under com
mercial applications. 

Because of the double bonds unsaturated fatty acids can easily be 
oxidized. When exposed to oxygen, polyunsaturated fatty acids form 
peroxides, as well as a mixture of volatile aldehydes, ketones, and 
acids, which is catalyzed by lipoxidase or by the presence of trace 
metals. 

Isomerism. Isomerism is encountered in fatty acids as in other 
types of organic compounds. There are differences in the way the car
bon atoms are linked together, which can cause the properties of the 
compounds to be significantly different. 

In the following discussion of two types of isomerism in the fatty 
acids are considered: (1) positional isomerism and (2) cis and trans 
isomerism, also known as geometric isomerism. 

Positional isomerism is determined by the position of the double 
bonds in the carbon skeleton. These usually involve one of two arrange
ments: (1) the conjugated system in which single bonds alternate with 
double bonds 

-CH=CH-CH=CH-
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and (2) the nonconjugated arrangement in which two double bonds are 
separated by one or more methylene groups: 

-CH=CH-CH2 -CH=CH-

Of these, the conjugated is the more stable form. When a nonconju
gated polyunsaturated fatty acid is heated with an alkali it rearranges 
to yield the conjugated form. This shift also takes place when an uncon
jugated compound is subjected to high temperatures or is involved in 
autoxidation. 

The position of the double bond can affect the properties of the fatty 
acid. Both oleic and vaccenic acids have 18 carbon atoms in the chain, 
but the difference is in the position ofthe double bond. In the statement 
ofthe position ofthe double bond, one starts with the carbon atom ofthe 
carboxyl group at the end of the chain. In oleic acid the double bond is 
in the 9, 10 position. In vaccenic acid the double bond is in the 11, 12 
position. Vaccenic acid is present as a minor component of the fatty 
acids of butter and tallow. 

Under some conditions, the CH3 carbon, the omega (w) carbon at the 
other end of the chain is used. Thus oleic acid is a 9 or an w-9 acid. This 
w terminology is mostly used for biological activity. 

Geometric isomerism is caused by the restriction in rotation of two 
carbon atoms connected by a double bond. 

Cis- trans isomerism is possible when two carbon atoms of a com
pound are attached by a double bond. The carbons of the double bond 
are not free to rotate on their axis; therefore, the group attached to one 
of the carbons of the double bond in the cis form can be on the same side 
of the double bond as the group attached to the other carbon. Trans
isomerism is when the groups are on opposite sides. 

The food chemist is interested in the cis-trans isomerism with respect 
to oleic acid, the cis form of 9-octadecenoic acid. The trans form of 
9-octadecenoic acid is known as elaidic acid. This cis to trans isomeriza
tion is frequently called elaidinization. In the structural arrangement 
of oleic acid (cis), the two arms extending from the double bond are 
folded back together, while in the case of the trans form they are 
extended, and, therefore, are of maximum length. This relationship is 
as follows. 

CH3 (CH2 hCH 
II 

HOOC(CH2 h CH 

Oleic acid Elaidic acid 

These formulas show the difference between the cis and trans struc
ture. It is a geometric form of stereoismerism. Trans and cis are from 
the latin, trans meaning across and cis meaning on this side. While 
ordinarily the cis acids are found mainly in nature, the body fat of 
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ruminants contains fair amounts of trans acids. It is found also in 
commercial hydrogenated fats. Several in vitro methods can be used to 
bring about the change from a cis to a trans isomer. Among these the 
shift of oleic acid to elaidic acid is accomplished with nitrous acid as 
well as with nitrous oxide. The trans isomer of oleic acid has distinct 
properties. Oleic acid melts at 13.4°C (a form of oleic acid which melts 
at 16.3°C is known), while elaidic acid melts at 46.5°C. This indicates 
that the trans form of a fatty acid has a somewhat higher melting point 
than the cis form, and this is always the case. Also, when methyl side 
chains are introduced into a fatty acid, the melting point is always 
reduced. 

The cis form is more soluble, ordinarily, in inert solvents and has a 
higher energy content, and, consequently, it has a higher heat of com
bustion than the trans form. It has also a higher ionization constant if 
the compound is an acid. Usually, the cis form is the less stable of the 
two. 

Four forms (geometric isomers) of linoleic acid are possible. The 
naturally occurring one is cis-9, cis-12-octadecadienoic acid. The others 
have 9-cis-12-trans, 9-trans-12-trans, and 9-trans-12-cis configura
tions. 

It is possible to have eight geometric forms of linolenic acid. The 
natural form is cis-9, cis-12, cis-15-octadecatrienoic acid. 

CH 3 (CH2 )4 CH 

II 
HCCH 2CH 

II 
HC(CH2)7COOH 

Linoleic acid (cis-9,cis-12-0ctadecadienoic acid) 

Cyclic Fatty Acids. Malvalic and sterculic acids are cyclopropenoid 
fatty acids present in cottonseed meal. These must be removed if the 
meal is to be fed to laying chickens or the eggs will be pink-white. 

The crystals of fatty acids are all monoclinic prisms with four mole
cules to a unit. 

Refractive index is easily determined and can be used to determine 
the purity of fatty acids. 

In the study of fatty acids, the absorption spectra have been very 
important in the determination of the position and number of double 
bonds in the molecule. 

Glycerol. This is a trihydric alcohol which contains primary and 
secondary alcohol groups and is a constituent of all fats. It gives all the 
chemical reactions of alcohols. On oxidation it forms such compounds 
as dihydroxyacetone, glyceric aldehyde, and glyceric acid. The three 
carbon atoms of the glycerol molecule are labeled alpha, beta, and 
alpha prime, respectively. 
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When glycerol is subjected to high heat it loses water and forms 
acrolein. This compound has a strong irritating odor. 

aCH20H H 
I .c. I 

f3 CHOH , C=O + 2H2O 
I I 

a'CH2OH CH 
II 
CH2 

Glycerol Acrolein 

Separation and Determination of Fatty Acids. The most effective 
method for the separation, identification, and determination of fatty 
acids, both saturated and unsaturated, is by means of gas-liquid 
chromatography. It has superseded all of the earlier methods. Van 
Wijngaarden (1967) proposed a modification ofthe method of Metcalfe 
and Schmitz (1961) which makes use of BF3 for the preparation of the 
fatty acid esters used in this method. Vorbecket al. (1961) prepared the 
esters by means of diazomethane. Gas-liquid chromatography was used 
by Lee and Mattick (1961) to show the development offatty acids in the 
lipid of unblanched peas held in frozen storage, and in spinach held 
under similar conditions (Mattick and Lee 1961). Mattick and Rice 
(1976) used the van Wijngaarden method to determine the fatty acid 
composition of grape seed oil from native American and hybrid grape 
varieties. 

The earlier method separated saturated and unsaturated fatty acids 
using the crystallization ofthe lead salts. The saturated fatty acid salts 
are less soluble in alcohol (95%) and separate out in crystals first. The 
lead salts of the unsaturated acids are more soluble. 

Stereospecific Analysis. For a complete knowledge of the structure 
of each fat it is necessary to know the identity of the fatty acids which 
occupy positions alpha, beta, and alpha prime of the fat molecule. This 
can be accomplished by the use ofthe technique known as stereospecific 
analysis (Brokerhoff 1965). Further work by Brokerhoff and Yurkow
ski in 1966 showed that in vegetable fats palmitic and stearic acids as 
well as those of longer chain length are found mainly in the alpha 
position of the triglyceride molecules. Unsaturated acids are more apt 
to be found in the beta position. 

Di- and Triglycerides. According to Brockerhoff (1965), digly
cerides are obtained from triglycerides by means of the lipolitic action 
of pancreatic lipase. These are then converted to a mixture of D- and 
L-phosphatidyl phenols. Phospholipase A is then used to hydrolyze 
L-phosphatide. The result is a lysophosphatide that has a fatty acid in 
position 1, a free fatty acid from position 2, and D-phosphatidyl phenol, 
which did not hydrolyze. The identity of the fatty acid in position 3 is 
determined by calculation. 

Triacylglycerols may be made up ofthree molecules ofthe same fatty 
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acid or of two or three different fatty acids. These latter are classed as 
mixed glycerides. A triglyceride made up of three molecules of oleic 
acid is known as "triolein." A molecule of stearic acid and two of oleic 
acid is known as dioleostearin or stearodiolein. It is possible for mixed 
glycerides to exist in isomeric forms. Much has been written about the 
random distribution of fatty acids in triglyceride molecules, but this 
idea has not been unaccepted by some (see Kuksis 1972). 

The following formulas show possible mixed glycerides. 

o 
II 

CH,-OCR, 

I ~ 
CH-OCR2 

I ~ 
CH2-OCR, 

o 
II 

CH2-OCR, 

\ ~ 
CH-OCR, 

I ~ 
CH,-OCR2 

o 
II 

iH,-;CR' 

CH-OCR, 

\ 9 
CH2 -OCR, 

Triglycerides can partially hydrolyze to release monoglycerides and 
diglycerides. This takes place on standing, and the extent of this reac
tion depends on water and heat, together with an acid or an alkali. 

-R,-COOH / 

CH,-OH 

I 
CH-O-C-R, 

I 8 
CH -O-C-R3 , II 

CH,-O-C-R, 

I II 
o 

CH-O-C-R, 

I 8 
CH -O-C-R" 

. II 
o 

\ -R,-COOH 

CH,-O-C-R 

I 8 I 

CH-OH 

I 
CH.-O-C-R 

o 

I -R,-COOH ~R'-COOH 
2 II 3 

o 

l-R,-COOH 
CH,.-OH 

I 
CH-OH 

I 
CH-O-C-R , II 3 

o 

CH,-OH 

I 
CH-O-C-R, 

I 8 
CH,-OH 

CH,-OH 

I 
CH-OH 

I 
CH,-O-C-R3 

II o 
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When these compounds are hydrolyzed (saponified) with hot alkaline 
solution, glycerol is released together with fatty acids. The latter, in 
the form of soaps, are sodium or potassium salts of the fatty acids, 
depending on the alkali used. This is complete hydrolysis. 

During the process of saponification, the following reaction takes 
place. 

CH20COR 
I 
CHOCOR' 

I 
CH 2 0COR" 

+ 3NaOH -- RC0 2 Na + R' CO 2 Na 

Soap Soap 

iH20H 

CHOH 

I 
CH 2 0H 

Glycerol 

Fats can be hydrolyzed by heating with steam under pressure, releas
ing fatty acids and glycerol. 

The action of animal lipases on triglycerides is shown on p. 97. 
The /3-monoglyceride rema~ns after this hydrolysis and rapidly iso

merizes to form considerable a-monoglyceride. This a-monoglyceride 
hydrolyzes and the R' acid is released and glycerol is formed. The acyl 
group from the /3-position is not ordinarily hydrolyzed by most lipases. 

Mono- and diglycerides are prepared by the process ofinteresterifica
tion of fats by the use of glycerol and an alkaline catalyst. This will be 
discussed under commercial applications at the end of this chapter. 

Polymorphism 

Some triglycerides are known in several different crystal forms. This 
is called polymorphism. Long chain compounds occur in three different 
parallel packings of the crystals. Figure 5.1 illustrates this. Table 5.3 
gives the melting points ofthe polymorphic forms ofthese triglycerides. 
Triglycerides are quite nonpolar. They behave much like linear hydro
carbons in this respect. In Table 5.3 SSS is the compound of reference. 
The three forms are a, /3', and /3. The a form is the least stable, the /3 
form is the most stable, and the more stable can be obtained from the 
less stable, as follows, a~/3'~/3. The fact that the three forms of SSS 
have three different melting points has been known for over 100 years. 
Any difference in melting point from one of lower stability to one of 
higher stability is lower to highe'r melting point. 

Hoerr (1960) described several types offat crystals as observed mag
nified and with polarized light as follows. Alpha crystals are fragile 
transparent platelets which measure about 5 /Lm. Beta prime crystals 
are very small delicate needles not much greater than l/Lm long. Beta 
crystals are coarse and rather large, 25- 50 /Lm long. During long aging 
these latter can grow to 100 /Lm in length. 
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CH2-O-C-R, 

I ~ 
CH-O-C-R. 

I ~ 
CH,-O-C-R 

-R,-COOH/ - ~ 3\ 
/ -R3-COOH 

CH,-OH 

I 
CH-O-C-R. CH,-O-C-R, 

I ~ I ~ 
CH -O-C-R CH-O-C-R. 

, II 3 I II 
o 0 

I~~'~~~" 
CH2-OH 

I 
CH-O-C-R. 

I ~ 
CH,-OH 

1 [ ;"m,,;,,';oc 

CH2-O-C-R. 

I ~ 
CH-OH 

I 
CH,-OH 

1 -R.-COOH 

CH2 -OH 
I 
CH-OH 
I 
CH,-OH 

Action of animallipases on triglycerides. 
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Rowl - B -f)-
Row 2 f)--C{) -t5 
Row 3 B-{}-

Alpha 

6-8-6 

1-0-&-
2~-((;-<0 

3 - 0-0-
Beta Prime 

1--0-0-
20-0-0 
3-&-0-

-• 

Beta 

1-1-1 

FIG. 5.1. (top) Cross-sectional structures of long-chain compounds. 
(bottom) Comparison of postulated 6-8-6 and 8-8-8 triglyceride structures. 
From Lutton (1972). Used with permission of the American Oil Chemists' Society, copyright owner. 

The f3' fats are the best for use in shortening since they are able to 
bring about the inclusion oflarge amounts of tiny air bubbles. Such fats 
are best for the making of cakes and icings, producing a tender or short 
quality. 

Grainy or coarse shortening or margarine can be produced from fats 
which may change into the beta form. This is undesirable. 

In the manufacture of shortening, a hardstock, which is basically a 
combination of fully saturated hydrogenated triglycerides, is used in 
the mixture to give resistance to heat, that is, warm temperature sta
bility. Soybean hardstock, which contains f3-tending SSS, is preferred 
for a group of solid containing shortenings which can be pumped. The 
desired component for plastic shortening is f3'-tending PSP. This is 
present in cottonseed hardstock. 

Tempering (Controlled crystallization). Tempering is a process 
used in, fat manufacture to put it in the physical state and poly-
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TABLE 5.3. Melting Points of SSS, SPS and PSP· 

Form 

a 
13' 
13 

SSS 

54.7 
64.0 
73.3 

SPS 

51.8 
(69.0)" 
68.5 

PSP 

47 b 

69.0 
(65.5)" 

Source: Lutton, 1972. Used with permission of American Oil Chemists' Society, copyright 
owner. 
a SSS = tristearin; SPS = 2-palmitoyl distearin; PSP = 2-stearoyl dipalmitin. 
b Softening Point. 
e Obtained with difficulty. 

morphic form in which it is best adapted for the use to which it is to be 
put. This process consists of holding the product at one or more temper
atures for varying periods of time to bring about the formation of 
different crystal mixes in the fat. In some processes agitation is in
volved. Different procedures may be necessary for the particular uses 
of the product. 

Bailey (1951) showed that shortening consists of small needlelike 
crystals enclosing liquid oil. 

The most stable crystalline form for hydrogenated vegetable oils is 
f3 " whereas that for interesterified lard in shortenings is f3 ' -2. 

Classification of Fats and Oils 

Fats and oils can be separated into five groups, based on fatty acid 
composition and source, that is, plant or animal. 

Those of animal origin comprise two groups, those from milkfat and 
those classed as animal depot fats. Those of plant origin comprise three 
groups. These include the lauric acid group, which, as the name indi
cates, are rather high in lauric acid, the oleic-linoleic acid group, and 
the linolenic acid group. 

The milkfat group comes from the milk of the cow and other milk
producing animals. The fat contains a rather large amount of fatty 
acids up to C 12 with fair amounts of butyric acid, ranging from 3-15%. 
A little less than 4% is found in cow's milk. The source of the fat, in 
general, influences the amount of butyric acid. Palmitic, stearic, oleic, 
and a large number of other fatty cids also occur. 

The animal depot fats are high (up to about 35%) in C 16 and C 18 

saturated fatty acids and in about 60% oleic and linoleic acids, which 
are unsaturated. The softness or hardness of these fats is controlled by 
their composition, which in turn, influences their final use. They are 
produced from the pig, sheep, and the bovine animals. 

The lauric acid group is rather high in lauric acid and is low in 
unsaturated fatty acids. Fats from this group are obtained from the 
coconut, the coquilla nut, and seeds of the oil palm. 

The oleic-linoleic acid group is made up of fats and oils in which 
these unsaturated fatty acids comprise the largest amount. They come 
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from the olive and oil palm, and seeds of peanut, sunflower, cotton, 
corn, sesame, and safflower. 

The oils of the linolenic acid group contain fair amounts of linolenic 
acid, but may have oleic and linoleic acids in their composition. The 
soybean is the source of the valuable food oil in this group. Linseed oil 
which is used in paint manufacture contains up to almost 50% linolenic 
acid, which accounts for its drying qualities. Wheat germ oil and hemp
seed oil are in this group also. 

Another fat which deserves mention but does not fit into these groups 
is cocoa butter. It is obtained from cocoa beans, is hard at room temper
ature, and contains palmitic, stearic, and oleic acids in quantity. A 
small amount oflinoleic acid is present also. The amounts of the major 
fatty acids in cocoa butter are nearly equal-about 26% palmitic, 34% 
stearic, and 37% oleic. 

Preparation of Fats and Oils. Edible oils are now largely commer
cially extracted by means of solvents. Today, olive oil is made by ex
pression, as it was in ancient times, and the first pressing yields virgin 
olive oil which brings the highest price and is considered the best and 
highest in quality. Formerly, many oils were produced by this method. 
When solvent extraction is used, the solvent is recovered and used 
again. It is because of this that the cost is reduced and the method is 
commercially feasible. This process involves countercurrent extrac
tion, that is, the solvent moves in a direction opposite from that of the 
material being extracted. In this way, the exhausted material meets 
the fresh solvent so as to extract the most oil or fat possible. Fats can 
be recovered from animal tissues by rendering. Heat is applied to the 
material to be extracted. Several types of rendering processes are in 
use. 

Analysis of Fats. Saponification Number. This is the number of 
milligrams ofKOH necessary to saponify 1 g offat. When this determi
nation is made in the laboratory a known excess of alkali is used to 
effect the saponification. The excess of alkali is determined by titration 
after the reaction has taken place and the value is calculated from the 
data obtained. In other words, this amount of KOH would neutralize 
these fatty acids if they were in the free condition. This in turn gives 
an idea ofthe average molecular weight ofthe fatty acids in the fat. The 
average saponification number of butterfat is 227 while that of mutton 
tallow has an average value of 194. The molecules of fatty acid in the 
latter are larger, on the average, and, therefore, it takes less KOH to 
saponify it than it does for an equal weight of butterfat. 

Iodine Number. This is defined as the number of grams of iodine 
absorbed by 100 g of fat or oil, which amounts to the percentage of 
iodine absorbed. This determination gives an indication of the degree 
of unsaturation of the sample. The oleic acid in a sample, for example, 
would take up to two atoms of iodine to form diiodostearic acid. Ex-
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TABLE 5.4. Constants of Edible Fats and Oils· 

Oil or Fat 

Almond oil 
Butter fat 
Cocoa butter 
Coconut oil 
Com oil 
Cottonseed oil 
Lard 
Lard oil 
Olive oil 
Palm oil 
Peanut oil 
Saffiower oil 
Sesame oil 
Soybean oil 
Sunflower oil 
Tallow (beef) 
Tallow (mutton) 

Specific 
Gravityb 

0.917 C (15) 
0.911(40/15) 
0.964(15) 
0.924(15) 
0.92Z(15) 
0.917(25) 
0.936 C 

0.919(15) 
0.918(15) 
0.915(15) 
0.915(15) 
0.900(60) 
0.919(25) 
0.927(15) 
0.923(15) 
0.948 C 

0.945(15) 

Refractive 
Index 
40° 
n/D 

1.474 c 

1.4548 
1.4568 
1.4493 
1.4734 
1.4735 
1.452 C 

1.4615 
1.4679 
1.4578 
1.4691 
1.462(60°) 
1.4646 
1.4729 
1.4694c 

1.4537 C 

1.4565 c 

Melting Saponifi- Reichert-
Point cation Iodine Meissl 
(OC) Number Number Numberc 

192.0c 97 c 0.5 
32.2 227.0 36.1 29.0 
34.1 195.0 36.5 0.5 
25.1 257.0 10.4 7.5 

190 . .0 122.6 1.9 
194.3 105.7 0.8 

40.5 C 197.5 C 57.5 C
• 0.4 

198.5 58.6 0.0 
192.0 81.1 0.6 

35 199.1 54.2 1.4 
192.1 93.4 0.5 
192:0 145 
191.5 106.6 1.2 
190.6 130 0.7 
188.7 125.5 

33.5 c 197.0 49.5 0.4 
32-49c 194.0 40 0.3 

a Most of the data were obtained from Altman and Dittmer (1972), except as noted below. 
b Specific gravity was calculated at the specified temperature unless otherwise noted in 

parentheses. Extreme variation may occur, depending on a number of variables such 
as source, treatment, and age of fat or oil. 

c Values are typical rather than average, except for almond oil, lard, and some for beef 
tallow. These latter were obtained from other sources and are averages as were the 
Reichert-Meissl values. 

periments have indicated that the amount of unsaturation is affected 
by the temperature at the time of biosynthesis. It was shown that 
linseeQ oil obtained from seeds produced in a cold climate has a higher 
iodine value than oil from seeds produced under considerably warmer 
conditions. It is known that this is a rather general condition, and, 
therefore, the source of the oil is important. This fact must be borne in 
mind in evaluating results. 

Reichert-Meissl Number. This is an index of the soluble volatile 
acids, and is determined as the number of milliliters of 0.1 N alkali 
necessary to neutralize the soluble volatile acids distilled from 5 g offat 
or oil. It is most useful in detecting the adulteration of butter, because 
of all the natural fats butter has the largest amount of steam volatile 
acids. In making this determination, the procedure must be followed 
precisely to get satisfactory results. The reason is that complete 
removal of the volatile acids is not achieved by steam distillation, but 
comparable values can be had if all the directions, including dimen
sions of the equipment used, are followed. The acids found in this 
determination are butyric, caproic, and some of the caprylic acid. 
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Waxes 

True waxes are also classed as simple lipids and are chemically 
esters of fatty acids and alcohols, both of high molecular weight. The 
alcohols are long-chained monohydroxy alcohols. In addition, the 
natural waxes contain secondary alcohols, ketones, hydroxylated and 
unsaturated fatty acids, and paraffins, all high molecular weight and 
with rather similar physical properties. Waxes enjoy extensive distri
bution in both plants and animals. Found in plant cells, and on the 
surfaces of fruits as well as leaves, they doubtlessly afford protection. 
The main result of their presence on leaves, usually on the under 
surfaces, seems to be the conservation of water loss by transpiration. 
The under surface of the leaves contains the greatest numbers of 
stomata, the openings through which water is lost. 

Beeswax is secreted by honeybees and is used by them to construct 
combs. It is composed of a variety of substances, the bulk of which are 
alkyl esters. Of these, myricyl palmitate is present in rather large 
amounts. 

The so-called bloom of fruits such as plums and grapes is made up 
chemically of waxes. The waxes from the cuticle of the apple and the 
pear have been investigated. In both cases the main component was 
found to be n-nonacosane, CH3 (CH2 )27 CH3 , determined by X-ray dif
fraction, and the melting point (65.1 °C). In addition, apple was found 
to contain the secondary alcohol, 10-nonacosanol, CH3 (CH 2 )18 CHOH 
(CH2 )8 CH3 , was not found in the wax of the pear; however, some 
primary alcohols were found (Markley et al. 1935). 

Waxes from the cherry, grape, cranberry, and citrus fruits were in
vestigated and a variety of compounds were found (Markley et al. 1937, 
1938; Markley and Sando 1934, 1937). 

Waxes generally are solids frequently melting under 100°C, are not 
so likely to autoxidize, and are harder to saponify than are fats or oils. 

COMPOSITE LIPIDS 

Phospholipids (Phosphoglycerides, Phosphatides) 

While fats and oils, the simple lipids, contain only carbon, hydrogen, 
and oxygen, the phospholipids contain these elements and nitrogen and 
phosphorus as well. They are, therefore, compounds of glycerol which 
are esterified by fatty acids, and by phosphoric acid and basic nitrogen 
compounds. The nitrogen compounds found are choline, ethanolamine, 
and L-serine. The structural names of these compounds are phos
phatidyl followed by the name ofthe base. It is well to mention that the 
sphingomyelins that contain phosphorus are more correctly con
sidered sphingolipids because ofthe backbone structure connected with 
the fatty acid. While phospholipids make up about 1-2% of a number 
of the crude vegetable oils, the amount in animal fats is higher. The 
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phospholipid content of egg yolk amounts to about 20%. During the 
refining of fats and oils most of the phospholipids are lost, hence only 
small amounts are found in the finished product. These compounds are 
involved in some biological functions such as (a) intermediates in the 
absorption, transport, and metabolism of fatty acids; (b) structural 
elements in living cells; and (c) involvement in the clotting of blood. 

Lecithins. Lecithins are phosphatidyl cholines. They are found in 
egg yolk, yeast, soybeans, wheat germ, and animal tissues such as 
liver. The lecithin of egg yolk and liver contains both saturated and 
unsaturated fatty acids, the saturated is in the alpha position while the 
unsaturated is in the beta position of the glycerol. It appears unlikely 
that beta lecithins occur in nature. In the alpha lecithins the choline 
part of the molecule is attached to the alpha or outside carbon of the 
glycerol molecule. In the beta lecithins the choline is attached to the 
beta or middle carbon of the glycerol molecule. 

Rl = saturated fatty acid; 

R2 = unsaturated fatty acid. 

o 
II + 

H2C-O-P-O-CH2 -CH2 -N(CH3h 
I 
0-

'----.....,yr-_~A~ ___ ~y~--~ 

Phosphatidic acid Choline 

L-a-Lecithin (Phosphatidyl choline). 

RCOO,H Z 

R'COOCH 0 
I II 

HzC-O-P-OH 
I 

OH 

L-a-Phosphatidic acid 

Choline 

Another lecithin, dipalmitoleyl-L-a-glycerylphosphorylcholine is 
found in brewer's yeast. This is different in that it has two unsaturated 
fatty acids in its composition. 
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Dipalmitoleyl-L-a-glycerylphosphoryl choline 

A replaceable hydrogen in the lecithin molecule is in the phosphoric 
acid part, while the choline acts as a base. However, the basic proper
ties are stronger. Since ethanolamine and L-serine are less basic than 
choline, the phosphatides (phosphatidyl compounds) containing them 
are more acid in character than those containing choline. 

An absence of choline from the diet results in a fatty infiltration of 
the liver. 

Lecithins are waxy white solids which turn yellow and then brown in 
the light. They are soluble in the usual fat solvents, but are insoluble 
in methyl acetate and acetone. In the presence of bile salts they will 
dissolve in an aqueous medium. Lecithins find commercial application 
in food products as emulsifiers and as antioxidants. The form used is 
crude soybean lecithin or egg yolk when an emulsifier is needed. 
Because of the presence of strongly polar choline along with the non
polar fatty acids the lecithins are surface tension active. 

Cephalins. Whereas lecithins contain choline, the cephal ins have 
serine or ethanolamine in its place. These compounds have the 
a-L-configuration. They are colorless solids which darken to a reddish 
brown color when exposed to light and air. They are insoluble in alco
hol, but soluble in the usual fat solvents. Formulas for these compounds 
follow. When phosphatidyl serine is decarboxylated phosphatidyl etha
nolamine is the result. 

o 
II 

CH2-0-C-RI 

~ I 
R2-C-0-CH 

o 
II 

CH2 -O-P---'0-CH2 -CH-COO-
I I 
0- NH/ 

L-a-Phosphatidyl serine 



o 
II 

CH2-0-C-R\ 

~ \ 

R2-C-0-C-H 

I ? 
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CH2 -0-P-0-CH2 -CH2 -NH3 + 

I 
0-

L-a-Cephalin (Phosphatidyl ethanolamine). R, = saturated acid; R2 = unsaturated acid. 

The cephalins are more acidic than the lecithins. This is because the 
quaternary ammonium group is more basic than the primary amino 
group. 

Plasmalogens. Plasmalogens are similar to the lecithins and 
cephalins. The only difference is that an a,j3-unsaturated alcohol re
places the fatty acid in the a-position to form an ether-linked compound 
instead of an ester-linked compound. These compounds are found in the 
membranes of muscle tissue, heart, and brain. 

CH2 -O-CH= CH-R 

~ I 
R2-C-0-C-H 

o I 
" + CH2 -0-P-0-CH2 -CH2 -N(CH3h 
I 
0-

A plasmalogen (Phosphatidal choline) 

Inositol phosphatides. These compounds contain inositol. This is a 
cyclichexahydroxy alcohol which is attached to the phosphate. They 
can be prepared from soybean oil. 

o 
II 

CH2-0-C-R\ 

~ I 
Rl-C-O-C-H 

o I II 
CH2-0-P-0 

I 
0-

OH OH 

H OH 

Phosphatidyl inositol 
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Phosphatidyl glycerols are present in plant and bacterial mem
branes. 

o 

o 

" CH2-O-C-R1 

" R 2-C-0-CH 

Sphingolipids 

o 
II 

CH2 -0-P-0-CH2 -CHOH -CH20H 
I 
o 

Phosphatidyl glycerol 

Sphingolipids are a group of compounds, many of which contain 
sphingosine, a long chain aliphatic base, which do not contain glycerol. 
Similar compounds can replace this base in the molecule, hence it is not 
necessary that sphingosine itself be present. 

Sphingosine 

One group of sphingolipids contain phosphorus and are known as 
sphingomyelins. They are found mainly in nervous tissue, but also in 
the blood. 

o 
II 

RC-NH 
I 

Cfu(CH2hz-CH=Cli-CH-CH 

6H I ~ + 
H2CO-P-OCH2CH2N==(CH.3h 

I 
0-

Sphingomyelin 
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DERIVED LIPIDS (UNSAPONIFIABLES) 

Terpenes 

Of the terpenes of interest is squalene C 30 Hso which is a hydrocarbon 
and is present in shark liver oil. It is incidentally an intermediate in 
the biosynthesis of cholesterol. The carotenes, the precursors of the 
A vitamins, are also in this group. 

Steroids 

The steroids are another of the groups of compounds that do not have 
glycerol in their molecules. Those steroids that have eight to ten carbon 
atoms in the side chain, connected at carbon 17, and with a hydroxyl 
group at carbon 3 are called sterols. The best known member of this 
group, having been involved in diet problems, is cholesterol. Choles
terol has eight asymmetric carbon atoms, C-3, -8, -9, -10, -13, -14, and 
-17. 

HO 

CH3 CH I / 3 
CH-CH2-CH2-CH2-CH 

"CH3 

Cholesterol 

Ergosterol (another sterol which is found in fungi, other plants, and 
yeast) is well-known also. These sterols have conjugated unsaturation 
in the B ring and because of this, this ring can be broken by ultraviolet 
light to form compounds with vitamin D activity. Ergosterol forms 
vitamin D2, while 7 -dehydrocholesterol yields vitamin D3• 

HO 

Ergosterol Vitamin D2 

These compounds will be discussed in the chapter on vitamins. 
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OXIDA nON OF LIPIDS 

Lipid oxidation is very important and of much interest to the food 
chemist because it results in the formation of off-odors and -flavors, 
reduction or destruction of essential fatty acids, formation of brown 
pigments, and alteration of pigments and flavors. This is known also as 
autoxidation. These main reactions are accompanied by secondary 
reactions which can be of an oxidative or nonoxidative nature. All of 
these involve reactions with molecular oxygen. 

Of these prime reactions the most common type oflipid autoxidation 
is autocatalytic autoxidation. This occurs in fats and oils and in foods 
containing these substances, and always occurs in the presence of cata
lytic substances, examples of which are light, pro-oxidants; and anti
oxidants. Enzymatic and photochemical peroxidation are the impor
tant nonautocatalytic types of autoxidation which are involved in the 
deterioration of food lipids. 

Farmer and Sundralingam (1942) and Farmer et al. (1943) showed 
that hydroperoxides are formed during the usual autoxidation of fats. 
The rate of an autocatalytic reaction increases with time, because prod
ucts formed during the reaction tend to catalyze the reaction. Hence, as 
the reaction proceeds, the rate of hydroperoxide accumulation in
creases. This reaction is connected mainly with unsaturated acyl 
groups (the acyl radical is R-Ce O), with the hydroperoxide group 
appearing in the alpha position relative to the double bond. A shift of 
the double bond mayor may not be involved in the formation of hydro
peroxides. The occurrence of this shift depends on the quantity of 
original unsaturation in the acyl group as well as other factors. Also, 
the rates of autoxidation ofthe usual fatty acids and derivatives depend 
particularly on the amount of un saturation of the fatty acids. Saturated 
fatty acid derivatives autoxidize very slowly to form hydroperoxides. It 
is known also that the rate of autoxidation increases exponentially 
with increasing unsaturation in the case of derivatives of the ordinary 
fatty acids. The cis isomers of the unsaturated fatty acids are more 
susceptible to autoxidation than the trans. 

The rate of oxidation can be affected by a number of things. Trace 
metals and biological catalysts including oxidative enzymes, if present, 
as well as light from short to the longest wavelengths can accelerate 
the rate considerably. Visible light is, of course, especially active in the 
presence of chlorophyll and other ph.otochemical pigments. In addition 
to these accelerators, other substances act in a negative manner and 
inhibit the catalytic effect. These are known as antioxidants. An exam
ple of these are the phenolic substances used for this purpose commer
cially in food fats, such as lard and lard substitutes. One such com
pound is butylated hydroxy toluene (BHT), and another is butylated 
hydroxyanisole (BHA) Stuckey (1962). 

It has been found that sometimes a mixture of two antioxidants is 
more effective than when one is used alone; an example is the use of 
BHT and BHA. 
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Lundberg (1962) and Lundberg and Chipault (1947) found that with 
unsaturated fatty acids, small amounts of conjugated ketones are pro
duced at a speed equal to the production of hydroperoxides. 

Figure 5.2 shows the typical curve of hydroperoxide development in 
fatty materials, an example of uncomplicated autoxidation of a pure 
fatty material. The slope of the curve shows the rate of hydroperoxide 
accumulation, which increases as the oxidation progresses. 

It is well to note that the hydroperoxides by themselves do not con
tribute materially to the unwanted odors and flavors of autoxidized 
food materials. These off-flavors are caused by secondary substances 
formed during the various reactions and possibly through further oxi
dation of the peroxides and their degradation products. 

The mechanism of this reaction was determined by a study on the 
autoxidation of ethyllinoleate at various temperatures (Bolland 1946; 
Bolland and Gee 1946A, B). This work brought to light the following 
facts: (1) autoxidation is directly proportional to linoleate concentra
tion; (2) above a certain level, oxidation increases in a straight-line 
relationship with the extent of oxidation. Since at the start practically 
all the absorbed oxygen appeared as hydroperoxide it was proposed 
that these hydroperoxides themselves acted as catalysts causing the 
autocatalytic character of the reaction. 

Bolland (1946) found that the rate of oxidation varied with the oxy
gen pressure. At very low oxygen pressure the rate of oxidation was 
approximately proportional to the pressure, but at higher pressures the 
rate was independent of this factor. With ethyllinoleate at 45°C the 
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FIG. 5.2. Typical curve of hydroperoxide development of fatty materials. 
From Lundberg (1962). 
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rate became independent at a pressure that approximated the partial 
pressure of oxygen in the atmosphere. 

Also, the following observations were considered of importance to the 
formulation of a mechanism for the autocatalytic autoxidation. 

1. In many respects the reaction appeared to be analogous to certain 
autoxidations in inorganic systems which were known to involve 
chain reactions. 

2. By spectrophotometric methods, it was observed that shifts of 
double bonds occurred during autoxidation. This, together with 
the observation that hydro peroxides were formed, suggested that 
a free radical mechanism might be involved. 

3. The autoxidizing linoleate system contained hydroperoxides 
which decomposed; it was known that the decomposition of other 
organic peroxides in unsaturated systems initiates polymeriza
tion reaction chains. Bolland and Gee (1946A, B) reported that 
they had investigated the linoleate hydroperoxides and found the 
decomposition reaction to be bimolecular. 

On the basis of all this work, a free radical chain mechanism was 
proposed which was slightly modified as a result of subsequent work. 

The most important cause ofthe deterioration oflipids or foods which 
contain lipids is the action of oxygen on unsaturated fatty acids in the 
lipids. 

The oxidation reaction usually occurs in three steps: initiation, prop
agation, and termination. In the initiation step hydrogen is abstracted 
from an unsaturated hydrocarbon to form a free radical, and an oxygen 
adds at the double bond to form a radical. 

RH~R' + H' 

RCH=CHR + O 2 ~RCH-CHR 

I 
0-0' 

In propagation the chain reaction goes ahead, and additional radicals 
are formed. 

R' + 02~ROO' 
ROO' + RH~ R + ROOH 

This stage can continue for a period of time. 
In termination, stable nonradical end products result when radicals 

collide. These nonradical products are nonreactive. 

R' + R'~RR 

R + RO~ ~ROOR 
RO~ + RO~ ~ ROOR + O2 

Other reactions are possible. 
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In this reaction mechanism, at low oxygen concentrations, the ratio 
of R to RO~ should be relatively large, and the principal chain
terminating reaction would be the first of the three shown. 

If, however, the concentration of oxygen is high, the ratio of 
RO~ to R should also be high, and the third chain-terminating reac
tion would prevail. 

At low total peroxide concentration, the ratio of monomeric to di
meric peroxide is high and the autoxidative chain reaction shown is 
initiated primarily by a decomposition of monomeric hydroperoxide. At 
high peroxide concentration, the ratio of dimeric to monomeric perox
ide is high, and the chain-initiating reaction involves primarily the 
decomposition of dimeric hydroperoxide. However, a finite level of 
monomeric hydroperoxide persists, and, indeed, increases gradually, as 
the total peroxide concentration increases. 

Figure 5.3 shows the initial rates of decomposition of peroxides of 
methyl linoleate. The samples were autoxidized to various levels at 
O°C and then decomposed at 80°C. The initial horizontal portion ofthe 
curve is consistent with a unimolecular decomposition of monomeric 
hydroperoxide, and the rising straight-line portion is consistent with a 
unimolecular decomposition of dimer hydroperoxide. Thus, the hydro
peroxides may be considered to exist in an equilibrium as follows: 

2 ROOH ~ (ROOHh 
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FIG. 5.3. Decomposition of peroxides of methyl linoleate. Autoxidized at 
O°C and decomposed at BO°C. 
From Lundberg (1962). 
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Under conditions of normal initial temperature, a rise in tempera
ture affects the rate of autocatalytic autoxidation more than most other 
chemical reactions. The rising temperature has two effects: it speeds 
the chain propagation reactions and the decomposition of peroxides, 
resulting in an increase in the concentration of free radicals available 
for the start and spread of reaction chains. However, a point is reached 
where for a given temperature a maximum state Df concentration of 
hydroperoxide is approached. This is the phenomenon of maximum 
rates (V orbeck et al. 1961). The approach to this condition is speeded by 
the presence of catalytic factors such as metals and light. 

Under usual conditions, however, the only time the phenomenon of 
maximum rates is likely to be of importance in foods is during deep fat 
or ordinary frying proc~dures in metal equipment. 

Oxidation of Monoenoic Acids 

When oleic acid is involved in such oxidation, four isomeric hydro
peroxides can be formed, at four different locations. Abstraction of 
hydrogen from the carbons ex to the double bond occurs during the 
initiation stage. The result is that two radicals can be produced. Each 
one of these can assume two forms as a result of resonance. Hydro
peroxides are formed at four different positions by the addition of oxy
gen at each radical site followed by the addition of a hydrogen free 
radical. Two ofthese positions are at the carbons ofthe original double 
bond and two are at the ex carbons. 

Oxidation of Polyenoic Acids 

This oxidation starts and continues more rapidly than that of 
monoenes. The tendency to oxidize increases as the number of double 
bonds increases. The methylene group which has adjacent double bonds 
on both sides is easily attacked by a-peroxy radical. This brings about 
an abstraction of hydrogen and the J"ormation of a radical at the 
methylene carbon. Because of the instability of the radical formed, a 
conjugated double bond system results when the electrons redistribute. 
In the end a radical is formed at the C-1 or the C-5 position in the 
original pentadiene system. This structure is 

I 
RC=C-C-C=CR 

I I I I I 
A similar result takes place in the oxidation of linolenic acid, since 

it has the 1-4 pentadiene structures. Hydroperoxide systems contain
ing conjugated double bonds can form when more than two double 
bonds exist, as in linolenic acid. 
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Measurement of Oxidation 

The measurement of the oxidized condition tends to be rather uncer
tain. There are tests that can help in this measurement, including the 
determination of the peroxide value, particularly at the start of the 
stage of decomposition of large amounts of hydroperoxides. The use of 
the thiobarbituric acid test has some value under the right conditions, 
and finally the determination of the carbonyl compounds as well as the 
acid determination can help, but interpretation of the data can be 
difficult. 

Secondary Degradation Products 

The decomposition of the hydroperoxides that were formed by the 
action of oxygen on unsaturated fatty acids probably accounts for the 
degradation products formed. Because of the large number of unsatu
rated fatty acids found in the fatty materials of foods, and the large 
number of possible hydroperoxides that can be formed from each, many 
other compounds can be formed from these hydroperoxides. This is 
further enlarged by the possible routes of hydroperoxide destruction. 
Further, oxygen can act on ethylenicbonds to yield other degradation 
products. In addition to these, alcohols, aldehydes, and other com
pounds formed during initial degradation are susceptible to further 
oxidation. 

Since these compounds continue to change, analysis by chroma
tographic procedures show the conditions in the sample at the time of 
sampling. 

Badings (1960) worked on the scheme of Bell et al. (1951) and from 
this some of the basic pathways of hydro peroxide dismutation can be 
shown. 

R-CH(OOH)-R~ R-CH-R + 'OH 
I 
O' 

(1) 

This shows decomposition to the alkoxy and hydroxy free radicals. The 
alkoxy radical can react in four ways, as follows. 

R-CH-R~R +~CHO 
I 
O' 

(2a) 

This illustrates the chain fission which can take place on either side of 
the radical which results in an aldehyde and a new alkyl-type radical. 

R-CH-R + R'H~ R-CHOH-R + R" (2b) 
I 
O' 
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The removal of a hydrogen atom from another molecule can give an 
alcohol and a new free radical. Both reactions 2a and 2b show the 
release of free radicals which are able to propagate the autoxidative 
chain reaction. 

R-CH-R + R"~ R-C-R + R'H (2c) 
I II 

O· 0 

R-CH-R + R'O'~ R-C-R + R'OH (2d) 
I II 

O· 0 

Reactions 2c and 2d show that interaction between two free radicals 
ends the chain reaction by the formation of nonradical products: in 2c 
and alkyl type offree radical is involved, in 2d an alkoxy type is a part 
of the reaction. 

Other secondary reactions are likely to be worthy of consideration in 
the autoxidation of lipids. 

ROOH + -CH = CH-~ -CH-CH- + ROH (3) 

"-/ o 

ROO' + -CH=CH-~ -CH-CH + RO' (4) 

\ / o 
These two equations demonstrate the reaction of a hydroperoxide or its 
radical with a double bond to form an epoxide. 

Knight et al. (1951) showed that the autoxidation of methyl oleate 
induced a cis- trans isomerization as one of the changes which took 
place. Also oxygen added to one of the C of the double bond resulted in 
the formation of a trans hydroperoxide. 

Polymerization is important in the autoxidation of lipids. They may 
be formed ' by direct association of alkoxy and alkyl free radicals or as 
in the following reaction. 

-CH=CH- + HOO-R ~ 

+ 
-CH-CH-O-OR ~-CH-CHOH- (5) 

I I 
H O-R 

Carbonyl compounds are of much importance in the autoxidation of 
fats. Aldehydes result from reaction 2a. A study of such carbonyl com
pounds was made by Gaddis et al. (1961). Since aldehydes are readily 
susceptible to oxidation to acids, large amounts of them are unlikely to 
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accumulate during the autoxidation of fats. Furthermore, they are 
susceptible to polymerization and condensation reactions. However, it 
must be remembered that some aldehydes have very strong flavors and 
exceedingly small amounts of them can be responsible for serious de
terioration of flavor in oil- and fat-containing products (Patton et al. 
1959). 

Bell et al. (1951) listed the following primary alkoxy radical reac
tions. 

R-CH20'~ CH 2 0 + R 

R-CH2 0' + R'H~ R-CH20H + R' 

R-CH2 0' + R" ~ R-CHO + R'H 

R-CH 2 0' + R"~ R-CH2-O-R' 

R-CH2 0' + R'O'~ RCHO + R'OH 

(6) 

(7) 

(8) 

(9) 

(10) 

In reaction (6) only formaldehyde is obtained. Reactions (8) and (10) 
give other volatile aldehydes. 

Ellis (1950) reported that the ex, ,l3-unsaturated ketone-acids are very 
reactive with oxygen to form peroxides and that in advance stages of 
oxidation a decrease in unsaturated ketones is coincidental with a 
decrease in oxygen absorption. Kummerow (1961) reported that the 
addition of 12-keto-9-cis-octadecenoic acid to corn oil causes a spectacu
lar increase in the peroxide content of the oil. 

Light and Radiation 

Visible light seems to speed the decomposition of hydroperoxides. 
This may be the result of absorption of the light by the peroxides or by 
other compounds that may be present. 

As one might expect, the action of ultraviolet light has a greater 
effect. When the usual polyunsaturated fatty acids are autoxidized, the 
result is the formation of conjugated unsaturated systems. These in 
turn absorb the ultraviolet strongly at certain wavelengths. Under 
these conditions the ultraviolet materially speeds the breakdown of 
peroxides. It may have an influence also on other autoxidation reac
tions. 

Lundberg (1949) studied the oxidation of methyl linoleate in the 
presence of chlorophyll and monochromatic light of 600 nm wavelength 
at 37°C. The results of this work showed that the products of this 
oxidation were mainly hydroperoxides and that the amount of hydro
peroxide produced was directly proportional to the total amount oflight 
absorbed. It was found also that the mechanism is rather different from 
that involved in the usual autoxidation of linoleate. 

Beta, gamma, and other high energy radiations catalyze autoxida
tion by catalysis ofthe peroxide decomposition. They effect this also by 
the production of free radicals from the unoxidized substrate. 



116 BASIC FOOD CHEMISTRY 

Heavy Metals in Lipid Oxidation 

Heavy metals, especially those that have two or more valency states 
with a suitable oxidation-reduction between them (e.g., Co, Cu, Fe, 
Mn, Ni) speed the oxidative deterioration in food lipids. Actually these 
metals cut down the time during which no measurable oxidation takes 
place, and increase the maximum rate of oxidation. This concept is 
based on the idea that a metal ion initiates a free radical chain by 
an electron transfer which was introduced by Haber and Willstatter 
(1931). It has been demonstrated that the basic function of the metal 
catalyst is to increase the rate of formation of free radicals. In the first 
instance, the elimination of the catalyst from the substrate during the 
early stages of the oxygen uptake cuts down the subsequent rate of 
oxidation (Denisov and Emanuel 1956). In the second instance the 
addition of a strong free radical inhibitor to an oxidizing system sup
presses the chain-propagating steps and further oxidation is com
pletely prevented for lengths oftime proportional to the added inhibitor 
concentration. In metal catalyzed oxidations it has been shown that the 
rate of chain initiation is considerably greater than the rate in the 
uncatalyzed oxidations, and at sufficiently low concentrations the rate 
is proportional to the catalyst concentration. 

Traces of heavy metals are usually found in food lipids. Even when 
purified, such lipid materials hold them in very small amounts. 
However, prophin complexes of heavy metals are extremely powerful 
catalysts of autoxidation and they are effective in trace amounts. Inci
dentally, the pyrrole-containing nucleus, called porphin, is found in 
many compounds of interest to food chemists, such as chlorophyll, 
cytochromes, hemoglobin, iron-containing proteins, and myoglobin. 

HC CH 
II II 

HC CH 

"'/ N 
H 

Pyrrole 

H H 
C=C 
I I 

HC-C~ /C=CH 
II N I 

HC--C C==CH 
II ~NH HN~ I 

HC--C C=CH 
II N I 

HC--C?' C=CH 
I I 
c=c 
H H 

Porphin 

The presence of traces of heavy metals in food lipids is without doubt 
one of the important reasons for their oxidative deterioration. 
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Hematin Compounds 

Of great importance in the peroxidation and, therefore, deterioration 
in foods containing lipids is the action of hematin compounds and 
lipoxygenase. Both of these are proteins and their roles of activity are 
rather well-defined and are more pronounced than other catalysts. 

The peroxidations of lipids by hematin compounds is a basic de
teriorative reaction. Oxidative rancidity brought about by this type of 
catalysis limits the storage life of frozen meats, fish, and poultry, and 
it is also of importance in the deterioration of freeze-dried as well as 
precooked meats. Experiments resulting in the increase in peroxide 
value and the determination of the rate of oxygen absorption showed 
that pork adipose tissue oxidized at a much faster rate than the ex
tracted lard. The study indicated hematin compounds, specifically 
hemoglobin, myoglobin, and cytochromes, as the important catalysts in 
in situ lipid peroxidation because oftheir presence in adipose tissue but 
not in the extracted lard (Tappel et al. 1961). Cyanide can be used as a 
test to inhibit hematin catalysis. 

According to Tappel (1962) all the hematin compounds occurring in 
nature catalyze oxidation of unsaturated lipids and other olefins. Only 
highly unsaturated lipids have rates of autoxidation similar to 
hemoglobin-catalyzed oxidation. In all cases, the induction period of 
hemoglobin-catalyzed reaction is shorter than that for the correspond
ing autoxidation. These rapid initiation and propagation reactions are 
characteristic of hematin catalysis. Since the rates of hematin
catalyzed peroxidation of oleic and linoleic are always greater than 
corresponding autoxidation, the importance of hematin-catalyzed reac
tion in deteriorative reactions in biological systems containing the 
usual levels of unsaturation is apparent. Hematin can catalyze lin
oleate peroxide decomposition when peroxide concentration is as low as 
5 x 10-6 M. It appears that at low totallinoleate concentrations the 
chain reaction does not occur since oxygen is not absorbed, and higher 
linoleate concentrations are necessary to be sure of chain propagation. 

Hematin-catalyzed lipid peroxidation can have a deleterious effect 
on other biological compounds near it because of a large steady state 
production of free radicals made up mainly of lipid peroxy radicals 
ROO', lipid oxyradicals RO', hydroxy radicals' OH, and radicals result
ing from the splitting of the fatty acid chain. Reacting at random 
through hydrogen abstraction and various addition reactions, these 
radicals would damage other lipids, proteins, enzymes, and vitamins. 
Oxygen-labile compounds such as vitamin A are readily cooxidized. 
Direct free radical damage to enzymes would be very important. Labo
ratory studies have been made showing lipid peroxidation damage to 
proteins. Other studies were carried out on the linolenate peroxidation 
damage to cytochrome c. 

Tappel (1962) pointed out that the critical reaction in hematin
catalyzed unsaturated lipid peroxidation is the catalytic decomposition 
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of peroxide into free radicals. Studies of the mechanism of hydro
peroxide breakdown showed that cumyl hydro peroxide and linoleate 
hydroperoxide decompositions were catalyzed by hematin with a hy
drogen donor to trap free radicals. The corresponding alcohols that 
were produced from the hydroperoxides indicated that hematin cata
lyzes the homolytic cleavage of the 0- OH bond of cumyl and linoleate 
hydroperoxides. This shows that the catalytic homolytic cleavage ofthe 
-O-O-H bond of hydro peroxide is the general property of the hematin 
catalysts. Analytical studies of secondary products from linoleate hy
droperoxide decomposition showed that large amounts of oxirane and 
hydroxyl groups were present. This suggests that a hydroxyoxirane 
compound forms as a result of the intramolecular attack of the alkoxy 
radical on the adjacent double bond followed by radical combination 
between the alkyl radical produced and the hydroxyl radical. This 
would explain the quantitative loss of conjugated double bonds. Subse
quently, the reaction becomes much more complicated. 

Antioxidants. Hemoglobin-catalyzed oxidation of unsaturated 
lipids seems particularly suited for evaluation of antioxidants to be 
used for the inhibition of oxidative rancidity offish, poultry, and meats. 
Lipid peroxides are necessary for the hematin-catalyzed initiation. The 
formation of these compounds could be retarded by the polyphenolic 
antioxidants. 

Lipoxygenase 

Lipoxygenase is an enzyme that catalyzes the direct oxidation of 
lipids containing cis-cis-1,4-pentadiene systems to hydroperoxides. 
Because of this it has the ability to oxidize linoleic, linolenic, and 
arachidonic acids, esters, and triglycerides, but not those of oleic acid 
(Dillard et al. 1961). Privett et al. (1955) determined that the principal 
product of the lipoxygenase catalysis is an optically active cis- trans 
conjugated monomeric hydroperoxide. Polyphenolic antioxidants are 
important inhibitors of this catalysis. Butylated hydroxyanisole (BHA) 
and butylated hydroxy toluene (BHT) are typical antioxidants exten
sively employed in food products. Nordihydroguaiaretic acid was 
formerly used extensively, but its use is no longer permitted. For a 
complete list of allowed antioxidants see Food Chemicals Codex, 2nd 
Edition (Natl. Acad. Sci. 1972). 

The baking industry has long used rich sources of lipoxygenase for 
the bleaching of carotene in dough. Carotene cooxidation can be con
trolled by the selection of wheat of suitable lipoxygenase and carotene 
content, by addition of legume flours containing lipoxygenase during 
dough mixing, and by controlled aeration during the mixing process. 

Antioxidants. Antioxidants have already been mentioned in this 
chapter. These compounds mainly act as free radical acceptors or as 
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hydrogen donors. When they act, they terminate the chain reaction of 
autoxidation. This is illustrated as follows. 

ROO' + AH2 ~ AH' + ROOH 

AH· + AH'~ A + AH2 

The synthetic antioxidants are extensively used in food products. 
These include BHA and BHT which have already been mentioned. 
BHA is mainly 3-tert-butyl-4-hydroxyanisole (3-BHA), but it has vary
ing amounts of 2-tert-butyl-4-hydroxyanisole (2-BHA). BHT is buty
lated hydroxy toluene, 2,6-di-tert-butyl-4-methylphenol. In addition to 
BHA and BHT, propyl gallate (PG), and tert-butyl hydroquinone 
(TBHQ) are used also. The natural tocopherols (a, /3, -y, and 8) when 
present protect the unrefined oils and fats. Since they are heat labile, 
they are usually destroyed in the refining process of fats and oils. They 
are also quite easily oxidized. Some compounds, acidic in nature, are 
known to exert a synergistic effect when used in connection with poly
phenolic antioxidants. These include citric, phosphoric, and ascorbic 
acids. 

OH 

01 ~H) 
~ -C-CH 

J 
I ) 
CH) 

~ and 

I 
OCH) 

Butylated hyroxyanisole (BHA) 

Butylated hydroxy toluene (BHT) 
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Propyl gallate (PG) tert-Butyl hydroquinone (TBHQ) 

The Use of Antioxidants. A single antioxidant may be used pro
vided that not more than 0.01% is used. This is based on the fat content 
of the food. Ifmore than one antioxidant is used in the same product the 
permitted total used must not be greater than 0.02%, and no one anti
oxidant may exceed 0.01%. If antioxidants and synergists are employed 
together, the total of all used must not be greater than 0.025%. In this 
last case, the restrictions of single additives must apply. 

Digestion 

Only minor amounts of lipid materials in food are broken down 
before reaching the small intestine. Since gastric lipase is most active 
around neutral pH, it is largely inactive in the stomach because of the 
acidity of the stomach contents. The important site of lipid digestion is 
in the small intestine. Fats and other such compounds are emulsified 
in the small intestine by the salts of the bile acids to very small glob
ules. Peristalsis reduces these emulsified globules to still smaller glob
ules, which speed lipolysis. Calcium (Ca2 +) tends to form insoluble 
soaps with the liberated fatty acids, resulting in an acceleration of the 
enzyme action. In addition, this holds down reformation of the glyc
eride. The hydrolysis takes place mainly at the a or a I positions, form
ing an a, ,B-diglyceride. This, in turn, is hydrolyzed to form mainly the 
,B-monoglyceride. Since ,B-monoglycerides can isomerize to give a mix
ture of a- and ,B-monoglycerides, the final result is a heterogeneous 
mixture containing such compounds as glycerol, fatty acids, di- and 
triacylglycerols, and other compounds originally present in the fat. 

Pancreatic phosphatidases hydrolyze the phospholipids to form fatty 
acids, glycerol, phosphate, and nitrogenous bases. 

Cholesterol esters and short-chain triglycerides are hydrolyzed by 
pancreatic esterases. 

Fatty acids with long carbon chains are resynthesized into triacyl
glycerols and are released into the lymph. After this they enter the 
portal circulation by way of the thoracic duct. Fatty acids with a chain 
length of 10 carbon atoms or less are mainly absorbed in unesterified 
form and enter the liver by the portal route. The synthesis of trigly-
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cerides in the intestinal mucosa occurs in a similar fashion to that 
which goes on in the liver. The products of these reactions are absorbed 
through the intestinal wall. It is well to note that complete hydrolysis 
is not necessary for absorption. 

Commercial Applications 

Hydrogenation. As already has been pointed out, oils contain more 
unsaturated fatty acids in their composition than do solid fats. Under 
natural conditions, some, but not all of the fatty acids present are 
unsaturated. Oil can be solidifed by a process called hydrogenation. 
This process adds hydrogen directly to the double bonds of the fatty 
acids. 

Ni 

CH3(CH2hCH=CH(CH2hCOOH + H2~ CH3(CH2)16COOH 
Oleic acid Stearic acid 

It is used to modify large amounts of fats and oils. As a result of this 
treatment a number of changes take place, including alterations in the 
number as well as the geometry and location ofthe double bonds. These 
changes bring about an alteration in the properties of the fat, both 
physical and chemical. This process is of great importance in producing 
plastic fats, which have the right consistency for use in margarine and 
shortening manufacture. At the same time the stability and color of the 
products are improved. 

During this process, de aerated hot oil is whipped with hydrogen gas 
in a closed chamber in the presence of nickel catalyst, which speeds the 
addition of the hydrogen to the double bonds. The rate of the reaction 
is controlled by several factors. Among these are the nature of the fat 
or oil undergoing treatment, the amount of hydrogen being used, the 
nature and quantity of the catalyst, as well as the pressure, tempera
ture, and amount of agitation. The agitation results in more effective 
operation of the catalyst, by keeping it well mixed with the oil under 
treatment. 

Under some conditions very unsaturated fatty acids take up hydro
gen more readily than those less saturated acids in a given mixture. 
This is known as selectivity. Under such conditions, linoleic acid would 
be hydrogenated to oleic acid, rather than oleic to stearic acid. The ratio 
of conversion varies according to the conditions of operation. 

Isomerization takes place during hydrogenation. The amount of oleic 
acid that is 9-octadecenoic acid decreases, while the 8, 10, 7, and 11 
isomers increase (Allen and Kiess 1955). With the continuation of the 
hydrogenation, the ratio of 9 to 8 positional isomers nears one. At the 
same time the ratio of cis to trans isomers comes to an equilibrium 
value of 1:2. These two types of isomerization proceed simultaneously. 

The shift of the double bonds together with the formation ofthe trans 
isomers is accounted for by the idea of partial hydrogenation-dehy-
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drogenation. It seems that an equilibrium exists among the several 
isomers. The explanation of this is the addition of a hydrogen atom to 
a carbon of the double bond. Following this is the removal of a hydrogen 
atom to reproduce a double bond. This mechanism is illustrated as 
follows. 

H H H H 
R,-C-C=C-C-R. 

H H 

/ +H ~ 
H H H H H H H H 

R,-C-C-C-C-R 
I 2 R -C-C-C-C-R2 , I 

H H H 

/ -H 
H H H H 

R,-C=C-C-C-R, 
H H 

~ / 
H H H H 

R,-C-C=C-C-R. 
H H 

H H H 

-H ~ 
H H H H 

R,-C-C-C=C-R. 
H H 

From Allen and Kiess (1955). Used with permission of American Oil Chemist's Society, 
copyright owner. 

Nickel is used extensively as a catalyst for hydrogenation. However, 
other metals can also be used, including metals of the platinum group, 
copper, and combinations of copper and chromium. Copper-chromium 
catalysts have a high selectivity for linolenic acid, and few conjugated 
dienes result when copper- chromium catalysts are used. Nickel pro
duces more trans isomers than copper- chromium. Of the platinum 
metal group, palladium is the most effective, and the most likely from 
the cost point of view to be considered for commercial application. The 
metals of this group are very sensitive to poisons, such as sulfur
containing compounds, arsenic, and lead. These poisons have the abil
ity to cover or eliminate the active areas of the catalyst (Rylander 
1970). This action is not reversible. 

Interesterification. This is also known as transesterification or 
ester interchange. This takes place in triglycerides and is an exchange 
of acyl groups between or within these triglyceride molecules (Braun 
1960). These changes are brought about with the help of catalysts, such 
as compounds of alkali or alkaline earth metals or such metals as tin, 
lead, or zinc, or compounds of them. The lower alcoholates are of value 
at low temperature. 

Directed Interesterification. The directed interesterification pro
cess has been used for a long time. Hawley and Holman (1956) have 
applied it as a processing method for lard because untreated lard has 
a number of disadvantages when compared with hydrogenated vege
table shortenings: among these are grainy, translucent appearance, 
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and rather unattractive texture. Untreated lard is too soft at warm 
temperatures and too hard at lower temperatures. Furthermore, con
sistency and flavor vary with such factors as season, area of origin, and 
rendering methods. Stearic and palmitic acids are the saturated fatty 
acids found mainly in lard and make up about 37% of the fatty acids. 

In directed interesterification, the reaction temperature used is held 
just below the melting point of the lard. Under these conditions, the 
trisaturated glycerides, lard substances with the highest melting point, 
will precipitate, leaving the liquid phase for the interesterification. 
The reaction is speeded by an active catalyst-sodium-potassium 
(NaK) alloy, which must be in condition to be rapidly and completely 
distributed in the fat. The sodium-potassium alloy is pumped into the 
lard by means of a small continuous mixer and this suspends the NaK 
throughout the lard in the form of very small particles. The reaction is 
carried on with gentle agitation. The result is the formation of a larger 
proportion of the trisaturated glycerides, glycerides with higher melt
ing points, and a smaller amount of the disaturated glycerides which 
have intermed~ate melting points. The trisaturated glycerides pre
cipitate out as they are formed. The elimination of these trisaturated 
glycerides moves the reaction ahead. The reaction is controlled by the 
temperature used and the length of time of the process. At the end of 
the reaction, the catalyst is destroyed by pumping in water and CO 2 • 

The water and CO 2 tend to buffer the alkali that has been formed to a 
lower pH and cuts down the amount of saponification of the lard, as this 
would reduce the yield of marketable lard if it were allowed to occur. 

After the product is washed to remove the soaps, it is dried in a 
continuous vacuum drier, is then hydrogenated for consistency and 
stability, and deodorized and plasticized for packaging. Antioxidants 
can be added to increase the shelf-life. 

The improved product brought about by directed interesterification 
results from the temperature control that permits the precipitation of 
the trisaturated glycerides as the process progresses. The product 
which resulted from random interesterification did not solve the plastic 
range problem because most of the solids in the lard resulting from 
random interesterification were still in the form of disaturated gly
cerides. 

Margarine. Margarines found on the market in the United States 
today are made mostly from vegetable oils which have been sufficiently 
hydrogenated to permit a satisfactory spreading texture. Margarine, 
like butter, should melt in the mouth when it is consumed. In recent 
years a great many corn oil margarines have appeared on the market. 
Sometimes these vegetable oils are blended with small amounts of 
animal oils, but the total fat present in the finished product must not 
be less than 80%. The oils used amount to about 100% fat. It is neces
sary, therefore, to have a water phase in the process of manufacture 
which contains emulsifiers, salt (unless it is salt-free "sweet" marga
rine), butter flavor, color, and allowed preservatives, such as sodium 
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benzoate. Actually, the present-day processes for the manufacture of 
margarine are much the same as those used for the continuous opera
tion for the manufacture of butter. The water phase and the melted 
oil are pumped into a mixing chamber which is refrigerated and 
cylindrical in shape. Mixing then distributes the aqueous phase in the 
form of small droplets throughout the fatty material. Optimum-sized 
fat crystals, developed by proper temperature control, is important to 
achieve the proper semiplastic consistency (which means that the oils 
have crystallized and solidifed with the droplets of water throughout 
the matrix). 

SUMMARY 

Lipids are made up of a variety of chemical substances, which are 
heterogeneous in nature and difficult to classify. They are divided into 
several groups: fatty acids, oils and fats, waxes, phospholipids, sphingo
lipids, as well as such compounds as sterols, hydrocarbons, fat-soluble 
vitamins, carotenoids, and such combined lipids as lipoproteins and 
lipopolysaccharides. The Bloor classification is one such classification. 

Simple lipids are made up of fats, oils, and fatty acids. Monoacid, 
diacid, and triacid esters are known. Most of the saturated fatty acids 
found in nature are made up of an even number of carbon atoms, from 
4 up to 24 in straight chains. Fats and oils from natural sources are 
mainly mixtures oftriglycerides rather than pure substances. Palmitic 
acid is the most widely distributed of the saturated fatty acids. 

Unsaturated fatty acids found in food lipids are generally of the 
unbranched type. Oleic acid is probably the most generally found of all 
fatty acids. Linoleic acid must be included in the diet of man because 
it is an essential fatty acid, which cannot be produced in the body. 

In the presence of nickel or platinum catalysts, unsaturated fatty 
acids can add hydrogen atoms to form saturated acids. Because of the 
double bonds, unsaturated fatty acids can be readily oxidized. When 
exposed to oxygen polyunsaturated fatty acids form peroxides, as well 
as a mixture of volatile aldehydes, ketones, and acids. This is catalyzed 
by lipoxidase or by the presence of trace metals. 

Position isomerism is determined by the position ofthe double bonds 
in the carbon skeleton. There are two possible arrangements: (1) the 
conjugated system with single bonds alternating with double bonds: 
-CH = CH -CH = CH -, and (2) the nonconjugated arrangement in 
which two double bonds are separated by one or more methylene 
groups: -CH=CH-CH 2 -CH=CH-. The conjugated is the more 
stable form. 

The cause of geometric isomerism or cis and trans isomerism is the 
restriction in rotation of two carbon atoms which are connected by a 
double bond. 

Stereospecific analysis is a technique used to determine the identity 
of the fatty acids which occupy the position of a, {3, and a' of the fat 
molecule. 
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Polymorphism is the existence of several different crystal forms in 
some triglycerides. These exist in three forms: a, {3 " and {3. The {3' are 
best for use in shortenings because they can include large amounts of 
tiny air bubbles. 

Tempering is controlled crystallization. It is a process which puts the 
fat in the best condition for the use to which it is to be put. 

Oils and fats are classified into five groups, based on fatty acid com
position and source. Two of these are from animal fats-milkfat and 
animal depot fats. Those from plants are the lauric acid group, the 
oleic-linoleic acid group, and the linolenic acid group. 

Waxes are esters of fatty acids and alcohols, both of high molecular 
weight. The alcohols are long-chain monohydroxy alcohols. The 
natural waxes contain other compounds also, all of high molecular 
weight. 

Composite lipids contain nitrogen and phosphorus as well as carbon, 
hydrogen, and oxygen. They are compounds of glycerol esterified with 
fatty acids, and by phosphoric acid and basic nitrogen compounds. 
Choline and other such compounds are the nitrogen compounds. 

The lecithins are phosphatidyl cholines. The cephalins are phos
phatidyl serine or phosphatidyl ethanolamine and are more basic than 
lecithins. 

Sphingolipids do not contain glycerol, but many of them contain 
sphingosine, a long-chain aliphatic base. 

Derived lipids are unsaponifiables and are made up of terpenes and 
steroids. The best known member of the latter group is cholesterol, 
since it is involved in diet problems. 

Oxidation oflipids is of importance to food chemists because it results 
in the formation of off-odors and off-flavors, and in reduction or destruc
tion of essential fatty acid, as well as the formation of brown colors. 

The most common type of lipid autoxidation is catalytic autoxida
tion. In the 1940s it was shown that hydroperoxides are formed during 
the usual autoxidation of fats. The reaction is concerned principally 
with unsaturated acyl groups, where the hydroperoxide group appears 
in the alpha position relative to the double bond. The rate of autoxida
tion increases exponentially with increasing unsaturation in the case 
of derivatives of ordinary fatty acids. 

The off-odors and off-flavors found in autoxidized food materials are 
not caused by the hydroperoxides, but are secondary substances formed 
during the reactions. 

It has been observed that double bonds shift during autoxidation. 
The most important cause ofthe deterioration oflipids or foods which 

contain lipids is the action of oxygen on unsaturated fatty acids in the 
triglycerides. 

The oxidation reaction is usually shown as divided into three steps. 
These include initiation, propagation, and termination. The oxidation 
of monoenoic and polyenoic acids is discussed, as well as the secondary 
degradation products. In addition to this, the effect of light and radia
tion, heavy metals, and hematin compounds are given consideration. 
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Antioxidants, both natural and synthetic which tend to terminate 
the chain reaction of autoxidation, are discussed. 

The important commercial applications of lipids include hydrogena
tion, during which process the hydrogen is added to the double bonds, 
and it can be controlled to yield the hardness necessary for the use to 
which it is to be put. 

Another interesting application is interesterification. This takes 
place in triglycerides and is an exchange of acyl groups between or 
within these triglyceride molecules. Catalysts are necessary for these 
changes to take place. Directed interesterification is used for the im
provement of lard. 

The manufacture of margarines is discussed. 
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Proteins as a group are indispensable components of living matter, 
particularly as structural components and as the enzymes responsible 
for the metabolic events ofthe organism. Some proteins are involved in 
the contractile process, others in metabolic regulation, while still 
others serve as antibodies, the defense mechanism against disease. 

Plants synthesize proteins from nitrogen, CO 2 , and H 2 0. Very im
portant to this process are the nitrogen-fixation bacteria found on the 
roots of certain plants. 

Proteins supply amino acids, some of which are necessary to sustain 
life. Proteins are organic nitrogenous compounds of very high molecu
lar weight and are complex in nature. Not all plant proteins contain all 
the essential amino acids; therefore a diet based on such foods should 
be selected carefully to avoid certain deficiency diseases. 

Four elements are found in all proteins: nitrogen (16%), carbon 
(50%), hydrogen (7%), and oxygen (22%). In addition to these, some 
proteins contain sulfur (3%), and others contain phosphorus. Still 
others contain such metals as iron, copper, and zinc. 

The molecular weights of proteins can range up to many millions. 
Because of the size, they are colloidal particles, and for this reason are 
unable to pass through semipermeable membranes. Proteins can act as 
acids as well as bases, and are called "amphoteric." 

AMINO ACIDS 

Upon hydrolysis, proteins usually are found to yield 20 amino acids. 
Two of these are imino acids-proline and hydroxyproline. The pri-
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mary a-amino acids have the amino and carboxyl groups connected to 
the same carbon atom. 

These a-amino acids are the building blocks of polypeptides and 
proteins. In proteins the a-amino group of one residue is coupled with 
the a-carboxyl group of another amino acid residue to form peptide 
bonds. 

H 
-C-N

II 
o 

Peptide bond 

Peptides are the compounds resulting from the formation of peptide 
bonds. Individual amino acids units of peptides are called residues. 
Polypeptide chains make up the protein molecule. Each of these chains 
is composed of about 20 and up to several hundred amino acid residues. 

The side chains of the amino acid residues are quite varied, and they 
contribute to the structural stability of the proteins, as well as to their 
particular interactions. 

By convention, the terminal a-amino group (N-terminus) of the pep
tide is written to the left while the terminal a-carboxyl group 
(C-terminus) is written to the right. 

The reason that protein molecules are easily subjected to modifica
tion in solution and are usually labile is that their structure depends 
on weak secondary (nonconvalent) forces. This modification is brought 
about by changes in pH, high temperature, organic solvents, and radia
tion. This situation can cause difficulties during research work on 
proteins but makes opportunities for creation of special products. 

Proteins are hydrolyzed by proteolytic enzymes known as proteases. 
They are either endopeptidases, which act on the interior peptide bonds 
of protein substrates (trypsin and pepsin) or exopeptidases, which act 
on peptide bonds that are adjacent to a carboxyl or amino group. For a 
more complete discussion see the section "Proteolytic Enzymes" later 
in this chapter. 

Proteins can also be hydrolyzed by acids. However, prolonged heat
ing, together with the use of strong acids (6 N HCI at HO°C for 20 or 
more hours and an anaerobic atmosphere is advisable), is necessary for 
completion. Some ofthe serine and threonine residues are destroyed by 
acid, as is the bulk of the tryptophan. Asparagine and glutamine are 
changed to the corresponding dicarboxylic acids. Alkaline hydrolysis 
can be used under certain conditions, but it is usually avoided because 
of extensive racemization. It causes the destruction of some amino 
acids. 

Amino acids are ordinarily classified according to the number of acid 
and basic groups present in the molecule. The basic amino acids have 
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an excess of amino groups over the carboxyl groups. The reverse is true 
of the acid amino acids. . 

Since a-amino acids with the exception of glycine hav~ one or more 
asymmetric carbon atoms, they can be found as optically active D- and 
L- forms and also as the racemic mixtures which show no optical activ
ity. Most of the amino acids found in nature have the same configura
tion with regard to the asymmetric carbon atom as L-glyceride. It is for 
this reason that they are classified as L-amino acids. 

Essential amino acids must be supplied by the diet because the body 
cannot synthesize them, at least not in sufficient quantity for use. 
These are lysine, isoleucine, leucine, methionine, threonine, trypto
phan, valine, and phenylalanine. Histidine and arginine are essential 
in children. The nonessential amino acids are also necessary for nutri
tion, but the body can synthesize them, and it is not necessary that they 
be supplied by the diet. 

The a-amino acids required for the biosynthesis of proteins are listed 
in Table 6.1 by structural considerations. pI is the pH at the isoelectric 
point. The pK value is the pH obtained when half of an equivalent of 
base is added (Fig. 6.1). 

The isoelectric point is the pH value at which the protein or amino 
acid is electrically neutral. The amino acids behave as dipolar ions and 
carry both a positive and a negative charge. This is called a zwitterion. 
The following reactions illustrate this point. 

H H H 
I H+ I H+ I 

+HaN-C-COOH -F +HaN-C-COO- ~ H2N-C-COO-
I OR I OR I 

H H H 
Acid form Zwitterion Alkaline form 

Amino acids are amphoteric in character; that is, they have the 
ability to react with bases and with acids. This is explained by the fact 
that amino or imino and carboxyl groups occur in the same molecule. 
According to the Lewis definition, the acid part ofthe molecule can take 
up an electron pair to form a covalent bond while the amino group can 
furnish an electron pair to form a covalent bond. This accounts for their 
acidity and basicity. 

Color Tests for Proteins and Amino Acids 

A number of color tests are used to identify proteins. 

The Ninhydrin Reaction. This is the most general of these tests. 
a-Amino acids and protein split products give a blue color when treated 
with triketohydrindene hydrate, otherwise known as ninhydrin. Free 
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FIG. 6.1. Titration curve of a monoamino-monocarboxylic acid. 

amino (-NH2) and free carboxyl (-COOH) groups must be present to 
give the test. These conditions exist in the a-amino acids. This color 
reaction is used with the most modern analytical equipment, which 
separates the amino acids before the quantities are determined. This is 
necessary because the depth and shade of the colors are not the same 
for the different amino acids, and estimation in mixtures would give 
unsatisfactory results. The CO 2 formed by this reaction is specific for 

o 
II 
c C( \/OH 
/'OH 

C 
II 
o 

Triketohydrindene hydrate 
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the presence of the free carboxyl group, which is adjacent to the amino 
group. For quantitative purposes the CO2 can be measured. 

The Biuret Reaction. This test for the presence of the peptide link
age is obtained when solutions of proteins or polypeptides are treated 
with a dilute solution of cupric sulfate followed by addition of strong 
alkali (20% NaOH). The resulting color varies from bluish violet to 
pinkish violet. It is obtained with all native proteins and the bulk of 
their split products. The peptide bond forms a coordination compound 
with the Cu 2+, which is the cause ofthe color. Since two or more peptide 
linkages are necessary to produce the color, a dipeptide will not give the 
result. 

Millon Reaction. When protein or protein hydrolysate is heated 
with a solution of mercurous and mercuric nitrate in nitric acid, a red 
color results. This color is given by the phenol group and although it is 
given by tyrosine, it cannot be said to be specific for it. Chemical 
compounds containing a phenol group give it also. When it is correctly 
carried out, the test is very delicate. 

A number of other color reactions are available to show the presence 
of tryptophan, tyrosine, arginine, and others in proteins. Among these 
is the reaction of Sakaguchi reagent which produces a red color with 
guanidines in alkaline solution. This reagent contains a-naphthol and 
sodium hydrochlorite. Arginine and proteins which contain it give this 
reaction. 

CLASSIFICATION OF PROTEINS 

Several general properties are used for the classification of proteins, 
including solubility, chemical composition, and shape. However, a 
system now used divides them into three main groups. These include 
simple proteins, conjugated proteins, and derived proteins. The first 
two are naturally occurring, whereas the third comprises proteins that 
have been changed by such things as chemical agents and enzymes. 

Proteins can be either fibrous or globular forms. The former are 
animal proteins and are insoluble. They are the protein of connective 
tissue, bone, hair, skin, wool, horn, and other such tissues. 

Globular proteins are soluble in water, in water solutions containing 
alkali, acids, or salts, and also in alcohol. Globular proteins in solution 
frequently occur in the form of ellipsoids or spheroids. Some of the 
proteins included in this group are hormones, the enzymes, and 
oxygen-carrying proteins. 

Simple Proteins 

Only amino acids are formed by these proteins on hydrolysis. This 
classification is based largely on solubilities. 

1. Albumins. They are soluble in water and salt solutions and are 
coagulated by heat. Egg albumin is an example of this type. 
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2. Globulins. They are sparingly soluble in water and soluble in salt 
solutions. Myosin of muscle is an example. 

3. Glutelins. These are plant proteins and are soluble in dilute acid 
or base, but insoluble in neutral solvents. The glutelin of wheat is an 
example. 

4. Prolamines. They are soluble in 50-90% alcohol, insoluble in 
water and absolute alcohol and neutral solvents. They are found only 
in plants. Gliadin of wheat and zein of corn are examples. 

5. Scleroproteins. They are insoluble in aqueous solvents. These pro
teins are found only in animals. Examples are keratin and collagen 
from bones, connective tissue, and hair. 

6. Histones. They are basic proteins and are found in animals, are 
soluble in water and dilute alkalies and acids, but are insoluble in 
dilute ammonia. They contain much arginine and lysine. Histones are 
found in the pancreas and thymus of the calf. 

7. Protamines. These proteins are of rather low molecular weight 
and are strongly basic. They are found in large amounts in ripe sperm 
cells offish. One of these proteins is salmine which is obtained from the 
sperm of salmon. Their high nitrogen content is the result of the pres
ence oflarge amounts of arginine. They are soluble in ammonia and in 
water and are not coagulated by heat. They form stable salts with 
strong acids. 

Conjugated Proteins 

These are somewhat more complex compounds in which the amino 
acid structure is combined with nonprotein moieties, such as carbohy
drates, lipids, and nucleic acids. The important conjugated proteins are 
as follows. 

1. Nucleoproteins. These are a combination of proteins with nucleic 
acids. Frequently, they are combined with histone and protamine 
classes of basic proteins. They are found in cell nuclei as chromatin 
material. 

2. Lipoproteins. These are combinations of proteins with lipids, such 
as lecithin and cholesterol. They are found in milk, egg yolk, and in 
blood and brain, as well as in other tissues in the body. 

3. Mucoproteins. These are proteins combined with carbohydrates 
with the carbohydrate portion amounting to more than 4%. The muco
polysaccharides are covalently bonded to protein. Heparin and hy
aluronic acid are mucopolysaccharides. These are found in connective 
tissue. 

4. Glycoproteins. These are also made up of simple proteins cova
lently bonded to carbohydrates. These, however, contain smaller 
amounts of carbohydrate than the mucoproteins. The following make 
up the main part of the carbohydrate moiety: mannose, N-acetyl
galactosamine, fucose, glucose, galactose, N-acetylneuraminic acid, 
and N-acetylglucosamine. The carbohydrate in gamma-globulin is 
linked to the protein covalently by the amide bond of asparagine. Other 
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linkages are known, such as through the hydroxyl group of threonine, 
hydroxyproline, or serine. 

5. Chromoproteins. A colored prosthetic group is the chromophoric 
group of these compounds. A nonamino acid moiety is called a pros
thetic group. Chlorophyll and heme can serve as such groups. 

Other types include such combinations as phosphoproteins and flavo
proteins. 

Phosphoproteins are conjugated proteins in which phosphoric acid is 
present, combined with hydroxyl amino acids. Vitellin of egg yolk and 
casein of milk belong to this group. Phosphoproteins, acid in character, 
are present in milk and eggs as the calcium salt. 

Derived Proteins 

Derived proteins are proteins that have been changed (as a result of 
hydrolysis) by physical agents such as heat and high hydrogen-ion 
concentration, as well as by action of enzymes or chemical reagents. 
They can be divided into two groups which differ by the amount of 
hydrolysis that has taken place. These are known as primary and 
secondary derivatives. 

Primary Derivatives. These refer to proteins that have been 
slightly modified by the action of water, enzymes, or dilute acids or 
alkalies. They are termed proteans and are insoluble in water. The 
casein of curdled milk and the fibrin of coagulated blood are examples. 

Metaproteins are products of further action by acids or alkalies. 
These are soluble in weak acid or alkaline solutions but not in neutral 
solvents. 

Coagulated proteins are those insoluble proteins which result from 
the action of heat and such substances as alcohol. The classical example 
is cooked egg albumin. 

Secondary Derivatives. These are made up of proteoses, peptones, 
and peptides. Proteoses are water soluble but are not coagulated by 
heat. Saturated solutions of ammonium sulfate will precipitate them. 
Peptones are simpler products, which are soluble in water, are not 
coagulated by heat, and are not precipitated by saturated solutions of 
ammonium sulfate. Peptides are still simpler. They are usually combi
nations of two or more amino acids. 

STRUCTURE OF PROTEINS 

Primary Structure 

The peptide bond is the basic linkage of protein structure (see Table 
6.2). As noted before, this is the bond in which a carboxyl group of one 
amino acid residue is coupled to the a-amino group of another amino 
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acid residue. The order of sequence of the amino acid residues in the 
peptide chains is an important part of the structure of the protein. This 
sequence proceeds from the N-terminal position to the C-terminal. 
Both physical and chemical properties of the protein are governed by 
the peptide bonds, the side chains, the amino acids, and the sequence 
of these amino acids in the chains. 

After the nature of the amino acids has been determined, the next 
step is the sequence of the amino acids. It is possible to determine the 
number of peptide groups in a molecule of protein by the quantitative 
estimation of the amino or carboxyl end groups. This also gives an 
indication of the purity of the protein, because a simple integral rela
tionship exists among the number of end groups in a molecule of pro
tein. 

The estimation of the N-terminal amino groups was made possible by 
the introduction by Sanger (1945) of the reagent 1-fluoro-2,4-
dinitrobenzene (FDNB). When this reagent reacts with the free amino 
groups of peptide chains to form dinitrophenyl (DNP) peptides, the a
and E-amino groups -give yellow DNP compounds. The polypeptide can 
be hydrolyzed and the a-N -dinitrophenyl derivative is ether-extracted 
and identified by chromatographic methods. 

The Edman degradation (1949) is another method for the determina
tion of the amino end group. This method is extensively employed. 

It involves the use ofphenylisothiocyanate as the reagent. Two steps 
are involved in this process. The first step results in the formation of 
the phenylthiocarbamyl (PTC) peptide, which is accomplished with 
weak alkali. The PTC peptide is acted on by anhydrous acid. By this 
treatment the N-terminal residue splits off in the form of a phenylthio
carbamyl amino acid. The remainder of the peptide is unchanged. The 
phenylthiocarbamyl is then treated with acid which causes it to cycliole 
to form a phenylthiohydantoin (PTH), which can be identified. Since 
the remainder of the original peptide is unchanged, it can be further 
studied by a repetition of this procedure. 

In addition to these chemical methods, an enzymatic method, based 
on leucine aminopeptidase can be used. A terminal free <T-amino acid 
is necessary for its operation. Since the liberation of the free acids is 
sequential, the sequence of the amino acids is determined by the rate 
measurements oftheir liberation. These results and also those from the 
Edman method can be of value only when applied to a protein with 
several identical peptide chains, or to a single peptide chain. 

The C-terminal amino acid can be determined by means of hydrolysis 
with the carboxypeptidases. Carboxypeptidase A does not liberate 
carboxyl-terminal arginine, lysine, or proline residues, whereas car
boxypeptidase B liberates carboxyl-terminal residues of arginine and 
lysine. 

In the determination ofthe amino acid sequence of a protein made up 
of a single peptide chain, it is necessary to know the amino acid compo-
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PTH -amino acid 

Edman degradation 

sition of the protein. The end group methods already discussed would 
enable one to identify the amino- and carboxyl-terminal residues. The 
Edman method used in a stepwise manner could determine the se
quence of amino acids at the end of the chain, then the amino acid 
sequence in the rest of the protein can be determined in the following 
manner. Following partial hydrolysis of the protein, the peptides that 
are formed are separated in the pure condition. After this, the se
quences of the amino acids in these smaller units are determined, and 
finally from these data the amino acid sequence of the original protein 
is deduced. 
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Secondary Structure 

Hydrogen bonding between peptide bonds is responsible for much of 
the folding of the peptide chains. Secondary structure of the protein is 
the designation used for this folding. 

R 
I 
CH 

"C/ 'N/ 
II I 
o H 
I I 
I I _. ---- interchain hydrogen bond 
I I 
H 0 

I " /N, /C, 
CH 
I 
R 

Compared with covalent bonds, individual hydrogen bonds are 
rather weak, but in proteins the large number of hydrogen bonds pro
duce strength. The most important and perhaps the most stable of the 
secondary structures is the a-helix (Fig. 6.2). Each turn of the helix is 
about 5.4 'A. This amounts to 3.7 amino acid residues for each turn, or 
100 degree rotation per residue. 

Fibrous proteins show much hydrogen bonding. Usually they hold 
the polypeptide chains together in the form of bundles which are 
tightly linked. Keratins, which belong to this group are present in hair, 
nails, hoofs, and wool. Myosin, a protein of muscle tissues, also belongs 
to this group, although it tends to fall between the fibrous and globular 
types of proteins because it is soluble in aqueous salt solution. 

Tertiary Structure 

Globular proteins tend to be spherical or nearly so in shape because 
of the folding of the polypeptide chains. Additional folds necessary to 
maintain this shape must be produced by further folding of the coiled 
chain. This tertiary structure is achieved by means of covalent di
sulfide or other bonds. This structure can result from hydrophobic or 
nonpolar bonds, hydrogen bonds, or salt bonds. 

Quaternary Structure 

Proteins made up of more than a single peptide chain, that is, the 
association of individual polypeptide chains to produce protein mole-
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FIG. 6.2. a-Helix form of pro
tein molecule (right-handed). 
From Aurand and Woods (1973) 

cules, are said to possess quaternary structure. These are also referred 
to as oligomeric proteins. Ordinarily, they are not covalently bonded. In 
most of these proteins, however, the association is extremely close and 
the complete units act like a single molecule in solution. Hemoglobin 
is an example of this type of protein. 

Secondary, tertiary, and quaternary structures together are known 
as conformation. 
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Denaturation 

Denaturation is the effect of heat, alkali, acid, and other chemical 
agents on native protein. The result is a change in the ordered struc
ture of the protein into peptide chains that are randomly arranged. The 
folded structure of the protein is thus altered, although the covalent 
peptide bonds are not broken. Decrease in solubility is the most ap
parent effect. The changes taking place in food during cooking, baking, 
and other forms of heat treatment has been described as denaturation 
of the protein involved. Enzymatic and other biological activity that 
many proteins possess can be lost as a result of this change. Films of 
denatured proteins are formed on the surface as a result of shaking and 
foaming of protein solutions. The preparation of meringues from egg 
white by beating is an example of this. 

In some cases the denaturation of proteins in foods by heat and other 
treatment results in an improvement in flavor and texture like the 
coagulation of egg white by heat. Also, under some conditions, re
naturation, that is, return to its original biological activity, may take 
place. 

PROPERTIES OF PROTEINS-PHYSICAL AND CHEMICAL 

As mentioned previously, since proteins and amino acids act as both 
acids and bases, they are said to be ampholytes. In this capacity, they 
have the ability to migrate in an electric field. The net charge of the 
molecule determines the direction of the migration. Each protein has 
an isoelectric point (pI) which is constant for each protein (see Table 
6.1). At this pH value it is electrically neutral, and will not move in an 
electric field. It possesses the same number of positive and negative 
charges with the result that the net charge is zero. The protein will 
possess a net positive charge if the pH value is lower than that at the 
isoelectric point, and will migrate to the negative (cathode) pole. If the 
pH value is higher than that at the isoelectric point it will have a 
negative charge and it will migrate to the positive or anode. 

Proteins at the isoelectric point are zwitterions. Zwitterions were 
described earlier in the discussion on amino acids. 

Insoluble Protein Salts 

A number of ions can act as precipitating agents for proteins because 
they are able to form insoluble salts with them. These include, among 
others, the ions of picric, perchloric, phosphotungstic, and trichlor
acetic acids. When the proteins are on the acid side of their isoelectric 
points they will form insoluble salts with the anions of any of these 
acids, removing the proteins from the solution. To determine the 
amount of protein nitrogen in a solution the Kjeldahl method can be 
used. This method measures the amount of nitrogen in an aliquot ofthe 
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solution (AOAC 1980). Another aliquot of the same protein solution is 
treated with anyone of the listed acids to remove the protein. The 
solution is then assayed for total nitrogen, again by the Kjeldahl 
method. The difference between the two gives the amount of protein 
nitrogen in the original solution. The multiplications of this amount by 
the factor 6.25 gives the amount of protein, which is an approximation 
because the factor used is not precisely the same for all proteins. 

Separation of Proteins 

Ammonium Sulfate Fractionation. This is the classical method 
used to separate proteins in aqueous solution. This salt is of great value 
because of its high solubility in water and its relatively low tempera
ture coefficient of solubility. Precautions are necessary in this proce
dure. Specifically, temperature should be kept as low as practical, 
which in most cases is not far from the freezing point of the solvent 
used. The pH used should be kept as near the isoelectric point of the 
protein in question as possible. Control of pH, temperature, and dilu
tion is necessary to limit denaturation. As the concentration of am
monium sulfate increases, different proteins are precipitated and can 
be collected before the addition of more ammonium sulfate to the solu
tion. 

Organic Solvents. Organic solvents can be used for the precipita
tion of proteins from aqueous solution. Ethyl alcohol is particularly 
good if proteins are to be separated in large quantity. Close control 
must be kept on the temperature, pH, dialectic constant, and ionic 
strength. Variations of these factors have resulted in the separation of 
many proteins from mixtures. 

Chromatography. More recently, chromatography on ion exchange 
columns has been used. These later methods are largely limited to the 
more stable compounds of lower molecular weight because of the ad
verse effect of organic solvents on many proteins. Sometimes, adsorp
tion methods are used to remove unwanted proteins from a mixture, or 
desired proteins are adsorbed and removed from the mixture with the 
adsorbent. 

Ultracentrifugation and Electrophoresis. The two techniques of 
electrophoresis and ultracentrifugation have increased our knowledge 
of proteins a great deal. Formerly, as has already been mentioned, 
proteins were mainly classified by means of their solubilities. The 
present techniques have shown that many of these proteins are defi
nitely mixtures rather than pure compounds. 

Centrifugal Studies on Proteins. About 1923 Svedberg invented a 
device known as the ultracentrifuge. This instrument is capable of 
rotation rates as high as 75,000 rpm, which permit fields up to about 
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500,000 times gravity. Ultracentrifugation can be employed to de
termine the molecular weights of proteins. The centrifugation is con
tinued until equilibrium between sedimentation and diffusion is at
tained. Temperature during the operation must be constant. From the 
data collected, molecular weights can be calculated. Another method 
for the determination of molecular weights using this equipment is 
known as the sedimentation velocity method. This method has been 
used extensively. It makes use of the rate at which proteins move in 
centrifugal fields of sufficient intensity, so that the sedimentation is far 
more rapid than that of free diffusion. Since the protein molecules are 
more dense than the solvent a rather sharp boundary is formed be
tween the protein solution and the solvent. The refractive index of the 
liquid shows considerable change at the boundary. A single boundary 
will be formed if the proteins in a given sample have all the same 
molecular weight. If several proteins of significantly different molecu
lar weight are present in the mixture, each protein will show a different 
boundary. This technique has been used to separate proteins (Svedberg 
1934, 1937). 

Electrophoresis. Another technique for the separation of proteins is 
the migration of these substances in solution in an electric field. The 
equipment was invented by A. Tiselius in 1933. Positively charged 
particles migrate to the cathode and are termed cations, while nega
tively charged particles migrate to the anode and are called anions. In 
addition to the isoelectric point mentioned earlier, proteins have an 
isoionic point. The isoionic point is the pH at which the number of 
protons dissociated from proton donors is equal to the number of pro
tons combined with the proton acceptors. The isoionic point of a protein 
is not the point of minimum electric charge. It is, however, the point at 
which the net charge on the protein is zero. It should be emphasized 
that the isoelectric point of a protein is not necessarily or usually 
identical with the isoionic point. When the ionic strength of a protein 
is changed, the movement of the protein in the electric field will change 
also. Therefore, since solutions of proteins are buffered for such work it 
is necessary to consider not only the pH of the solution, but the ionic 
strength and composition of the buffer mixture as well. 

A purified protein which shows only one peak as a result of elec
trolysis at a given pH should not necessarily be considered a single 
compound, because at another pH, two or more peaks may show. It is 
necessary, therefore, before results are considered conclusive, to run 
this determination at several rather different pH values, at each of 
which the protein is definitely stable (see Chrambach and Rodbard 
1971). 

The results of the protein movement are expressed as the distance 
traveled in unit time in a unit electrical field. This value is constant for 
the protein under the conditions used (Tiselius and Flodin 1953). 

Starch-Gel Electrophoresis. Several other techniques are now ex
tensively employed for the separation and study of proteins. One of 
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these is the starch-gel electrophoresis method. In this technique, strips 
of starch-gel are connected with a direct electrical current after the 
sample has been applied to the gel (Smithies 1955). After sufficient 
time, the current is stopped and the gel is stained to show the location 
of the bands resulting from this treatment. A number of mixtures, 
when treated by this method, have shown some interesting new results, 
and what were once considered to be more or less pure proteins have 
been shown to be mixtures. 

Gel Filtration. This technique, filtration on molecular sieves, 
makes use of cross-linked dextran gels or gels of polyacrylamide. These 
gels have pores of fixed small sizes and allow the penetration of the 
smaller sized molecules but hold out the larger molecules. Gel granules 
of varying pore sizes are available. Columns made from these gels can 
be calibrated with known molecular weight substances. When thus 
calibrated, they can be used to obtain the approximate molecular 
weight of the unknown sample. 

Whitaker (1963) determined the molecular weights of proteins by the 
use of dextran gels (trade name Sephadex). He found that the linear 
correlation between the logarithm of the molecular weight of a protein 
and the ratio of its elution volume V to the void volume Vo was excel
lent when a column of Sephadex G-100, a cross-linked dextran, was 
used. While the ratio of elution volume to void volume (the elution 
volume of the first peak) was independent of column size, protein con
centration, and ion exchange adsorption (at ionic strength of 0.494), it 
was found to be influenced by temperature for a few of the proteins. 

Leach and O'Shea (1965) determined the molecular weights of pro
teins up to 225,000 by gel filtration on a single column of Sephadex 
G-200. The temperatures used were 25° and 40°C. Further evidence 
suggests that proteins of higher molecular weights can be measured. 

Blattler and Reithel (1970) determined the molecular weight of pro
teins using polyacrylamide gels as molecular sieves and for electro
phoresis. These authors used catalase, urease, and higher multimers of 
urease as the protein standards. The gels used ranged in density from 
4 to 15%. When urease with a molecular weight of 480,000 was used, 
it was excluded by gels of 11-12% strength. At a gel strength of 11% 
the urease entered the gel, but it moved at a very slow rate. This 
technique is a very important one that is used extensively in protein 
work at the present time. 

Isoelectric Focusing. This is a technique that permits the separa
tion of amino acids and such macromolecular ampholytes as proteins, 
and is based on differences in isoelectric points. When a protein reaches 
its isoelectric point it stops moving. Isoelectric focusing is a very valu
able research technique because it gives much higher resolution than 
ordinary electrophoresis. Polyacrylamide gels are used in this test. 
Isoelectric focusing can also be used to determine isoelectric points. The 
following articles should be consulted: Awdeh et al. (1968), Dale and 
Latner (1968), Svensson (1961, 1962A, B). 
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Preservation of Proteins 

Proteins are usually preserved by drying. This is done by lyophil
ization-dehydration in vacuum at very low temperature. The low 
temperature provided by this method limits deterioration during dry
ing. 

Molecular Weight 

Proteins are large molecules that tend to be unstable. Therefore 
methods that are ordinarily used for molecular weight determination 
such as freezing point and boiling point changes are not applicable to 
these compounds. 

The best method to use is the sedimentation method, which uses the 
ultracentrifuge, already described. 

Several factors determine the rate of sedimentation of a protein from 
its solution. These include (1) the density, molecular weight, and size 
and shape of the molecule, (2) viscosity and density of the dispersion 
medium, and (3) the centrifugal force produced in the ultracentrifuge. 

This technique can determine the molecular weight of the protein 
and its purity. A pure substance will give a sharp boundary, whereas 
a mixture of compounds varying in particle size will give several 
boundaries. 

The stability of proteins under varying conditions can be determined 
with the ultracentrifuge. That is, the effect of changes in temperature 
and pH can be observed by noting the changes in sedimentation con
stants. 

Other methods for use in the determination of molecular weights of 
proteins include the use of molecular sieves and by calculation from 
light scattering. The former involves the use of cross-linked dextran 
gels or polyacrylamide gels. These gels have pores of a size which allow 
molecules up to a given size to penetrate but the larger ones are not 
permitted entry. It is possible to separate substances of different molec
ular weights. These columns are calibrated with substances of known 
molecular weights. 

Calculation by light scattering is based on the opalescence of protein 
solutions. The intensity of light scattered sidewise by a protein of 
known weight in solution can permit the calculation of the molecular 
weight. 

The molecular weights of some proteins are given in Table 6.3. 

Proteolytic Enzymes 

It has already been noted that proteins can be hydrolyzed by acid 
treatment or by means of enzymes. 

These enzymes are known as proteolytic enzymes or proteinases and 
can be endopeptidases or exopeptidases. Endopeptidases act on the 
interior and terminal peptide bonds of polypeptides, and such enzymes 
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TABLE 6.3. Approximate Molecular Weights of Some Proteins 

Protein 

Bovine hemoglobin 
a-Casein (cow's milk) 
f3-Casein (cow's milk) 
K-Casein (cow's milk) 
Catalase (bovine liver) 
Edistin (hemp seed) 
Egg albumin 
f3-Lactoglobulin (cow's milk) 
Myosin (muscle) 
Pepsin (pig's stomach) 
Zein (corn) 

Molecular Weight 

66,700 
23,000 
24,000 
19,000 

250,000 
310,000 

44,000 
35,400 

850,000 
35,500 
40,000 

as trypsin, chymotrypsin, and pepsin from mammals and ficin and 
papain from plants are examples. Exopeptidases act only on the ter
minal peptide bonds with the result that amino acids are sequentially 
removed. A number of the proteolytic enzymes are quite specific. 
Tryspin acts specifically to hydrolyze the peptide bonds of the carbonyl 
group of arginine and lysine residues. Chymotryosin is less specific. It 
cleaves peptide bonds of carbonyl group of tyrosine, tryotophan, or 
phenylalanine. The known specificity of some proteolytic enzymes 
makes them valuable in structural work on proteins. 

Denatured proteins are more readily attacked by these enzymes than 
native proteins. 

A number of enzymes in the intestinal tract act on the food proteins 
in the process of digestion. 

Digestion of Protein. Proteins are large molecules that must be 
broken down into smaller particles, from which the amino acids are 
released, in order to enter the metabolic pathways. 

The digestion of protein starts in the stomach, where the active 
enzyme is pepsin. Pepsin is secreted in the form of its zymogen pepsino
gen, which, in turn, is converted to active pepsin by pepsin at the acid 
pH of the gastric juice in the stomach. The process is, therefore, auto
catalytic. As a result of this activity, 42 amino acid residues are 
removed as a mixture of peptides from the N-terminal portion of pep
sinogen. The hydrolysis of proteins by pepsin starts rapidly. Pepsin 
attacks preferentially peptide bonds of aromatic amino acids, such as 
tryptophan, tyrosine, and phenylalanine. It also acts on peptide bonds 
of leucine and methionine, though less rapidly. Because the process is 
slow, very few free amino acids are liberated by pepsin; dietary protein 
is chiefly hydrolyzed to a mixture of polypeptides. 

The digestive process continues in the small intestine. Pancreatic 
juice, which is secreted into the small intestine, contains a mixture of 
proteases. These are trypsinogen, chymotrysinogen, two procarboxy-
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peptidases, and proelastase. Enterokinase, an enzyme of the intestine, 
is able to convert trypsinogen to trypsin. Trypsin in autocatalytic fash
ion can bring about this change also. 

The end products of the action of pepsin in the stomach and pan
creatic proteases in the intestine are free amino acids and short pep
tides, which are absorbed mainly by the small intestine. 

Other Enzyme Activity. The activity of enzymes on proteins is also 
used in a number of other ways. Beef is tenderized by allowing it to 
stand in cool storage. The cathepsin enzymes present in the muscular 
tissue are responsible for this action. Preparations of proteolytic en
zymes such as bromelain and papain in powder form are used to in
crease the tenderness of meat. 

An important step in the manufacture of cheeses is the formation of 
para-K-casein as a result of the cleavage of the peptide bond between 
methionine and phenylalanine in the K-casein. This releases the in
soluble para-K-casein. 

PROTEIN SYNTHESIS 

Deoxyribonucleic acids (DNA) and ribonucleic acids (RNA) are in
volved in protein synthesis. 

Since the coded information directing the synthesis of protein in 
higher living organisms comes from the DNA of the nucleus, but the 
actual synthesis takes place outside the nucleus, i.e., in the cytoplasm, 
there must be a way for the information to be transferred from the 
nucleus to the cytoplasm. 

Cytosine 
(4-Amino-2-oxypyrimidine) 

Pyrimidine 

Uracil 
(2,4-Dioxypyrimidine) 

Thymine 
(5-Methyl-2,4-dioxypyrimidine) 
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Structure of DNA Chains. The middle section ofthis chain is 
repeated a number of times. 

DNA is the genetic substance. It is made up ofthe sugar deoxyribose, 
a pentose; inorganic phosphate, and four nitrogenous bases, adenine 
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(A), thymine (T), guanine (G), and cytosine (C). DNA is double 
stranded, a conclusion that was arrived at in part because of known 
X-ray data. One or the other, but not both, of these strands serves as a 
template for the production of all RNAs; they are complementary 
copies of DNA sequence. The helix is held together by hydrogen bonds. 
RNA has four nitrogenous bases, but differs from DNA in that thymine 
is replaced by uracil. 

The transfer of genetic information takes place from DNA by a pro
cess known as transcription. This process involves both DNA and other 
kinds of nucleic acids, viz., ribonucleic acids. 

RNA is synthesized in the nucleus and from there it moves to the 
cytoplasm. Three types of RNA are involved in the synthesis of pro
teins: messenger RNA (mRNA), transfer RNA (tRNA), and ribosomal 
RNA (rRNA). 

mRNA. Transcription is the enzymatic process that catalyzes the 
synthesis of mRNA from a single complementary strand of a length of 
DNA. As a result of this process, DNA-dependent RNA polymerase is 
attached to a "start" point of DNA. Transcription continues in the 
5 ' ~ 3 ' direction along the strand until the molecule of mRN A has been 
created. 

mRNA is specifically involved in the amino acid sequence. It causes 
the various amino acids to associate at the surface of the ribosome in 
particular order. Enzymes then link the peptides, resulting in the for
mation of the polypeptide chain. 

DNA 

SA Sf - SUGU(" 

PHOSPHATE 

/ 
MS(- SUGAR 

"-PHOSPHATE 

/ 
SASE- SUGAR 

"-PHOSPHATE 

/ 
~ASE-SUGAR 

"-PHOSPHATE 

/ 
\lASE -SUGAR 

"- Pt10SPHAT( 
/ 

.-' 

FIG. 6.3. Double helix struc
ture of DNA. 
From Watson and Crick (1953). Repro
duced with permission of Nature. copy
right owner. 
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TABLE 6.4. Genetic Code Codons in mRNA (5' to 3')"· 

U C A G 

ruu 
Phe UCU Ser UAU Tyr UGU Cys 

uue Phe UCC Ser UAC Tyr UGC Cys 
U 

<@) UUA Leu UCA Ser @ UUG Leu UCG Ser UAG UGG Trp 

leuu Leu CCU Pro CAU His CGU Arg 
CUC Leu CCC Pro CAC His CGC Arg 

C 
CUA Leu CCA Pro CAA GIn CGA Arg 
CUG Leu CCG Pro CAG GIn CGG Arg 

ruu 
Ile ACU Thr AAU Asn AGU Ser 

AUC Ile ACC Thr AAC Asn AGC Ser 
A 

AUA Ile ACA Thr AAA Lys AGA Arg 
AUG Met ACG Thr AAG Lys AGG Arg I GUU 

Val GCU Ala GAU Asp GGU Gly 
GUC Val GCC Ala GAC Asp GGC Gly 

G 
GUA Val GCA Ala GAA Glu GGA Gly 
GUG Val GCG Ala GAG Glu GGG Gly 

" Codons in circles are terminals. UUU is the codon for phenylalanine. 
/, U, uracil; C, cytosine; A, adenine; G, guanine. 

The unit of the genetic code is a codon. A codon is a triplet, that is, 
three adjacent nucleotide residues in the mRNA chain. These three 
residues determine the tRNA species, carrying the activated amino 
acids that will attach to the mRNA. Three complementary bases in 
each tRNA species are termed anticodons. When an anticodon asso
ciates with a codon, the amino acid is added to the growing polypeptide 
chain. 

tRNA. Transfer RNA has a low molecular weight, that is, not more 
than 80 ribonucleotides. It is somewhat smaller than mRNA or rRNA. 
tRNA molecules have a cloverleaf shape (Fig. 6.4). The bottom lobe of 
the cloverleaf configuration, which contains the anticodon, is probably 
the cause of the complementary pairing of rRNA with mRNA during 
protein synthesis. 

rRNA. The ribosome is an organelle in the cytoplasm having a 
diameter of about 20 nm. Ribosomes, which are actively concerned with 
protein synthesis, occur in groups known as polysomes (polyribosomes). 
They are held together by messenger RNAs. rRNA is not specific for the 
sequence of amino acids in proteins. 
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Activation of Amino Acid 

Twenty different amino acids require an equal number of amino acyl 
synthetases for activation. Each enzyme molecule must be able to con
nect with the corresponding amino acid. In the process of activation, 
the enzyme, amino acid synthetase, catalyzes the reaction of a given 
amino acid with adenosine triphosphate (ATP). The amino acyl
adenosine monophosphate (AMP) is the activated amino acid. 

NHr 
I 

CH3-CH-COO- + ATP 
Enzyme (Ala specific) 

NHr 0 
I II 

CH3-CH-C-AMP - Enzyme + PPi 

ytRNAAla 

NHr 0 
I II 

CH3 -CH-C-tRNAAla + Enzyme + AMP 

The formation of amino acyl-tRNA. 

After the process of amino acid activation and the binding to tRNA, 
the complex formed (tRNA-enzyme-amino acid) diffuses to the ribo
somes. The tRNA complex arrives at the ribosome and deposits the 
amino acid into the lengthening chain. Then it returns to the cytoplasm 
for another amino acid. Three initiation factors are required at this 
stage for the binding of the amino acyl-tRNA to the ribosome. This 
stage is known as initiation. The formation into polypeptide chains 
takes place at the ribosome. Two elongation factors are required, and 
three release factors. Then the polypeptide is released from the ribo
some. 

The essential requirements for protein synthesis are amino acids, 
enzymes, ribosomes, rRNA, mRNA, tRNA, adenosine triphosphate, 
and additive factors, elongation factors, and release factors. 

The synthesis of polypeptides may be summarized as follows. The 
activated amino acid is coupled to the particular tRNA which then 
diffuses to the mRNA-ribosome complex. A charged tRNA is tempora
rily bound to the mRNA site. At this point the tRNA anticodon is 
complementary to the codon at the mRNA. As a result of the peptide 
bond formation, the amino acid brought by tRNA is inserted into the 
lengthening polypeptide chain. At the same time the preceding tRNA 
is liberated from the surface of the ribosome. Advance relative to the 
ribosome ofmRNA is by one codon. This allows the next arriving amino 
acid to be added by the same continuing process. The completed poly
peptide is released from the surface of the ribosome mRNA complex. 
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CODON 1 

PROTE N 

MESSE GER RNA 

3()$ 

o 
TRANSfER RNA o 

00 
AM '0 AC DS 

FIG. 6.5. Sequence of protein synthesis. Ribosomes conduct protein synthesis. 
Genetic information is encoded in the sequence of bases (horizontal elements) in the 
double helix of DNA (left). This information is transcribed into a complementary se
quence of RNA bases to form messenger RNA (shaded dark). Each group of three 
bases in the mRNA constitutes a codon, which specifies a particular amino acid and 
is recognized by a complementary anticodon on a tRNA molecule (lighter shade) that 
has previously been charged with that amino acid. Here amino acid No.6, specified 
by the sixth codon, has just been bound to its site on the ribosome by the correspond
ing tRNA. It will bond to amino acid No.5, thus extending the growing peptide chain. 
Then the ribosome will move along the mRNA the length of one codon and so come 
into position to bind tRNA No.7 with its amino acid. 
From Nomura (1969). Reproduced with permission of Scientific American. 
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This is a brief resume of the formation of proteins under natural 
conditions, which gives an idea of the complexity of the process. It does 
not pretend to be complete, and the interested student is advised to 
consult books on genetics for further information. 

PROTEINS IN FOODS 

Table 6.5 gives the amino acid breakdown of proteins in various 
foods. 

Proteins of Milk 

This subject is discussed rather fully in Chapter 13, Milk and Milk 
Products. 

Proteins of Egg 

Egg yolk and egg white are considerably different in chemical com
position. Over one-half of the solid material in the yolk is lipid, both 
bound and unbound. The lipoproteins of the yolk are known to be 
complex mixtures, and are known as lipovitellin and lipovitellenin. A 
water soluble fraction called livetin is known also. It contains proteins 
related to blood serum proteins. The important nonlipid phosphopro
tein from the egg yolk is known as phosvitin, although its existence as 
a pure compound has been questioned. It is high in phosphorus, con
taining 10%. Although not too much work has been done on the pro
teins of egg yolk, a great deal has been done on the white. 

Egg white is composed mainly of a solution of proteins. It also con
tains a small amount of sugar and salt. Ovalbumin makes up about 
half of the protein of the total solids of egg white. It was prepared in the 
crystalline form in 1892. Svedberg (1934) showed that the molecules 
were almost spherical and had a molecular weight of 40,500 and an 
isoelectric point of 4.55. Conalbumin has been noted as an antibacterial 
agent and as an iron-binding protein. It has a molecular weight of 
about 80,000, an isoelectric point of pH 6.0, and is present to the extent 
of about 13% of the dry weight. Ovomucoid is high in carbohydrate, 
containing around 21%. It has rather high heat stability, a molecular 
weight of about 28,000, and an isoelectric point of about 4.3. About 11% 
of the dry weight of egg white is made up of this protein. Lysozyme is 
a protein amounting to about 3.5% of the dry egg white. It has a 
molecular weight of about 15,000 and an isoelectric point of 10.7. A 
group of proteins, ovomucin, flavoprotein, avidin, and others are pres
ent in rather small amounts. 

Proteins of Meat 

Meat proteins are discussed in Chapter 20, Meat and Meat Products. 
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Proteins of Fish 

A protein similar to myosin is present in fish muscle. Myosin pre
pared from cod seems to aggregate more rapidly than that prepared 
from rabbit muscle. Pure fish myosins are very labile and difficult to 
prepare. 

Cod myosin has been isolated by the ultracentrifugation of a solution 
of the salt-soluble protein in the presence of adenosine triphosphate. 
However, there have been improvements on this procedure, as follows. 
Coarsely minced cod muscle is washed to remove sarcoplasmic pro
teins. It is then extracted with neutral pyrophosphate of ionic strength 
0.6. The extract is diluted 10 times with water and the precipitated 
myosin and actomyosin are rapidly redissolved at an ionic strength of 
0.4. The actomyosin is then eliminated by adjusting the ionic strength 
to 0.23. The molecular weight ofthe resulting myosin is about 500,000. 

Tropomyosins have been extracted from cod and haddock, but are 
present only in small amounts. 

Proteins of Cereals 

The classification given for simple proteins at the beginning of this 
chapter is useful in protein work on cereals. The composition of the 
proteins varies in the different cereals. Newer techniques have shown 
that each of these cereal groups contain several or many individual 
proteins. Starch-gel electrophoresis has been effectively used for this 
purpose (Smithies 1955). Differences in speed of movement brings 
about the separation of the several compounds in bands during the 
electrophoretic process. After the separation the bands are made visi
ble by means of dyeing. Other electrophoretic techniques have been 
used. See the section "Separation of Proteins" earlier in this chapter for 
a more comprehensive discussion. 

Figure 6.6 shows the distribution ofthe several classes of proteins in 
four important cereals. Table 6.6 shows the amino acid contents of 
proteins of wheat and corn listed by side-chain properties. 

The heterogeneity of the albumins and globulins of wheat and of 
some other grains has been demonstrated by several of the electro
phoretic techniques. Analyses of different separated peaks show differ
ences in amino acid composition. 

Likewise, prolamines seem to consist of a group of heterogeneous 
proteins. This conclusion was reached as a result of the use of electro
phoretic procedures. 

Glutelins are compounds of very high molecular weight which ac
counts for the fact that they are the least soluble of the cereal proteins. 
Only after wheat glutelin molecules are fragmented does motion begin 
in starch-gel electrophoresis. 

The cohesive-elastic properties of hydrated wheat gluten proteins are 
instrumental in the formation of dough which will expand in the pres-
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FIG. 6.6. Differences in amounts and distribution of albumins, globulins, 
prolamines, and glutelins in germ and endosperm of various grains. 
From Wall (1964). 

ence ofleavening agents in the making of such products as bread and 
cakes. 

Changes as a Result of Processing and Cooking. One of the first 
changes in proteins as a result of heat is the denaturation of the 
protein. This is more fully discussed in Chapter 20, Meat and Meat 
Products. 

Changes taking place were studied at various temperatures, and it 
was found that at 65°C most of the globular and myofibrillar muscle 
proteins are coagulated. Between 70°C and 90°C disulfide bonds are 
formed by oxidation of the sulfydryl groups of the actomyosin and 
above 90°C, H 2 S splits off from these sulfhydryl groups. According to 
Hamm (1970), Maillard reactions begin at about 90°C and continue 
with increasing temperature and time of heating. The Maillard reac
tion is the reaction between monosaccharides and amino acids which 
result in the formation of brown colors. This is discussed in Chapter 9, 
Browning Reactions. Browning of meat is considered to be largely 
caused by the reaction of carbohydrates in the muscle tissue with the 
amino acids of proteins. The intensity of browning has been shown to 
increase with the quantity of reducing sugar in the meat. It is possible 
that collagen could be converted to gelatin, with a resulting increase in 
tenderness. 
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While the browning reaction in meat does result in the loss of some 
amino acids, it seems not to be enough to have a great effect on the 
nutritional value of the product. However, other monosaccharide
protein systems have shown some reduction in the nutritive value as a 
result of heating. Furthermore, Hamm (1970) stated that when auto
claved at 112 0 C for 24 hr, 45% of the cysteine of pork may be destroyed 
and other amino acids made unavailable during digestion. 

SUMMARY 

Proteins are organic compounds of nitrogen of large molecular 
weight ranging from about 5000 to 1,000,000 and larger. Because of 
their size, they are colloidal particles. 

The a-amino acids are the building blocks of the proteins and these 
compounds are found to contain usually 20 of these acids. The a-amino 
group of one residue is coupled with the a-carboxyl group of another 
amino acid residue to form peptide bonds. Polypeptide chains make up 
the protein molecule. 

Proteins are classified on the basis of solubility, chemical composi
tion, and shape. A system now used divides them into three groups: 
simple proteins, conjugated proteins, a-,,~ nerived proteins. Two forms 
of proteins are known, fibrous and globular. Part of the proteins in the 
latter group are protein hormones, the enzymes, and oxygen carrying 
proteins. 

Primary derivatives of proteins are those which have been subjected 
to slight modification by the action of water, enzymes, or dilute acids 
or alkalies. Curdled milk is an example. 

Coagulated (denatured) proteins are insoluble proteins, which result 
from heat treatment or treatment with substances such as alcohol. 

The order of sequence of the amino acid residues on the peptide 
chains is an important part ofthe structure of the protein. The proper
ties, both physical and chemical, are governed by the peptide bonds and 
also by the side chains and amino acids, and the sequence of these 
amino acids on the chains. The various methods used in sequence 
determination are discussed. The complete amino acid sequence is 
known as primary structure. Three other structures are discussed. 

Proteins act as both acids and bases, and therefore, they can migrate 
in an electrical field. Proteins, as well as amino acids, have a point at 
which they are electrically neutral. This is the isoelectric point. At this 
point they are called zwitterions. 

Methods of separating proteins and methods of determining molecu
lar weights are discussed. 

Proteolytic enzymes are either endopeptidases, which act on the in
terior and terminal peptide bonds of polypeptides, or exopeptidases, 
which act only on the terminal peptide bonds, with the result that 
amino acids are sequentially removed. Many of these enzymes are 
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quite specific. Denatured proteins are more readily attacked than na
tive proteins. Enzymes in the intestinal tract are importantly involved 
in the digestion of food. 

Subunits called mucleotides make up DNA and RNA. The nucleo
tides are compounds containing a pyrimidine or a purine base, a sugar, 
and phosphate. A nucleotide is a phosphate ester of a nucleoside. 

In DNA replication, each strand ofthe double helix has the capacity 
to act as a template for the replication of the complementary strand. 
DNA and RNA differ in some of the bases contained, as well as in the 
sugars. The main classes of RNA are very important in the synthesis 
of proteins. 

Four principal stages are involved in the synthesis of protein. The 
activation stage, the initiation stage, the elongation stage, and the 
termination stage. 

The proteins in various foods are discussed. 
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7 

Enzymes are proteins with the special ability to catalyze specific 
chemical reactions in living matter. Although they may undergo 
change during the catalysis, they are unchanged at the end of the 
reaction. Enzymes are made in living cells, but can act in vitro, that is, 
apart from living material. 

The earliest clues and ideas about enzymes were connected with 
work on digestion and fermentation. In the seventeenth and eighteenth 
centuries experiments and observations suggested that these two pro
cesses were somewhat similar in chemical nature. Early in the 19th 
century it was shown that starch is converted to glucose in the presence 
of dilute acid, during which process the acid involved is not altered, and 
can be recovered unchanged. It was found, also, that something in 
gastric juice degrades proteins. These and other experiments brought 
about the idea of catalysis in which the substances acting as agents for 
the change are in themselves unchanged. It was still thought that life 
itself in some mysterious way bro~ght about fermentation. Late in the 
nineteenth century Buchner (1897; Buchner and Rapp 1897), after 
breaking up yeast cells, showed that a solution made from yeast from 
which all the cells were removed by special filtration under pressure 
could cause fermentation of sugar to CO 2 and alcohol. This showed that 
living cells were not necessary to produce fermentation. The connection 
between enzymes and fermentation explains why enzymes were form
erly called ferments. 

Sumner (1926) first isolated an enzyme, urease, in the crystalline 
form for which he won a Nobel prize. After Sumner's achievement, 
Northrop prepared other enzymes in crystalline form and extended 
Sumner's concept that enzymes are proteins. Northrop also was 
awarded the Nobel prize. 

177 
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Enzymes are specific in their action; that is, a single enzyme is 
effective for a particular reaction. Some are highly specific, whereas 
others may act on a group of related compounds. Furthermore, they are 
effective at very low concentrations, so low in fact that the usual color 
reactions for proteins may not be obtained with the dilute solutions still 
able to show enzyme activity. The material acted on by the enzyme is 
known as the substrate. After the reaction, the enzyme itself is un
changed, and is therefore a true catalyst. As such, enzymes increase the 
speed of a chemical reaction. 

CLASSIFICATION 

The Nomenclature Committee of the International Union of Bio
chemistry issued Enzyme Nomenclature 1978, Recommendations of 
the Nomenclature Committee of the International Union of Biochem
istry on the Nomenclature and Classification of Enzymes. This edition 
is a revision of the Recommendations issued in 1972. 

The first general rule noted that names of enzymes, particularly 
those ending in -ase, should be used for single enzymes only, single 
catalytic entities, and should not be used for systems with more than 
one enzyme. If it is necessary to use these for such a purpose, the name 
system is to be included as part of the name, e.g., succinate oxidase 
system. Furthermore, the suffix -ase should not be used in loose and 
misleading fashion. 

The second general rule is that the classification and naming of 
enzymes is according to the reaction they catalyze, because the chem
ical reaction that is catalyzed is the particular property that serves to 
distinguish one enzyme from another. 

A condensation of the classification recommended by the Commis
sion including some enzymes of interest to food students is given here 
and in Table 7.1. 

1. Oxidoreductases. To this class belong all enzymes catalyzing oxi
doreduction reactions. 

2. Transferases. Transferases are enzymes transferring a group from 
one compound to another. 

3. Hydrolases. These enzymes catalyze the hydrolytic cleavage of 
C-O, C-N, C-O, and some other bonds. 

4. Lyases. Lyases are enzymes clearing C-C, C-O, C-N, and other 
bonds by elimination. 

5. Isomerases. These enzymes catalyse geometric or structural 
changes within one molecule. 

6. Ligases (Synthetases). Ligases are enzymes catalyzing the joining 
together of two molecules coupled with the hydrolysis of a pyrophos
phate bond in ATP or a similar triphosphate. 

Many older names without the "-ase" terminology have been re
tained, for example, trypsin, rennin, and ficin. 
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ENZYME COMPOSITION 

Enzymes Are Proteins 

Enzymes are classed as proteins for several reasons. They contain the 
elements found in proteins and in the same amounts. These include 
carbon, hydrogen, nitrogen, oxygen, sulfur, and sometimes certain 
metals and small amounts of phosphorus. As was discussed under pro
teins, these compounds yield amino acids on hydrolysis. Indeed, 
chromatographic studies on pure enzymes have shown that upon hy
drolysis all of the nitrogen can be recovered as amino acids and am
monia. Furthermore, studies with the ultracentrifuge show that en
zymes have high molecular weights, they act as amphoteric substances 
in an electric field, and they undergo denaturation-all of which sup
ports the view that enzymes are proteins. 

Coenzymes 

Many enzymes are simple proteins only. Another type of enzyme 
requires a coenzyme, that is, a compound, nonprotein in nature, which 
must be present before enzymatic activity can take place. Since the 
coenzyme is a much smaller molecule, it can often be separated from 
the protein part of the enzyme by dialysis. After separation, the activ
ity disappears; but often it can be restored by putting the two parts 
together again. Other enzymes contain certain metals in their protein 
structure, and these metals are probably necessary to bring about ac
tivity. Enzymes may have covalently bonded organic moieties, called 
prosthetic groups, which give them the usual activity. They are diffi
cult to separate and if it is done, the activity is lost. 

While degradation of the protein molecule usually results in loss of 
enzyme activity, this does not always happen. The loss of a part of the 
N-terminal sequence in certain enzymes does not necessarily bring 
about loss of its enzyme properties. This indicates that the part of the 
molecule responsible for this activity is located in the area remaining, 
and may be termed the active center. 

PROPERTIES OF ENZYMES 

Enzyme Kinetics 

Enzyme Concentration. The concentration of an enzyme in an 
enzyme-catalyzed reaction is directly proportional to the rate of the 
reaction. Methods used for the determination of enzyme concentration 
are based on this relationship. A straight line plot results when the 
amount of enzyme is increased in the presence of an excess of substrate 
(Fig. 7.1). However, when a large amount of enzyme is added to such a 
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FIG. 7.1. Relative velocity as 
a function of a carboxypep
tidase concentration for tile hy
drolysis of 0.05 M carbo ben
zoxyglycyl-L-tryptophan. The 
absence of deviations from a 
straight-line fit of the data 
demonstrate a first-order de
pendence of the substrate in
hibition reaction on enzyme 
concentration. Standard condi
tions at 25°C. 
From Lumpry et al. 1951. Used with 
permission of the American Chemical 
Society. copyright owner. 

reaction mixture, the rate of the reaction eventually decreases because 
the substrate is used up. The linear relationship can be altered by the 
addition of inhibitors or activators. 

If the enzyme concentration is held constant, the resulting initial 
velocity of the reaction increases as substrate continues to be added, up 
to a maximum velocity. The resulting curve is not a straight line, but 
follows a simple hyperbolic function. When the enzyme has completely 
combined with the substrate, no further increase in the rate of reaction 
can take place. See Fig. 7.2. 

According to the law of mass action, the rate of change in a chemical 
reaction is proportional to the product of the concentration of the react
ing substances. If only one substrate is present in a given reaction, the 
rate of change is proportional to its concentration. This is a monomolec
ular or first-order reaction. 

This can be expressed mathematically when one uses s as the quan
tity of substrate at the beginning of the reaction,x as the amount of this 
substance reacting (or product formed) in time, t. The expression for the 
remaining substrate is s-x. The velocity constant is k. Therefore, 

dx/ dt = k (s-x) 

k = 2.303 log-S-
t s-x 

If and when the rate is no longer affected by the substrate concentra
tion, it becomes a zero-order reaction. 

The differential equation for such a (zero-order) reaction is 

dx/dt = k 

When this is integrated the result is 

k = x/t 
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-------- - -------

0.05 0.10 0.15 

Substrate concentration, M 

FIG. 7.2. Velocity as a function of initial 
concentration of carbobenzoxyglycyl-L
tryptophan at 5°C, pH 7.5, and 0.04 M phos
phate buffer. The dashed line represents 
the relationship in the absence of inhibi
tion by substrate. The solid segment (top 
right) is the maximum velocity reached at 
infinite substrate concentration in the ab
sence of inhibitor. (b) The data plotted 
after the manner of Lineweaver and Burk. 
From Lumpry et al. (1951). Used with permission of the 
American Chemical Society, copyright owner. 

Michaelis and Menten (1913) were the first to work out a really 
useful mathematical analysis of the velocity of enzyme catalyzed reac
tions as affected by the substrate concentration (Fig. 7.3a). It is as
sumed that an intermediate enzyme.,...substrate complex is formed, 
which is the important feature of this theory. In addition, the assump
tion is made that the conversion rate ofthe enzyme-substrate complex 
to products of the reaction and the enzyme determines the conversion 
rate of the substrate to the reaction products. 

This equation is expressed as follows: 

V[S] 
v= 

Km + [S] 

where v = initial velocity, V = maximal velocity, [S] = total concentra
tion of substrate, K m = Michaelis-Menten constant. 

If one employs the Lineweaver-Burk equation, which is the re
ciprocal of the Michaelis-Menten equation (Lineweaver and Burk 
1934): 
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I 
I 

IItKrn FIG. 7.3a. Michaelis-Menten 
plot of reaction velocity versus 
substrate concentration. Substrate Concentration 

~ v 

~k V 

~Km 7y 
Slope 

~J 
FIG. 7.3b. To calculate Km plot the reciprocal of 
velocity versus the reciprocal of substrate concen
tration. 

1 Km 1 1 
-=- -+-
v V [8] V 

If one plots 11v versus 11 [8],K mlV is the slope, and intercept on 1 Iv 
axis is 1/ V. One gets a straight line rather than a sigmoid curve as in 
Michaelis-Menten. It is possible to calculate K m (Fig. 7.3b). 

Enzyme Inhibition. There are three classes of enzyme inhibition. 
All of these are reversible, and the Michaelis-Menten equation can be 
used in the analysis ofthe effects on the reaction kinetics ofthe enzyme 
by the inhibitor. The three classes of inhibition are competitive, non
competitive, and uncompetitive. 

Competitive Inhibition. This is the situation in which the enzyme 
combines with the substrate, but another substance, chemically related 
tothe substrate, is present and competes with the substrate to bind at 
the active site of the enzyme. This inhibits the activity of the enzyme 
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in the formation ofthe complex with the normal substrate. The relative 
concentrations of the inhibitor and of the substrate regulate the rate of 
the reaction. If a large enough amount of the substrate is used, the 
effect of the inhibitor can be overcome. One such situation of particular 
interest in dealing with food is the inhibiting action of glucose on the 
activity of invertase on sucrose. Glucose, of course, is a product of this 
enzyme reaction, and such products are often competitors. 

Noncompetitive Inhibition. The inhibitor can combine with the 
enzyme-substrate complex or with the enzyme itself, thus interfering 
with the activity. These inhibitors do not bind at the active site of the 
enzyme, but at another site that frequently alters the enzyme as a 
result. The addition of more substrate does not reverse these effects. 

Uncompetitive Inhibition. An inactive enzyme-substrate-inhibitor 
complex is formed by the combination with the enzyme- substrate com
plex, which is usually formed. This inhibitor itself does not react with 
the enzyme to form a complex. 

Irreversible Inhibition. Some agents are able to alter permanently 
and covalently a functional group of certain enzymes that is necessary 
for catalysis, resulting in irreversible inactivation of the enzyme. 
Sometimes such a reaction takes time to complete. 

Enzyme Specificity 

That enzymes tend to be specific in action was noted long ago. Emil 
Fischer (1894) suggested the so-called lock and key relationship-the 
enzyme "fits" the substrate like a key fits a lock. Although this is still 
an acceptable theory, it is believed at the present time that the lock 
undergoes some adjustment as the key comes to it so that a workable 
union results, allowing the enzyme to combine with the substrate. 

Varying degrees of specificity are known, from highly specific to only 
moderately so. Urease, highly specific, will act on urea only, and on no 
other known compound. Some enzymes act on a definite stereoisomeric 
structure. For example, racemic compounds have been separated by 
means of enzymes because a specific enzyme was found to act only on 
the dextro form, leaving the levo form undisturbed. Some enzymes are 
intermediate in specificity. An example is invertase. It hydrolyzes 
sucrose and other ~-fructosides. The amylases, already discussed, are 
in this group also, and act on starch. Lipases are enzymes of lowspe
cificity, which hydrolyze not only triacylglycerols to fatty acids and 
glycerol but also simpler esters to alcohols and acids. 

Mode of Enzyme Activity 

Because of the molecular size of enzymes it seems likely that there 
is a small area of activity where the action takes place. This is known 
as the active site. In order for this reaction to proceed asymmetrically, 
the enzyme and substrate must have a specific spatial relationship. 
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Three points of interaction between enzyme and substrate are neces
sary to explain asymmetric reaction on an apparently symmetrical 
substrate. Experiments by Chance (1951) clearly show the theory of 
enzyme- substrate combination. 

The reaction of enzymes with substrates is shown schematically in 
Fig. 7.4. The enzyme-cofactor complex that is catalytically active is 
known as the holoenzyme. The protein remaining after the removal of 
the cofactor is known as the apoenzyme, which is, by itself, cataly
tically inactive. However, the holoenzyme has the ability to combine 
with the substrate, yielding the final products. 

Rate of Reaction 

The efficiency of an enzyme was formerly expressed as the turnover 
number. It is now known as molecular or molar activity. This is the 
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FIG. 7.4. Apoenzyme, holoenzyme, and substrate rela
tionships. 
From Whitaker (1972). Used with permission of Marcel Dekker, copyright 
owner. 
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number of molecules of a substrate decomposed by a molecule of a given 
enzyme per minute. Thus, one molecule of catalase decomposes 
5,000,000 molecules of H 2 0 2 in a minute. During this process, the 
enzyme combines with the substrate to form the complex compound, 
and this, in turn, breaks up, yielding the final product and releasing 
the enzyme for combination with another molecule of substrate to keep 
the cycle moving. If the molecular weight of the enzyme is not known 
or if the material employed is not pure, it is internationally accepted 
that one unit of the enzyme material used will catalyze the reaction 
1 ""mole of substrate per minute under controlled conditions. Among 
the factors that influence the rate of an enzyme reaction are the follow
ing. 

Temperature. Changes in temperature affect the rate of enzyme 
reactions. It should be remembered also that enzymes, being proteins, 
are denatured at high temperatures. The usual effect of temperature on 
reactions involving enzymes is in two stages: (1) the rate of the reaction 
increases with increasing temperature up to a maximum, (2) this in 
turn is followed by decreasing activity at higher temperatures, due to 
denaturation of the enzyme. The increasing temperature at the start 
produces greater molecular activity, which increases the rate of reac
tion. The bulk of enzymes are most active around 30 o_40°C. Denatura
tion begins around 45°C, and the activity of the enzyme starts to 
decline. Some enzymes are more heat stable. The temperature coef
ficient, Q 10, is used as an expression of the change in rate of reaction 
for a lOoC change in temperature. The value ofQlO for many enzyme 
mediated reactions is about 2. The Q 10 value is determined by dividing 
the reaction rate at a given temperature plus lOoC by the reaction rate 
at that given temperature. 

Regeneration (Renaturation). It has been found that the enzyme 
trypsin can recover its enzyme activity when it is cooled following 
denaturation by heat (Northrop 1932). Also, it is well known that 
peroxidase in vegetables which has been inactivated by scalding 
(blanching) can recover at least part of its enzyme activity during 
frozen storage. 

pH. The hydrogen ion concentration of the medium in which the 
enzyme works affects greatly the activity ofthe enzyme. Denaturation 
of the enzyme by high or low hydrogen ion concentrations can result in 
inactivation. It is important that pH be controlled for two reasons: (1) 
the enzyme reaction proceeds at a maximum rate at a specific pH, 
which is usually in a rather narrow range and (2) the range of maxi
mum stability of an enzyme also occurs at a definite pH. The pH is 
controlled in an industrial process either to inhibit the enzyme activity 
or to produce the maximum enzyme activity. The pH can be lowered in 
fruit products by the addition of such compounds as phosphoric or citric 
acids. 
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When the activity of an enzyme is plotted against varying pH values 
the result is ordinarily a bell-shaped curve. This curve shows the high
est activity at the top with rapidly decreasing rates along the sides. 
This is illustrated in Fig. 7.5. 

Activators. These are metal ions which activate or participate in 
reactions of enzymes. Among these are the following: CA 2 + , K +, Fe 2+ , 
Cu2+, Zn2+, C02+, Mg 2+, and Mn2+. Pyruvate kinase and enolase are 
enzymes that require either Mn 2+ or Mg2+. Either is necessary to form 
a complex so that binding with a substrate can be accomplished. In this 
Case Ca2+ acts in competition with Mn2+ or Mg 2+ with the result that 
an inactive complex is formed. In addition, it is necessary that K +, an 
alkali metallic ion, be present for pyruvate kinase to act. Two other 
alkali metallic ions, Rb+ and Cs+, are active in this way also. 

Papain, bromelin, and ficin, plant proteolytic enzymes, become inac
tive when exposed to oxygen. These enzymes remain in the active 
condition if a reductant such as bisulfite ion or cysteine is added. These 
reducing compounds maintain the sulfhydryl groups in the enzyme 
protein. 
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FIG. 7.5. The effect of pH on enzyme reaction 
velocity. 
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Active Sites of Enzymes. This is the position on the enzyme at 
which the catalysis of the substrate with the enzyme takes place. Since 
many enzymes are solely protein in composition, it follows that an 
amino acid residue in such enzymes contains the site. 

Enzymes have great catalytic efficiency. The large rate accelerations 
brought about by enzymes seem to be brought about by four factors. 

One of these is precisely locating the substrate at the catalytic group 
of the active site of the enzyme. The second is the formation of a 
covalent intermediate, which is unstable and changes easily to form 
the products. Often involved at the active site are residues of serine, 
cysteine, lysine, or histidine of the enzyme protein. Enzymes that act 
with the formation of a covalent enzyme- substrate intermediate are 
classified by the active amino acid residue involved, such as histidine 
class, etc. 

Another of these factors is the susceptible bond in the substrate, 
which can be more easily broken by the induction of strain. And still 
another factor involved in catalytic efficiency is that enzymes can be 
responsible for acid or base catalysis when they can provide groups 
which can accept or donate protons. 

In addition to these, metals and coenzymes are often involved in the 
catalytic process as part of the enzyme- substrate complex. 

Other amino acids found at the active site include glutamic acid, 
aspartic acid, arginine, and tyrosine. Ofthe enzymes that contain only 
amino acids it must be noted that not all are involved as part of the 
active site. In certain enzymes large parts of the protein can be 
removed with no change in the activity of the enzyme. 

Complexity of Enzyme Activity 

Enzyme actions on substrates are usually very complex. The conver
sion of glucose to alcohol, for example, is brought to completion by the 
activity of quite a number of enzymes acting consecutively. Figure 7.6 
illustrates this. 

ENZYME REACTIONS 

From the classification scheme given earlier in this chapter it is 
stated that enzymes are classified by the kinds of reactions they cata
lyze. Those that bring about hydrolysis and those active in oxidation 
and reduction are of particular interest in dealing with foods. The 
esterases, among others, are able to bring about hydrolysis, or revers
ibly, synthesis, of esters according to the following equation: 

RCOOR' + H 2 0:;;:= RCOOH + R'OH 

Similar in reaction to these are the phosphatases and the phosphory
lases, which are able to cleave phosphoric acid compounds. Other 
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~ TP- phosphoglyceric rX transphosphorylase 

AOP ATP 

Glucose +2 AOP + 2 phosphate ~ 2 Ethanol + 2 CO 2 + 2 A TP + 2 H2 0 

FIG. 7.6 Pathway of anaerobic breakdown of glucose to ethanol and carbon 
dioxide in yeast. 
From Fruton and Simmonds (1958). Reproduced with permission of John Wiley & Sons, copyright 
owner. 

members of this group are the lipases, which have the ability to split 
fats and nonmineral oils of plant or animal origin, as well as similar 
compounds prepared in the laboratory. Pancreatic lipase hydrolyzes 
these fats and oils to glycerol and fatty acids, in a stepwise reaction. 
The fatty acids are broken off the fat molecule one at a time, to yield 
first a diglyceride, then a monoglyceride, and finally, free glycerol and 
third fatty acid. These reactions occur in the gastrointestinal tract 
during the digestion of foods. Soap and other substances are able to 
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emulsify the fatty material increase the speed at which this reaction 
takes place. This lipase is also able to hydrolyze the ethyl esters oflong 
chain fatty acids. 

Glycosidases, the enzymes effective in the synthesis and breakdown 
of carbohydrates, belong to the general group of hydro lases. Also in this 
same category are the pectic enzymes. The best known of these en
zymes are the pectinesterases. They hydrolyze the methyl ester groups 
naturally occurring in pectin. Although these enzymes occur in most 
higher plants, evidence concerning a synthetic action is lacking. 

Pectinesterases are used in the production oflow-ester pectins which, 
in turn, are used for the manufacture of jellies and jams of low sugar 
content for which products the ordinary pectin will not produce a gel. 

The other pectic enzymes are the polygalacturonases which are 
divided into three classes: 

1. Liquefying polygalacturonases cause the fracture of the 1,4-gly
cosidic linkages, which in turn, characterize pectic polyuronides, 
in a rather random fashion. 

2. Liquefying polymethylgalacturonidases attack preferentially 
pectins of high degree of esterification. 

3. Saccharifying polygalacturonidases hydrolyze pectins only from 
one end of the chain molecule, probably from the reducing end. 

Amylases have the ability to hydrolyze starch and glycogen. Three 
types of amylases are considered, a-aqlylases, /3-amylases, and amylo
glucosidases. The first two have been investigated extensively. The 
a-am:yJ.ases bring about hydrolysis ofa-D-(1~4)-glucosidic linkages of 
the starch molecule in a random manner. This is accompanied by a loss 
or reduction in the ability to produce a stain with iodine, an increase 
in reducing ability of the solution because ofthe formation of reducing 
groups, and finally a reduction in the viscosity of the solution. 
a-Amylase is an endoenzyme, attacking interior bonds. The shortening 
of the chain accounts for calling these "liquefying" enzymes (Bird and 
Hopkins 1954). 

/3-Amylase acts on the end units of the starch chains; hence, it is an 
exoenzyme. It removes the maltose units from the nonreducing ends of 
the chains. It forms a sweet solution, and is known as the sugar
producing enzyme. Limit dextrins are produced by the action of 
/3-amylase on amylopectin because the action of the enzyme stops a 
couple of glucose units from the branch point. 

Phosphatases are able to split phosphoric acid from some types of 
organic phosphates. 

Proteinases, otherwise known as proteolytic enzymes, include 
papain, ficin, trypsin, pepsin, and others, and have the ability to cleave 
the CO-NH (peptide) bond. 

The peroxidases and catalases inactivated during the blanching of 
vegetables are important enzymes and contain iron porphyrin. They 
are oxidoreductases. Peroxidases catalyze reactions in which hydrogen 
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peroxide is an electron acceptor. Thus peroxidase transfers hydrogen as 
in the following reaction 

AH2 + H Z0 2 = A + 2H20 

where A = accceptor and AHz may be ascorbic acid. Catalase breaks 
down hydrogen peroxide as follows. 

2H20 2 = O2 + 2HzO 

Other oxidases such as ascorbic acid oxidase and the polyphenol oxi
dases contain copper and are found in animal and plant tissues (Nelson 
and Dawson 1944). 

Extracts prepared from plant tissues are known to contain dehydro
ascorbic reductase, which catalyses the reduction of dehydroascorbic 
acid to ascorbic acid by glutathione (Crooke and Morgan 1944). 

SOME ENZYME APPLICATIONS IN FOODS 

The activity of enzymes is of considerable importance in food technol
ogy, since many such reactions can have beneficial results and others 
cause undesirable changes. It is necessary that these facts be taken into 
consideration in the storage and processing of foods. 

Enzymes can be important in the production of flavors in fruits and 
vegetables. Enzymes are also of importance in the production of tender 
meat. 

Vegetable Processing 

Enzymes are present in fresh vegetables. When fresh vegetables are 
prepared for freezing, it is necessary to inactivate the enzymes by 
blanching them, thus preventing deterioration during storage. This is 
accomplished by treatment with steam or boiling water prior to pack
ing and freezing. Lee and Wagenknecht (1951) and Lee and Mattick 
(1961) showed some of the changes that take place when peas are not 
blanched and held at -18°C for extended period of storage. The en
zymes act on the lipid material resulting in the development of perox
ides and the liberation of many fatty acids. In addition, Lee (1958) 
showed the effect of blanching on the carbonyl content of the crude lipid 
during the storage of frozen peas. Unblanched peas held in frozen 
storage yielded fatty materials containing appreciable amounts of un
saturated carbonyl compounds, which were not formed in the cor
responding blanched material. 

A haylike flavor and aroma develops in dehydrated vegetables un
less they are blanched before drying. This is likely the result of enzy
matic activity, since blanching would inactivate the enzymes. While 
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low water content protects food from spoilage by microbial action, it 
does not stop deterioration as a result of enzyme activity. An increase 
in the moisture content can result in an increase in enzyme activity. 
Water activity was discussed in Chapter 2. Relative humidity or water 
activity can affect enzyme activity. If the water activity is low enough, 
enzyme reactions do not proceed. This conclusion was arrived at as a 
result of a study of model systems. 

Browning as a result of enzyme action is discussed in Chapter 12. 

Beer and Wine 

These products will be discussed fully in Chapter 14 Alcoholic Fer
mentation. 

Fruit Juices 

Pectic enzymes are of considerable value in the production of fruit 
juices insofar as their use results in considerably better yields of juice. 
Also, pigments are more completely extracted by the enzyme method. 

Meat 

Proteolytic enzymes have been known to bring about the tenderizing 
of meat. Primitive peoples used leaves of the papaya plant to wrap 
pieces of meat for the purpose of tenderizing it. These leaves contain 
proteolytic enzymes. 

In modern practice this tenderizing is achieved by allowing the car
cass to hang at a low temperature (4°C) for several weeks. This im
provement in tenderness is the result of enzyme action. Tenderizing 
can be achieved also by dusting proteolytic enzyme on meat previous to 
frying or broiling. A third method of tenderizing is achieved by inject
ing small amounts of proteolytic enzymes into the animal just prior to 
slaughter. However, it is necessary to hold the meat in cold storage 
until used, if overtenderization is to be avoided. 

Dairy Products 

Cheese is another product in which enzymes are of importance in 
manufacture. Milk is curdled by rennet, which is made from calf 
stomachs, and, of course, is a crude enzyme. This is discussed fully in 
Chapter 16. 

Isolation of Enzymes 

The synthesis of enzymes can take place in different parts of plants. 
The enzymes may accumulate at the site of·formation or elsewhere. 
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They may also be secreted. Animal organs and muscles are frequent 
source material for enzymes, as are microorganisms. 

To isolate an enzyme, the richest available source should be used in 
order to reduce the amount of work necessary to prepare the enzyme. 
The material is comminuted to facilitate the extraction of the enzyme. 
This step is done at a low temperature to forestall heat denaturation 
and to held down the action of proteolytic enzymes. In enzyme extrac
tion, it is necessary to observe many precautions, depending on the 
stability of the enzyme. Extremes of temperature, pH, and ionic 
strength should be avoided. In some cases a reducing atmosphere is 
required to prevent oxidation. 

The most recent techniques involves the use of isoelectric focusing. 
Column chromatography making use of such media as Sephadex, cross
linked polyacrylamide, and ion-exchange have been employed. 

Enzymes are important in a number of industrial processes. En
zymes can be advantageous because of the following characteristics. 
(a) They are efficient catalysts. (b) The reaction can be stopped by 
applying heat sufficient to destroy the enzymes. (c) Temperature, pH, 
and time can be used to control the reactions. (d) Enzyme activity can 
be standardized. (e) They are nontoxic and can be left in the product 
unless it is necessary to destroy them. 

SUMMARY 

The classification of enzymes is based on the reactions they catalyze. 
Among these enzymes are the esterases, which bring about hy

drolysis or, reversibly, synthesis of esters. Another member of the 
group are the lipases, which split fats and nonmineral oils. Pancreatic 
lipase hydrolyzes the fats and oils to glycerol and fatty acids in a 
stepwise fashion. . 

Glycosidases are the enzymes effective in the synthesis and break
down of carbohydrates and belong to the hydrolases. Also in this group 
are the pectic enzymes. The pectin esterases hydrolyze the methyl ester 
groups naturally occurring in pectin. Other pectic enzymes are known. 

The three enzymes, a-amylase, {3-amylase, and amylglucosidase hy
drolyze starch and glycogen. 

Proteinases have the ability to split the CO-NH (peptide) bond. 
Among the oxidoreductases, catalase and peroxidase are important 

in vegetable processing. The action of these enzymes on H z0 2 are 
shown. 

Enzymes are classed as proteins because they contain the elements 
found in proteins and in the same amounts. Studies on pure enzymes 
have shown that all the nitrogen can be recovered as amino acids and 
ammonia. 
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Although a number of enzymes are simple proteins only, another 
type of enzyme requires a coenzyme or a metal or both for activity to 
take place. The coenzyme can often be separated by dialysis, after 
which the enzyme activity disappears. It can frequently be restored if 
both parts are reunited. 

The concentration of an enzyme in an enzyme-catalyzed reaction is 
proportional to the rate of the reaction. 

The Michaelis and Menten mathematical analysis of the velocity of 
enzyme-catalyzed reactions as affected by the substrate concentrations 
is discussed. Curves for the Michaelis and Menten analysis and the 
Lineweaver-Burk modification are shown. The curve for the latter is 
a straight line. The assumption is that an intermediate enzyme- sub
strate complex is formed. 

Three classes of enzyme inhibition are known. These are competi
tive, noncompetitive, and uncompetitive. In competitive inhibition the 
enzyme combines with the substrate but another substance is present 
that competes with the substrate to bind with the enzyme at the active 
site. This can be reversed by the addition of more substrate. 

Noncompetitive inhibitors can combine with the enzyme-substrate 
complex or with the enzyme itself. They do not bind at the active site 
but at another site. 

In uncompetitive inhibition an inactive enzyme-substrate-in
hibitor complex is formed by combination with the enzyme- substrate 
complex. Such competitors do not react with the free enzyme. 

Whereas enzymes tend to be specific in action, varying degrees of 
specificity exist. Some are highly specific, while some others are inter
mediately so. The lipases have rather low specificity. 

Enzymes act by combining with the substrate at a small area of 
activity which is known as the active site. 

The efficiency of an enzyme is known as the molecular activity. This 
is the number of molecules of a substrate which are decomposed by a 
molecule of a given enzyme in a minute. Since enzymes are proteins, 
they are denatured at high temperatures, but at lower temperatures 
the rate of activity increases with increasing temperature. This in turn 
decreases as denaturation starts. 

It is important to control pH. The enzyme reaction proceeds at a 
maximum rate at a specific_ pH, usually rather narrow in range. The 
range of maximum stability of an enzyme may also be at a definite pH 
also narrow in range. 

Activation is produced by metal ions which activate or participate in 
the enzyme reactions. 

Enzyme action on substrates is usually very complex. 
Some enzymes can recover at least a part of their activity following 

denaturation by heat. One of these is peroxidase which can recover 
some part of its activity during frozen storage of vegetables. 

In the processing of vegetables for freezing it is necessary to blanch 
them to inactive enzymes if satisfactorily stored products are to result. 
Likewise dehydrated vegetables which are not blanched prior to drying 
develop haylike flavor and aroma in storage. 
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Enzymes are important in a number of industrial processes involving 
foods. 
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Vitamins are organic compounds of varying composition that are 
required to maintain health, and in younger animals and adults, 
growth. Only small amounts of them are necessary for these purposes. 
In this chapter the chemical composition, properties, occurrence, and 
use of the several vitamins are considered. The interested student 
should consult the books and reports given in the Bibliography for 
nutritional, biochemical, and physiological aspects ofthese substances. 
Table 8.1 provides the daily dietary allowances recommended by the 
Food and Nutrition Board of the National Academy of Sciences
National Research Council (1980). 

It was found in the eighteenth century that small quantities of citrus 
juice would prevent the development of scurvy in seafaring people 
during long voyages. The vitamin necessary to prevent scurvy is as
corbic acid. Late in the nineteenth century, it was shown that beriberi 
resulted from the eating of polished rice. The vitamin to prevent beri
beri is thiamin, now known to be present in the bran removed from the 
rice during the milling process. 

Early in the twentieth century, it was discovered that for health and 
normal growth the usual nutrients, proteins, carbohydrates, and fats 
together with water and some mineral salts will not suffice. Other 
factors are necessary also. About the same time, these factors were 
called "vitamines" because of their supposed amino nature. That name 
has since been shortened to "vitamin." These compounds are of dif
ferent compositions. Because of these differences in chemical composi
tion, the following classification is used. 

THE WATER·SOLUBLE VITAMINS 

Vitamins of the B Group 

Thiamin (Vitamin B 1 ). Beriberi, a disease widespread in the 
Orient, was caused by the extensive use of polished rice. During milling 
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TABLE 8.1. Recommended Daily Dietary Allowances· 

Fat-Soluble Vitamins 

Vita- Vita- Vita-
Age Weight Height Protein min A minD minE 

(years) (kg) (lb) (em) (in) (g) (pg RE)" (pg)C (mg ,..TE)d 

Infants 0.0-0.5 6 13 60 24 kg x 2.2 420 10 3 
0.5-1.0 9 20 71 28 kg x 2.0 400 10 4 

Children 1-3 13 29 90 35 23 400 10 5 
4-6 20 44 112 44 30 500 10 6 
7-10 28 62 132 52 34 700 10 7 

Males 11-14 45 99 157 62 45 1000 10 8 
15-18 66 145 176 69 56 1000 10 10 
19-22 70 154 177 70 56 1000 7.5 10 
23-50 70 154 178 70 56 1000 5 10 
51+ 70 154 178 70 56 1000 5 10 

Females 11-14 46 101 157 62 46 800 10 8 
15-18 55 120 163 64 46 800 10 8 
19-22 55 120 163 64 44 800 7.5 8 
23-50 55 120 163 64 44 800 5 8 
51+ 55 120 163 64 44 800 5 8 

Pregnant +30 +200 +5 +2 
Lactating +20 +400 +5 +3 

Source: Natl. Acad. Sci.-Natl. Res. Council 1980. 
a The allowances are intended to provide for individual variations among most normal persons as 

they live in the United States under usual environmental stresses. Diets should be based on a 
variety of common foods in order to provide other nutrients for which human requirements have 
been less well defined. See text for detailed discussion of allowances and of nutrients not tabulated. 

" Retinol equivalents. 1 retinol equivalent = 1 ,..g retinol or 6 ,..g ,6-carotene. 
C As cholecalciferol. 10 pg cholecalciferol = 400 IU of vitamin D. 
d ,..tocopherol equivalents. 1 mg d-,..tocopherol = l,..TE. 
e 1 NF (niacin equivalent) is equal to 1 mg of niacin or 60 mg of dietary tryptophan. 
f The folacin allowances refer to dietary sources as determined by Lactobacillus casei assay after 

the bran is removed. Eijkman showed in 1897 that fowls fed on polished 
rice developed beriberi, which, in turn, could be prevented by proper 
diet. Later Windaus et al. (1932) prepared pure vitamin B 1 from yeast 
and worked out the empirical formula for this compound. In 1936 R. R. 
Williams and others determined the chemical structure and in the 
same year synthesized it (Cline et al. 1937; Williams and Cline 1936). 

N==C-{)H 
+HCOOEt +NH.--c(CH.)=NH I I POCI. 

EtOCOCH,CH.OEt , EtOCOCHCH,OEt ------_. CH.C C-CH,OEt __ 

o=bH A-~H 
N=C-CI N=C-NH, N=C-NH.·HBr 
I I Ale. NH. I I HBr I I +4 Metbyl 5-p·hydroxy· 

CH.C C-CH,OEt ---~, CH,C C-CH,OEt -_ CH.C C-CH,Br , 
II II II II II II ethylthiazole 
N-tH N-CH N-CH 

Synthesis of vitamin B 1 

CH, 
I 

N==C-NH,·HBr /C=C-CH, 

CH,b b-CH.-N" 1 tH, 
II II 1_ " I 1ol-CH Br CH- OH 
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Water-Soluble Vitamins Minerals 

Vita- Thia- Ribo- Vita- Fola- Vita- Cal- Phos- Mag-
minC min flavin Niacin min B. cinf min B 12 cium phorus nesium Iron Zinc Iodine 
(mg) (mg) (mg) (mgNE)' (mg) (pg) (pg) (mg) (mg) (mg) (mg) (mg) (pg) 

35 0.3 0.4 6 0.3 30 0.5" 360 240 50 10 3 40 
35 0.5 0.6 8 0.6 45 1.5 540 360 70 15 5 50 
45 0.7 0.8 9 0.9 100 2.0 800 800 150 15 10 70 
45 0.9 1.0 11 1.3 200 2.5 800 800 200 10 10 90 
45 1.2 1.4 16 1.6 300 3.0 800 800 250 10 10 120 
50 1.4 1.6 18 1.8 400 3.0 1200 1200 350 18 15 150 
60 1.4 1.7 18 2.0 400 3.0 1200 1200 400 18 15 150 
60 1.5 1.7 19 2.2 400 3.0 800 800 350 10 15 150 
60 1.4 1.6 18 2.2 400 3.0 800 800 350 10 15 150 
60 1.2 1.4 16 2.2 400 3.0 800 800 350 10 15 150 
50 1.1 1.3 15 1.8 400 3.0 1200 1200 300 18 15 150 
60 1.1 1.3 14 2.0 400 3.0 1200 1200 300 18 15 150 
60 1.1 1.3 14 2.0 400 3.0 800 800 300 18 15 150 
60 1.0 1.2 13 2.0 400 3.0 800 800 300 18 15 150 
60 1.0 1.2 13 2.0 400 3.0 800 800 300 10 15 150 

+20 +0.4 +0.3 +2 +0.6 +400 +1.0 +400 +400 +150 +5 +25 
+40 +0.5 +0.5 +5 +0.5 +100 +1.0 +400 +400 +150 +10 +50 

treatment with enzymes (conjugases) to make polyglutamyl forms of the vitamin available to the 
test organism. 

" The recommended dietary allowance for vitamin B 12 in infants is based on average concentration 
of the vitamin in human milk. The allowances after weaning are based on energy intake (as 
recommended by the American Academy of Pediatrics) and consideration of other factors, such as 
intestinal absorption. 

h The increased requirement during pregnancy cannot be met by the iron content of habitual Amer-
ican diets nor by the existing iron stores of many women; therefore the use of 30- 60 mg of 
supplemental iron is recommended. Iron needs during lactation are not substantially different from 
those of nonpregnant women, but continued supplementation of the mother for 2-3 months after 
parturition is advisable in order to replenish stores depleted by pregnancy. 

The thiamin molecule is made up of a thiazole and a pyrimidine 
derivative. Although thiamin can be synthesized in the laboratory, the 
knowledge of the exact complete mechanism for the natural synthesis 
is not entirely known. Thiamin HCI can be prepared in the crystalline 
form as colorless, monoclinic needles with a melting point of 250°C. It 
is highly soluble in water, 1 ml of water dissolves 1 g of thiamin. The 
solution is optically inactive. 

Changes in the structure ofthe thiamin molecule remove the physio
logical vitamin activity, but several salts of the compound are active. 
Some forms resulting from the opening of the thiazole ring are also 
active biologically. Thiamin pyrophosphate (TPP) a coenzyme known 
also as cocarboxylase and diphosphate ester of thiamin, is the form in 
which it usually occurs in yeast and in tissues. In this form it is impor
tant in the activation and transfer of aldehyde groups and is necessary 
in the decarboxylation of a-keto acids, such as pyruvic acid. 

o 
II 

CH 3 -C-COOH ---+- CH3 CHO + CO 2 
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It is important also in the direct oxidative pathway for the metabolism 
of glucose. Thiamin is found as free B 1 mostly in plants. Animal muscle 
contains about half of the thiamin as free thiamin. 

Sulfur dioxide and sulfites should not be used in products containing 
this vitamin because they cause the molecule to break up into its two 
derivatives, thus destroying its activity. 

Of dietary importance is the fact that the enzyme thiaminase can 
break the thiamin molecule which in turn destroys its vitamin activity. 
Thiaminase is found in certain raw fish, in crustaceans such as 
lobsters, and in mollusks such as clams. If such items are consumed as 
a major part of the diet, thiamin deficiency could result. 

Thiamin deficiency results in the loss of appetite and development of 
nausea and later to a form of neuritis and cardiac difficulties. In addi
tion to these, changes in body tissues, blood, and urine take place. 

Thiamin occurs naturally in yeast, in the brans of rice and wheat, in 
other cereals, and in the seeds of peas and beans, in peanuts and other 
nuts, in egg yolk and in pork. Fruits and vegetables usually contain 
small amounts. Thiamin can be determined quantitatively (AOAC 
1980) by oxidizing it to thiochrome. Thiochrome gives a blue fluores
cence, the intensity of which can be measured. Thiamin can be de
termined also by the rat growth method. 

Riboflavin. This vitamin, formerly known as vitamin B 2, is a 
growth factor. Karrer and Kuhn established the structural formula for 
riboflavin, and von Euler et al. (1935) worked out its synthesis. This 
compound is 6,7 -dimethyl-9-(l'-D-ribityl)-isoalloxazine. The riboflavin 
synthesis given in Fig. 8.1 is that of Karrer and Meerwein (1936) 
combined with the last step from Tishler et al. (1947). 

Riboflavin, which crystallizes in the form of orange-yellow needles, 
melts at 280°C with decomposition. It is only slightly soluble in water, 
but is very soluble in solutions of alkalies. The alkaline solution (Kuhn 
and Rudy 1935) is optically active, [a]~O = -114 ° in 0.1 N NaOH. The 
aqueous solution has a green-yellow color and shows a strong green
yellow fluorescence. The addition of acids or alkalies causes this fluo
rescence to vanish. In the crystalline form, riboflavin should be pro
tected from light, but it is otherwise stable at room temperature. This 
vitamin in solution tends to be rather unstable. A bottle of milk ex
posed to sunlight will lose about 50% of its riboflavin in a half hour. 

Riboflavin acts as a coenzyme as well as a vitamin (Warburg and 
Christian 1932, 1938). In the form of riboflavin-5-phosphate flavin 
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mononucleotide (FMN) it is the prosthetic group ofthe "yellow enzyme" 
of yeast. It is known also in the form of a dinucleotide, again as a part 
of an enzyme. These particular enzymes are known as flavoproteins 

FIG. 8.1. Riboflavin synthesis. 

and are involved as catalysts in a number of reactions and act in the 
transport of electrons. The dinucleotide, flavin adenine dinucleotide 
(FAD), is a part of the enzymes acyl coenzyme A dehydrogenases, 
which are involved in the oxidation of fatty acids. In addition to these 
two compound forms, riboflavin occurs naturally as the free compound. 

Riboflavin deficiency in man is responsible for glossitis (inflamma
tion) of the tongue and lips, and also scaliness at the corners of the 
mouth (cheilosis). Changes in the eye which can involve corneal vascu
larization are also symptoms of riboflavin deficiency. Riboflavin de
ficiency in man is associated with deficiency of other B vitamins which 
would result in a variety of problems. 

Liver, kidney, and heart are good sources of riboflavin, as are milk, 
bran, wheat germ, eggs, cheese, brewers' yeast, and green vegetables. 
Riboflavin can be determined by measuring the fluorescence of solu
tions (AOAC 1980). 

Niacin, Nicotinic Acid, Nicotinamide. This is otherwise known as 
the antipellagra factor. Pellagra was known in the eighteenth century 
but it was not until 1915 that Goldberger proved it was caused by 
dietary deficiency. Elvehjem and others (1937) found that nicotinic acid 
acts specifically as a cure for pellagra in the human and black tongue 
in the dog. Both nicotinic acid (niacin) and nicotinamide have the same 
vitamin activity. 

veOOH 

Nicotinic acid Nicotinamide 
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A method of synthesis for nicotinic acid, developed by McElvain and 
Goese (1941), is the result of the direct bromination of pyridine to form 
3-bromopyridine. This is heated with cuprous cyanide to form 
3-cyanopyridine, which is hydrolyzed with NaOH and finally neutra
lized with HCI to yield nicotinic acid. 

Markacheva and Lebedeva (1950) published a method using heavy 
bases from coal tar, which were heated with 98% H 2 S0 4 plus selenium 
which catalyzes the reaction. f3-Picoline yields nicotinic acid by direct 
mridation, and the yield is good. 

OleRs 
~N 

~·Picoline 

Niacin is 3-pyridine-carboxylic acid, and nicotinamide is the cor
responding acid amide ofthis compound. Niacin crystallizes in the form 
of needles from water or alcohol, with a melting point of 236 0 to 237 0 C, 
and sublimes without decomposition. It is slightly soluble in water and 
alcohol, but soluble in hot solvents. Nicotinamide is very soluble in 
water and alcohol. It appears as a white powder, but forms needles from 
benzene, melts at 129 0 -131 °C, and boils under reduced pressure. Nia
cin is thermostable. 

Nicotinamide is a part of two acceptor pyridine protein enzymes 
which are known as nicotinamide adenine dinucleotide (NAn) and 
nicotinamide adenine dinucleotide phosphate (NADP). They have also 
been known as diphosphopyridine nucleotide (DPN) and triphosphopy
ridine nucleotide (TPN). The first two names and symbols were sug
gested by the International Commission in 1961 because of their 
greater accuracy. 

These are coenzymes of electron transport. The enzymatic transfer of 
hydrogen from alcohol to DPN was investigated by Westheimer et al. 
(1951), using alcohol dehydrogenase with deuterium eH) as a tracer. 
Deuterium is heavy hydrogen with an atomic mass of 2. 

Nicotinamide adenine dinucleotide, NAD, and its reduced form, 
NADH, illustrate the part played by nicotinamide in enzyme activity 
in addition to its function as a vitamin. Other vitamins, of course, 
participate in enzyme activity. 

Tryptophan has been found to be a precursor of niacin in man and 
many other species. Therefore the daily requirement of niacin is in
fluenced by the dietary protein available. 

Pellagra is a deficiency disease which causes skin lesions and an 
inflamed tongue, as well as diarrhea and dementia. Deficiency in the 
dog results in black tongue. It has been said that this disease causes the 
three Ds: dermatitis, diarrhea, and dementia-a fourth may be added: 
death. 
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Good sources of niacin are yeast, wheat and rice brans, whole cereals, 
fish, and milk. Niacin can be determined by chemical and by the micro
biological methods. The basis of the chemical method is the reaction of 
niacin with cyanogen bromide (caution: cyanogen bromide is highly 
toxic) to produce a pyridinium derivative, which rearranges to form 
compounds which are able to react with aromatic amines to give 
colored compounds. If conditions are right, the color density is propor
tional to the amount of niacin present. Full details of both methods are 
given by the AOAC (1980). 

Vitamin B 6' Three compounds have the biological activity of this 
vitamin-pyridoxine, pyridoxal, and pyridoxamine. Pyridoxal, 
however, stimulates the growth of some bacteria more effectively. 
These compounds are able to cure dermatitis in rats. It appears neces
sary for the maintenance of health in man. 

Pyridoxine was isolated from yeast and liver in 1938 and prepared 
synthetically by workers in the Merck laboratory (Harris and Folkers 
1939). Vitamin B6 is found in tissues mainly as pyridoxal and pyridox
amine phosphates. In the liver a specific kinase phosphorylates pyri
doxine which in turn is oxidized by a specific flavoprotein to pyridoxal 
phosphate, a coenzyme form. Pyridoxal phosphate and pyridoxamine 
phosphate act in many chemical reactions as coenzymes involving 
amino acids. 

CH20H CHO CH2NH2 

H°XrCH20H H°XrCH20H H°XrCH20H 

" I " I 
H3C N H3C N H3C N 

Pyridoxine Pyridoxal Pyridoxamine 

11 11 II 
CH20H CHO CH2NH2 

H°tiCH20P03H2 H°XrCH20P03H2 H°trCH20P03H2 

" I "- I 
H3C N H3C N H3C N 

Pyridoxine phosphate Pyridoxal phosphate Pyridoxamine phosphate 

Pyridoxine crystallizes in needles from acetone and has a melting 
point of 160°C. It sublimes and is very soluble in water and soluble in 
alcohol. Pyridoxine HCI crystallizes in plates from alcohol and acetone. 
It melts at 206°-208°C, sublimes, and is very soluble in water and 
slightly soluble in alcohol. These vitamins are sensitive to light. 

Deficiency of pyridoxine has caused convulsions in infants, which can 
be treated by administration of pyridoxine. Deficiency ofthese vitamin 
compounds are not known to be connected with any particular disease 
in adults. 
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Vitamin B6 is found in many foodstuffs. Rice bran, yeast, seeds, 
cereals, egg yolk, as well as meat, liver, and kidney are good sources. 
Vitamin B6 is determined quantitatively by the microbiological 
method (AOAC 1980). 

Pantothenic Acid. This compound was found to be a growth factor 
for yeast by R. J. Williams in 1933. It was later found to be important 
to animal nutrition. 

CHa 
I 

HOCH2-C-CHOH· CO· NHCH2 • CH2COOH 
I 
CHa 

Pantotheni< ~cid [n ( + )-N -(2,4-Dihyroxy-3,3-dimethlybutyryl)-~-alanine] 

This vitamin is a part of the molecule of coenzyme A, and is usually 
present in animal tissues in this form. 

Coenzyme A 
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The part of the coenzyme A formula separated by broken lines is the 
pantothenic acid part of the molecule. Coenzyme A is vital to the use 
in the body of fats, carbohydrates, and nitrogen compounds. Panto
thenic acid has been prepared synthetically. Several groups of workers 
were involved in this synthesis (Stiller et al. 1940; Williams et al. 1950). 

Pantothenic acid is a yellow viscous oil, which is dextrorotatory, 
[a]~ = + 37.5°. Calcium pantothenate, the usual commercial form, is 
a white microcrystalline salt which is also dextrorotatory, [a]~ = 
+28.2°. The free vitamin is very soluble in water and soluble in ether. 
The calcium salt is soluble in water and insoluble in alcohol. 

The recommended daily allowance is 10 mg a day for adults. A daily 
intake of 5-10 mg is probably adequate. This vitamin is widely dis
tributed, but the best sources are eggs, liver, and yeast. It is found also 
in meats and milk. Pantothenic acid is determined by microbiological 
assay (AOAC 1980). 

Biotin. Kogl and Tonnis (1936) isolated the growth factor biotin in 
crystalline form from died egg yolk. An earlier growth factor had been 
named coenzyme R. This compound was shown to be identical with 
biotin. 

Biotin 

Biotin melts and decomposes at 232.3°C, it crystallizes in needles 
from water and is optically active, [a]~ + 92°. Biotin was synthesized 
in the Merck Laboratories. Biotin is the prosthetic group in those en
zymes having the ability to catalyze the fixation of having CO 2 into 
organic compounds. 

Avidin, a protein in raw egg white, can combine with biotin, thus 
preventing biotin from being absorbed in the intestine. Cooking the egg 
white prevents this activity. Raw egg white can bring about a dietary 
deficiency, but only under experimental conditions. 

Man does not usually suffer from biotin deficiency because bacteria 
in the intestines are able to synthesize this vitamin in the amounts 
necessary to maintain health. Minimum daily requirement for biotin 
has not been established, but a daily intake of 150-300 p.-g is con
sidered adequate. Biotin is widely distributed in nature. Peanuts, egg 
yolks, beef liver, chocolate, and yeast are good sources of biotin. 
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Folic Acid. This term is used to cover pteroylglutamic acid and its 
derivatives which have vitamin activity. It is a nutritional factor. The 
name, folic acid, comes from the fact that it was prepared from leaves 
of spinach. 

Tetrahydrofolic acid 

Folic acid crystallizes as yellow-orange needles from water. It is 
optically active, [a]~5 = +23°, darkens when heated, and decomposes at 
250°C. It is slightly soluble in water, but soluble in hot water, and 
insoluble in ether. It has been separated from liver and from yeast. 
Deficiency of folic acid results in anemia, leukopenia, and failure of 
growth. Folic acid is without doubt necessary in human nutrition, the 
part it plays is not established. 

Folic acid is widely distributed in green leaves, and liver, yeast, and 
kidney are known to be good sources. 

Vitamin B 12' (Cyanocobalamin) It was shown in 1926 that liver 
extract was effective in the treatment of pernicious anemia. It was not 
until 1948 that vitamin B 12 , which is highly active in this capacity, was 
isolated from liver. It has been isolated also from Streptomyces grise us 
(Smith 1948, Rickes et al. 1948). 

Vitamin B 12 is curious in that it is a natural product that contains 
the metal cobalt. The empirical formula is C63H90N 14014PCO, the 
probable structural formula is illustrated in Fig. 6.2. 

Work on vitamin B12 made it obvious that other closely related com
pounds possessing vitamin B 12 activity existed. One such compound is 
cobamide coenzyme. The corrin ring is the central structure and in
cludes divalent cobalt. These cob amide coenzymes contain deoxy
adenosine. 

The vitamin is deep red in color. The needle-shaped crystals darken 
to black when heated to 210°-200°C, but do not melt below 300°. The 
compound is optically active, [a]~!63 = -59° ± 9°. It is extremely potent 
biologically. However, an "intrmsic factor" in gastric juice together 
with the vitamin B 12 is necessary to prevent or cure pernicious anemia 
when orally administered. A patient suffering from pernicious anemia 
can be successfully treated by intramuscular injection of this vitamin. 

Liver and kidney are excellent sources of vitamin B 12 and it is pres
ent also in meat, milk, fish, and poultry. The basic source of this vita
min is soil microorganisms. Vitamin B 12 is determined by means of the 
microbiological method. Details for this method are given by the AOAC 
(1980). 



R 

9. 
H2N C CH2CH 2 CH3 

o 
H2NCCH2 

8 THE VITAMINS 209 

FIG. 8.2. Vitamin 8 12 : R = Cyanide; cyanocobala
min. R = 5'-deoxyadenosyl (via 5'-methylene); 
coenzyme form of cobalamin. 
From Aurand and Woods (1973). 

Inositol. This compound occurs in several isomeric forms, but the 
optically inactive meso (or myoHnositol is the only one that is biologi
cally active. 

OR OR 

R OR 

meso-Inositol 
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It crystallizes in monoclinic prisms from water which melt at 253°C. 
It is very soluble in water, slightly soluble in alcohol, and insoluble in 
ether. 

Inositol is widely distributed in animals and higher plants, as well as 
in microorganisms. It is considered essential in nutrition and has some 
part in the metabolism of carbohydrates as well as lipids. 

Minimum requirements have not been established. 

Ascorbic Acid (Vitamin C) 

Scurvy is a disease resulting from the lack of ascorbic acid in the diet. 
Man, monkeys, the guinea pig, the Indian fruit bat, the red vented 
bulbul (bird), and fish are unable to synthesize this vitamin and must 
obtain it from dietary sources. The research of Zilva, Szent-Gyorgyi, 
Waugh and King, and others established it as the antiscorbutic com
pound, as well as many of its properties. The empirical formula of 
ascorbic acid is CSR80S. Dehydroascorbic acid to which it is readily 
oxidized has the same vitamin C activity as ascorbic acid. 

o 
II 

Ho-bl 
II 0 

HO-yJ 
H-C 

I 
HO-C-H 

I 
CH20H 

L-Ascorbic acid 

O=?l O=C 
I 0 

O=?J 
HC 

I 
HOCH 

I 
CH20H 

L-Dehydroascorbic acid 

In the Reichstein and Griissner (1934) 1 method for the synthesis of 
ascorbic acid (Fig. 8.3), glucose is reduced to the corresponding alcohol, 
D-sorbitol by means of catalytic hydrogenation under pressure. This 
compound is oxidized by Acetobacter xylinum to L-sorbose, which has 
the necessary structural arrangement. This bacterium is later replaced 
(Reichstein 1934) by Acetobacter suboxydans or other similar or
ganisms. This is then treated with two molecules of acetone which, in 
the presence of sulfuric acid, converts L-sorbose to diacetone-L-sorbose. 
The next step is oxidation with KMnO 4. The diacetone-L-sorbose mole
cule has a free hydroxyl group, which is oxidized to the carboxyl group. 
This latter is converted directly to ascorbic acid, or it is esterified with 

1 Data and equations on this method are used with permission of Helvetica Chimica 
Acta, copyright owner. 
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methyl alcohol and HCl, which in turn is changed to ascorbic acid by 
treatment with methyl alcohol and sodium. This method, with some 
modifications; is used commercially. 

Ascorbic acid has strong reducing properties which is used as the 
basis for its determination. As a matter of fact, Zilva discovered its 
reducing properties before the identification of this vitamin was com
pleted. It can be reversibly oxidized to dehydroascorbic acid by the 
removal of two hydrogen atoms. Dehydroascorbic acid can be reduced 
to ascorbic acid by means of H 2 S or by sulfhydryl compounds. 

Sometimes, during ascorbic acid oxidation, certain metal catalysts, 
particularly copper, can cause the release of hydrogen peroxide; copper 
can cause considerable trouble when ascorbic acid is used as a reducing 
agent (Maurer and Schiedt 1933; Warren 1943). Coupled reactions are 
involved. In the beer industry, treatment of beer with ascorbic acid 
results in considerable increase in stability in most instances. 

The acidic property of ascorbic acid is caused by the presence of an 
enediol group rather than a carboxyl group. It behaves as a monobasic 
acid and can give salts on reaction with alkalies. Dehydroascorbic acid 
is chemically a lactone, which is neutral. 

Ascorbic acid is very soluble in water, soluble in alcohol, and insolu
ble in ether. It crystallizes in plates or in monoclinic needles. It melts 
at 192°C with decomposition. It is dextrorotatory, [ex ]~O = +24°. The 
two asymmetric carbon atoms indicate that four stereoisomers are 
possible, but of these only L-ascorbic acid has important vitamin activ
ity. Isoascorbic acid has minor activity. 

Ascorbic acid is widely distributed in the plant kingdom, being es
pecially prevalent in citrus fruits, black currants, strawberries, pine
apples, broccoli, and parsley. It is present also in spruce and pine 

CH20H CH20H CH20H CH 20H 
I I I Ic?b HO-CH HO-CH co 
I I I c/ I 

HO-CH H2 HO-CH ° HO-CH ° "O-CH KMnO. 
I - I I ~~-o HC-OH HC-OH HC-OH 
I I I 

dH \ HO-CH HO-CH HO-CH 
I I I ~H2-cI CHO CH 20H CH 20H 

COOH COOH 
"",0 

C j.?1 I 
HoJi ,.......o-c co 

C I I II ° ° 'O-CH ~ HO-CH 
HOT.J Lt-o\ I 

HC-OH HC 
I I 

CH C HO-CH HO-CH 
I / I I 

CH2-O CH20H CH 2 0H 

FIG. 8.3. Ascorbic acid synthesis. 
From Reichstein and Grussner (1934). Used with permisSion of Helvetica Chi mica Acta, copyright 
owner. 
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needles, in which case it is the old and darkened needles which contain 
the larger amount of this vitamin. 

Ascorbic acid is determined by the 2,6-dichloroindophenol titration 
method, in which this dye is reduced by the ascorbic acid, resulting in 
the disappearance of the color of the dye. It is determined also by the 
microfluorometric method. In this case, the fluorescence intensity of 
the compound produced is proportional to the concentration. Both of 
these methods are given by the AOAC (1980). 

THE FAT-SOLUBLE VITAMINS 

Vitamin A 

This vitamin, also known as retinol, is involved in vision. A de
ficiency of it is the cause of night blindness, and eventually in the 
development of the eye disease xerophthalmia. While vitamin A is 
found in animals, it is derived from the carotenoids of the higher plants 
and one-celled organisms. The plants, therefore, produce the carotenes, 
the animals convert them to vitamin A. 

The structural formula for vitamin Al (Karrer et al. 1931, 1933) is 
the all-trans form, and physiologically the most active. Other forms of 
this vitamin structure exist. The all-trans form is the form found in the 
liver of mammals. The formulas for vitamins Al and A2 differ in only 
one respect: vitamin A2 has a second double bond-a conjugated double 
bond-in the ring. 

CH 3 CH 3 

Vitamin A, 

Vitamin A2 is present in the livers of fresh water fish. It may occur 
in the eyes of animals along with vitamin A 1 • Vitamin A2 is not as 
active as vitamin A 1. 

The ring in the structures of the two foregoing vitamins is related to 
f3-ionone. This compound has been used as a starting material for the 
synthesis of vitamin A. 

C~ /CH3 

/C" 
CHz CCH=CHCOCHa 
I II 
CHz CCH3 

'\C~ 
f3-Ionone 
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The carotenes, as has been already mentioned, are the main source 
of vitamin A; indeed, they are known as provitamins A. Of these, 
,B-carotene is the most important, but a- and 'Y-carotenes have part of 
the activity of ,B-carotene (Karrer et al. 1930; Karrer and Morf 1931). 

~ 

il·Ionone ring ,,·Carotene I 
,,·Ionone ring 

~----------------~~~--------------------' 
R 

il-Carotene 'Y-Carotene 

RD~ 
CH3 OH 

Cryptoxanthin 

,B-Carotene has two ,B-ionone rings. a-Carotene has a ,B-ionone ring and 
an a-ionone ring. 'Y-Carotene has only one C,B-ionone) ring with an open 
structure at the other end. Before the structure of ,B-carotene was 
known, workers noted that it was easily oxidized by air with the de
velopment of a violet-like aroma. This aroma is accounted for by 
,B-ionone which has this odor. 

Vitamin Al is insoluble in water but soluble in alcohol and in ether. 
It crystallizes in yellow plates from petroleum ether, and melts at 
63°-64°C. 

a-Carotene is insoluble in water, slightly soluble in alcohol, and 
soluble in ether. It forms red plates or prisms from petroleum ether or 
benzene-methyl alcohol. It melts at 187.5°C, and is optically active 
[an~4.5 = +385°. 

,B-Carotene is insoluble in water, slightly soluble in alcohol, and 
soluble in ether. It forms red-brown hexagonal prisms from benzene
methyl alcohol and red rhombic crystals from petroleum ether. It melts 
at 184°C. 

'Y-Carotene is insoluble in water and alcohol and slightly soluble in 
ether. It forms red prisms from benzene-methyl alcohol and violet 
prisms from benzene-ether. It melts at 178°C. 

The carotenes must be protected from oxidation and light and are 
sensitive to autoxidation. Vitamin A must be protected from air to 
avoid oxidation, and it is sensitive to the action of ultraviolet light. 
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These carotenes are changed to vitamin Al mainly in the intestine. 
If one molecule of f3-carotene split it should yield two molecules of 
vitamin A. However, a vitamin A value of about only one-half of the 
f3-carotene is obtained. People with liver disease have lessened ability 
to change carotene to vitamin A I, but the reason for this is not under
stood. 

Deficiency of vitamin A results in retardation of growth of young 
animals. Stoppage of the growth of the skeleton starts early in such 
deficiency. Skin lesions may occur in man, particularly if the subject is 
deficient in the B complex vitamins as well. The first symptom in man 
is night blindness. This is true also of other animals. Although the 
disease known as xerophthalmia comes later, it is not connected with 
night blindness. Excessive amounts of vitamin A are toxic. If the doses 
are too large, nausea, headache, weakness, and dermatitis can result. 
The all-trans is the most potent form. 

Green and yellow vegetables are the best sources of the carotenes, 
the provitamins, while liver is the best for the vitamin. Fish liver oils 
are highest and used for medicinal purposes. Vitamin A is determined 
chemically by a method involving chromatography and determination 
of fluorescence. The results are expressed in concentration of vitamin 
A units per milliliter. Carotene is determined by methods involving the 
use of a spectrophotometer. All of these methods are given by the 
AOAC (1980). 

Vitamin D 

The disease of infancy and early childhood known as rickets is a 
deficiency disease. It is the result of faulty metabolism and faulty 
deposition of calcium in the bones and teeth. 

Steenbock (1924) found that the ingestion offoodstuffs that had been 
irradiated with ultraviolet light was effective in the cure of rickets. 
This was traced to the sterol fraction. A substance, listed as vitamin D, 
was known to be present in fish oils in association with vitamin A. This 
information explains the fact that people exposed to a great deal of 
sunlight, and Eskimo children whose diet is rich in fish oils, are free of 
rickets. 

It was found that when ergosterol, a sterol in yeast and in ergot, is 
irradiated with ultraviolet light, vitamin D2 results (see Fig. 8.4). This 
compound is otherwise known as calciferol. The structure of vitamin D2 
was established by the work ofWindaus and of Heilbron. A cholesterol 
derivative, 7-dehydrocholesterol was prepared by Windaus. When this 
compound was irradiated, vitamin D 3, also known as cholecalciferol, 
was formed. 7-Dehydrocholesterol has been separated from the outer 
layers of the skin of the hog. Both ergosterol and 7 -dehydrocholesterol 
are provitamins. 

All the provitamins D found in nature are chemically sterols, carbon 
3, which has an hydroxyl group attached, also contains the conjugated 
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HO 

Ergo-calciferol (Vitamin D2 ) 

HO 

Cholecalciferol (Vitamin D3 ) 

FIG. 8.4. Vitamin D2 formation by irradiation of ergosterol. 

5,7 -diene. Such unsaturation is designated by superscribing the 
number indicating the lower positioned carbon atom of the two linked 
together by a double bond, and may be designated also by placing the 
number of the lower positioned carbon before "ene." During irradiation 
of the provitamins, ring B splits between carbons 9 and 10. 

Calciferol (vitamin D 2 ) crystallizes as white, colorless prisms from 
acetone and is opticaly active, [a]~O = +102.5°. It melts at 115°-118°C 
and sublimes at very low pressures (0.0006 mm). It is insoluble in 
water, but soluble in alcohol, ether, and acetone. It has one absorption 
spectrum maximum at 265 nm. Cholecalciferol melts at 82°-83°C. 

Since rickets is a disease that affects the growing bone, such condi
tions as knock knees, bowlegs, and similar problems are noticed in 
children deficient in this vitamin. Excessive administration of the D 
vitamins can have a toxic effect. Sufficient vitamin D is obtained for 
children by exposing the body to sunlight, from irradiated milk, from' 
vitamin D concentrate or cod liver oil. Vitamin D is determined by 
bioassay (AOAC 1980). 

Vitamin E 

This factor, now known as vitamin E, was first noticed in the rat, 
where it affected the sterility of the male and female of this animal. 

Actually this factor should be called vitamins E because tocopherol 
is the basic compound, and seven are known. The alpha form is the 
most active biologically, and it is the most widely distributed. The 
biological usefulness of the other tocopherols varies considerably. The 
dl-form of a-tocopherol has been synthesized. 
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R, 
RwCH' CH) , ?' / 

I CH, -CH, -CH, -CH-CH, -CH, -CH,-CH-CH, -CH, -CH, -CH 
HO '" I I \ 

CH, CH) CH) 
R, 

a-Tocopherol. R" R 2 , Ra = CHa 

The natural tocopherols are oils. a-Tocopherol is a pale, yellow, 
viscous oil which is optically active, [a]1 = +0.65°. It melts at 
2.5°-3.5°C, and boils under very reduced pressure at 350°C with 
decomposition. It is insoluble in water, but soluble in alcohol and ether. 
Tocopherols must be protected from oxidation and from ultraviolet 
light. 

The tocopherols behave as antioxidants, and as such they protect the 
unsaturated compounds in oils in which they occur by slowing the 
development of rancidity. However, when these oils become rancid, the 
tocopherols disappear. They are usually lost if the oil is refined. 

The most widely accepted biological role of vitamin E from the 
physiological point of view is the function of tocopherols as reversible 
antioxidants. In this capacity they inhibit the oxidation of unsaturated 
fatty acids in tissues. Numerous studies on vitamin E deficiency in 
animals have failed to bring forth a unified concept as to its overall 
function in the living organism. 

Sterility occurs in the male rat as a result of tissue damage and 
failure of movement ofspermatazoa, while in the female the lack of this 
vitamin causes the resorbing of the fetus. Sterility resulting in the 
male rat is not curable, but in the female the disorder can be cured if 
the vitamin is included in the food very early in the period of embryonic 
life. 

These vitamins are found in seed germ oils and in some vegetables. 
Nutritional requirements in the United States are supplied by salad 
oils, shortenings, and margarine. Fruits and vegetables furnish some, 
as do grain products. 

Vitamin E is determined by methods given by the AOAC (1980). 

Vitamin K 

Two compounds that have antihemorrhagic properties are known. 
The first, vitamin K 1 was found in alfalfa by Dam and Karrer in 1939; 
shortly after, Doisy separated vitamin K2 from putrefied fish meal. 
Vitamin Kl was synthesized by Fieser in 1939. 

o 

o CH3 CH 3 

Vitamin K, (2-Methyl-3-phytyl-1,4-naphthoquinone) 
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Vitamin K2 (2-Methyl-3-difarnesyl-1,4-naphthoquinonel n = 4, 6, 7 or 8. 

Other related compounds are known to have the biological activity of 
the K vitamins. Among these is menadione (vitamin K 3 ). Menadione 
(2-methyl-1,4-naphthoquinone) is a synthetic product and is as active 
as vitamin K 1. 

Vitamin Kl is a yellow viscous oil which is optically active, [a]~O = 
-0.4 0. It has a melting point of -20°C. It is insoluble in water, but 
soluble in alcohol and ether. Vitamin K3 crystallizes as yellow needles 
from alcohol and petroleum ether. It has a melting point of 107°C. It is 
insoluble in water, slightly soluble in alcohol, and soluble in ether. 

If the diet of the chick is deficient in vitamin K, the animal develops 
a hemorrhagic condition with lengthened clotting time of the blood. 
Deficiency of vitamin K in the human adult does not occur often be
cause most diets supply sufficient amounts; it is normally produced in 
the intestine by bacteria as well. A deficiency can occur in newborn 
infants. This problem results in a hemorrhagic condition which ordi
narily disappears when bacteria become established in the intestine. It 
can be r,elieved also by administration of vitamin K. 

Vitamin K is rather widely distributed, and a sufficiency is obtained 
from the average diet. Excellent sources are alfalfa, cabbage, kale, 
spinach, and cauliflower. Cereals and fruits are poor sources. 

VITAMINS AND MALNUTRITION 

Nutritional science has shown that a balanced diet, even though not 
entirely adequate in quantity is better than one in which one factor is 
missing. Should a vitamin be a missing food factor, the deficiency 
disease with which it is associated will result. 

Processing and Holding Losses 

Nutritional losses as a result of the processing offoods are caused by 
one or more of several factors (Table 8.2). Among these are heat, light, 
the presence of oxygen or oxidizing substances, and pH, as well as 
enzymes and minute amounts of certain metals. In the case of pH, some 
nutrients are stable in an acid medium but unstable in an alkaline 
medium. For others the reverse is true. Thiamin is unstable in neutral 
or alkaline media, as well as to oxygen and heat. Vitamin C (ascorbic 
acid) is unstable in neutral and alkaline conditions, as well as to light, 
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TABLE 8.2. Stability of Vitaminsa 

Effect of pH Max 
Cooking 

Neutral Acid Alkaline Air or Losses 
Vitamins (pH 7) «pH 7) (>pH 7) Oxygen Light Heat (%) 

Vitamin A S U S U U U 40 
Ascorbic acid (C) U S U U U U 100 
Biotin S S S S S U 60 
Carotene (pro-A) S U S U U U 30 
Choline S S S U S S 5 
Cyanocobalamin (B 12) S S S U U S 10 
Vitamin D S U U U U 40 
Folic Acid U U S U U U 100 
Inositol S S S S S U 95 
Vitamin K S U U S U S 5 
Niacin (PP) S S S S S S 75 
Pantothenic acid S U U S S U 50 
p-Amino benzoic acid S S S U S S 5 
Pyridoxine (B 6 ) S S S S U U 40 
Riboflavin (B 2) S S U S U U 75 
Thiamin (B 1 ) U S U U S U 80 
Tocopherol (E) S S S U U U 55 

Source: Adapted from Harris and Karmas (1975). 
a S = stable (no important destruction), U = unstable (significant destruction). 

heat, and to air (i.e., oxygen). Riboflavin is particularly unstable to 
light. This instability gets more pronounced as the pH and temperature 
rise. If milk is held in the sunlight, loss of riboflavin takes place 
rapidly, and as an effect ofthis loss, the oxidation of ascorbic acid takes 
place also. Physicochemical alterations, resulting from evaporation, 
are more prevalent in milk than nutrient losses in processing. 

As far as processing is concerned, was·hing vegetables prior to 
blanching does not seem to affect materially such vitamins as ascorbic 
acid. However, the water-soluble vitamins undergo some losses during 
the process of blanching before canning or freezing. It is quite obvious 
that a leafy vegetable such as spinach, which exposes a great deal of 
surface, will lose more than those that are more compact. Steam 
blanching, in general, brings about smaller losses of water-soluble 
vitamins than water blanching because of the much smaller contact 
with water during the time the vegetable is being blanched. Ascorbic 
acid is better retained in vegetables if a short, high temperature blanch 
is employed. A patent was issued recently to Smith and Hanscom 
(1974) for the dry blanching of vegetables. The process makes use of a 
recirculating oxygen-free gaseous heating medium operating at 
>100°C with some steam to supply moisture. A blanching system of 
this sort should cut down many ofthe losses of water-soluble vitamins 
in such vegetables as spinach. 

During the preparation of foods on a large scale for immediate con
sumption, a fair amount of the soluble nutrients may be washed out. 
These losses can be cut by the use of smaller amounts of cooking water, 
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or by the use of steam, or pressure cooking. The actual amounts of the 
losses vary, from small amounts to very large losses. Ascorbic acid can 
vary from losses of about 10% to as much as 80%. Harris and von 
Loesecke (1960) and Harris and Karmas (1975) should be consulted for 
further information. 

SUMMARY 

Vitamins are organic compounds of varying composition which are 
essential for the maintenance of health. Only small amounts are neces
sary for this purpose. They exist in two groups, water soluble and fat 
soluble. Those vitamins that are not synthesized by the organism must 
be supplied in the diet. 

Many of the coenzymes contain water-soluble vitamins. These com
pounds are necessary in metabolic pathways. 

Thiamin (Vitamin B 1) is a part of thiamin pyrophosphate, which is 
a coenzyme necessary for the decarboxylation of a-keto acids such as 
pyruvic acid. Thiamin deficiency results in the disease known as beri
beri. 

Riboflavin (Vitamin B 2 ) is the prosthetic group of the "yellow en
zyme" of yeast. It is a part of the coenzyme flavin mononucleotide 
(FMN) and a part of flavin adenine dinucleotide (FAD). 

Niacin (Nicotinic acid) absent from the diet causes pellagra. Its ab
sence also causes black tongue in the dog. Nicotinamide is a part oftwo 
acceptor pyridine protein enzymes known as nicotinamide adenine 
dinucleotide (NAD) and nicotinamide adenine dinucleotide phosphate 
(NADP). They are involved in electron transport. 

Vitamin B6 (Pyridoxine) is necessary for the formation of pyridoxal 
phosphate, which is a coenzyme. It is involved in many chemical reac
tions connected with amino acids. The vitamin seems to be necessary 
for the maintenance of health. 

Pantothenic acid is important in animal nutrition. It is a part of the 
molecule of coenzyme A. 

Vitamin B 12 (Cyanocobalamin) is effective in the treatment of 
pernicious anemia. It contains cobalt and is made up of a corrin ring 
system. Several related compounds possess vitamin B 12 activity. The 
cobamide coenzymes are known to contain deoxyadenosine. 

Ascorbic acid (Vitamin C) deficiency leads to a disease called scurvy. 
Its acidic property is caused by the presence ofthe enediol group rather 
than a carboxyl group. Ascorbic acid has strong reducing properties. 
This was discovered before the compound itself was isolated. 

Vitamin A (Retinol) is involved in vision. Although it is found in 
animals, it is derived from the carotenes, mainly ,B-carotene, found in 
plants. Carotenes must be protected from oxidation and light and are 
sensitive to autoxidation. Carotene is changed to vitamin A mainly in 
the intestine. Vitamin A is stored in the liver. 
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Vitamin D (Ergocalciferol). When ergosterol, a sterol in yeast and in 
ergot, is irradiated with ultraviolet light, vitamin D2 results. Rickets, 
a disease which affects growing bone, is the result of deficiency of this 
vitamin. 

Vitamin E. Tocopherol is the basic compound and seven are known. 
a-Tocopherol is the most active biologically. Vitamin E acts as a re
versible antioxidant. A number of symptoms result from deficiency of 
vitamin E. 

Vitamin K is the antihemorrhagic vitamin. 
Nutritional losses as a result of processing of foods are caused by one 

or more of several factors. Light, heat, the presence of oxygen or oxidiz
ing substances, and pH, as well as enzymes and minute amounts of 
metals. Thiamin is unstable in oxygen and heat and in neutral or 
alkaline media. Vitamin C is unstable in neutral or alkaline conditions 
as well as to light, heat, and to air (oxygen). Riboflavin is unstable to 
light. 

There is some loss of the water-soluble vitamins during blanching of 
foods previous to canning or freezing. In general, steam blanching 
results in smaller losses because less water comes in contact with the 
foods during the processing. 
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Mineral substances play an important part in the nutritional value 
of foods. They are usually present in small amounts, frequently in 
traces, but their importance is well recognized. Minerals are present in 
the form of salts of metals or in combination with organic compounds 
such as phosphoproteins and enzymes containing metals. 

The major elements include potassium, sodium, calcium, magne
sium, chlorine, sulfur, and phosphorus. Trace elements include iron, 
copper, iodine, cobalt, fluorine, and zinc. The role of selenium in the 
human is not completely established. Others of unknown nutritive 
value include aluminum, boron, chromium, nickel, and tin. Toxic ele
ments include arsenic, cadmium, mercury, lead, and antimony. Food 
materials are the important source of the major and minor elements. 
For recommended daily allowances see Table 8.1. 

A number of the elements present in foods in very small amounts 
have no known nutritional function, but it is possible that some or 
many of them will be found to be significantly useful. Not long ago 
several metals, present in very small amounts, were found to be of 
importance physiologically. These include Co, Cu, Mn, and Zn. Mineral 
materials contribute to structure and are of value physiologically. 
Table 9.1 shows some of the minerals found in a variety of foods. 

In the past, knowledge concerning such elements present in very 
small quantities was limited by the fact that satisfactory analytical 
methods for the detection and determination of these elements were 
lacking. New methods such as spark-emission spectroscopy, neutron 
activation, flame photometry, and the very important atomic absorp
tion spectroscopy have done much to assist and make possible the study 
of these substances. 

Metal ions become involved in nutrition as a result of their ability to 
associate with various molecules. Such molecules are called ligands. 
Metals vary in thier ability to form complexes, called chelates. A 
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TABLE 9.1. Minerals in Representative Foods· 

Ash Calcium Magnesium Phosphorus Iron Sodium Potassium 
Food (g) (mg) (mg) (mg) (mg) (mg) (mg) 

Almonds, dried 3.0 234 270 504 4.7 4 733 
Apricots, raw 0.7 17 12 23 0.5 1 281 
Bananas, raw 

common 0.9 8 33 26 0.7 533 
Beans, lima 

immature seeds 
boiled and 

drained 1.0 47 62 121 2.5 1 422 
Beef, sirloin 

broiled . 1.1 10 21 191 2.9 
Cabbage, raw 0.7 49 13 29 0.4 20 233 
Carrots, raw 0.8 37 23 36 0.7 47 341 
Chicken, fryer 

flesh only, 
fried 1.2 13 257 1.6 78 381 

Lemon Juice, raw 0.3 7 8 10 0.2 1 141 
Lettuce, iceberg 

raw 0.6 20 11 22 0.5 9 175 
Macaroni, dry 

enriched 0.7 27 48 162 2.9 2 197 
Ocean perch, 

Atlantic, fried 1.9 33 226 1.3 153 284 
Oranges, peeled 

raw 0.6 41 11 20 0.4 1 200 
Peanuts, roasted 

with skins 2.7 72 175 407 2.2 5 701 
Peas, green 

raw, immature 0.9 26 35 116 1.9 2 316 
Potatoes, raw 0.9 76 34 53 0.6 3 407 

Source: Watt and Merrill (1963). 
a In 100 g, edible portions. 

chelate is a particular coordination compound in which a metal or other 
central atom is connected with two or more other atoms of one or more 
different ligands with the result that one or more heterocyclic rings are 
formed with the central atom as part of each ring. The derivation ofthe 
word chelate is a Greek word meaning lobster's claw. The reason is that 
two or more bonds hold the metal to the ligand. While four-membered 
chelate rings are known, five- and six-membered rings are the most 
stable. If the ligand is relatively more basic, the chelate is more stable. 

Relatively high levels of organic acids are found in fruits. These may 
combine with metal to form chelates (Fig. 9.1). Vitamin B 12, hemo
globin, and myoglobin are metal chelates. Metals play an important 
role in a number of physiological and biochemical reactions. One such 
reaction is that in which 2-phosphoryl-D-glycerate undergoes dehydra
tion. An enolase in the presence of either Mg2 + or Mn 2 + forms phos-
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phoenolpyruvate. This reaction is reversible, and it is one of the reac
tions in alcoholic fermentation. 

Another is that of phosphoryl enol pyruvate in the presence of phos
phoenolpyruvic transphosphorylase and Mg2+ and K + to form py
ruvate. In this reaction ADP is changed to ATP. The Mg2+ is essential 
for the enzyme to work. It is inhibited by Ca 2+. 

Still another is the reaction of hexokinase on fructose, also in alco
holic fermentation. In this case, fructose is acted on by hexokinase in 
the presence ofMgH and ATP to yield fructose 6-phosphate plus ADP. 

4 - Rings 
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FIG. 9.1. Examples of metal chelates. Only the applica
ble parts of the molecules are shown. The chelate 
formers are (A): thiocarbamate, phosphate, thioacid; dia
mine, o-phenantrolin, a-amino acid, o-diphenol, oxalic 
acid; (8) chlorophyll a. 
From Pfei/sticker (1970). Used with permission of Forster Publishing Co., 
copyright owner. 
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In order for the body to use glucose the glucose enters the blood and 
from there, hexokinase converts it into glucose 6-phosphate. This reac
tion also takes place in alcoholic fermentation. 

Metalloproteins containing the more common as well as the trace 
metals are widespread. The enzymes ascorbic acid oxidase, 
6-aminolevulinic acid dehydrase, tyrosinase, dopamine hydroxylase, 
and laccase need the presence of Cu 2 + in order to function. 

Carboxypeptidase A is a zinc-containing metalloenzyme that hy
drolyzes a peptide bond adjacent to the terminal free carboxyl group. 

Chlorophyll is a metalloporphyrin compound which contains the ion 
Mg2+. It is present in green plants. See Fig. 9.l. 

Of the iron porphyrin compounds, hemoglobin of the red blood cells, 
and myoglobin of muscle are well-known examples. Myoglobin is able 
to reversibly bind oxygen. These compounds are discussed in the 
chapter on meat. 

OCCURRENCE OF MINERALS 

Minerals in Major Amounts 

Calcium. An important source of calcium in the diet is milk. 
Cereals and other foods make a contribution of calcium to the diet also. 
Calcium deficiency is noted in diets low in protein and other major 
nutrients. The period of its greatest need is during pregnancy, lacta
tion, and growth. Tests with animals have shown that larger amounts 
of calcium are retained when lactose is added to the diet. 

Sodium phytate (hexaphosphoinositol) tends to form insoluble salts 
with calcium in the intestines. This makes calcium unavailable for 
absorption. This compound is present in cereals and soybeans. The 
problem can be overcome by a sufficiency of calcium intake. 

Hexaphosphoinositol 

Calcium salt in small amounts is frequently added to tomatoes dur
ing the canning process to increase the firmness. The compound formed 
is calcium pectate (Loconti and Kertesz 1941). 

Magnesium. All plants and animals require magnesium. Chloro
phyll supplies the largest amount of magnesium in the adult diet. 
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Infants are given supplementary amounts of magnesium because milk 
does not have an adequate supply. 

Magnesium is important to cardiovascular function, including in
volvement in blood pressure, myocardial contraction, and myocardial 
conduction and rhythm. It is important in oxidative phosphorylation, 
enolase, and glucokinase. 

Sodium. Sodium chloride as well as sodium present in foods of 
animal and vegetable--oI'igin is the source of this element in the diet. 
Water supplies contain considerable amounts of sodium but not as the 
chloride. 

Salt is important in the diet. However, it is thought by some that the 
average intake of salt in the United States is too high. Sodium is 
important in the preservation of pH of the body fluid and in body fluid 
volume. 

Potassium. Potassium is present in plant materials and ingestion of 
these plant materials is a source of potassium in the diet. Potassium is 
important in the maintenance of the pH of body fluids, as well as in 
water and electrolyte balance in these fluids. K + has a role in enzyme 
systems. 

The infant protein malnutrition condition known as kwashiorkor has 
been found to affect the K + levels. This involves a deficiency of dietary 
amino acids. The result is disturbances of electrolyte and water bal
ances and a loss of potassium from the cells. Such a loss is made worse 
by the diarrhea which accompanies it. 

Under experimental conditions rats fed diets deficient in potassium 
showed slow growth with renal hypertrophy and with other symptoms. 
The final result was death. 

Minerals in Minor Amounts 

Trace elements are found everywhere and are present in all natural 
foods. Under ordinary circumstances the quantity of a trace element in 
a given food is related to the amount of this element found in the 
environment. It is obvious that these elements arise from the soil in the 
case of plants and from feed in the case of animals. These elements can 
also get into foods from the processing equipment. Some animals such 
as swordfish have the capability to absorb mercury from the sea water. 
Such absorption has made the flesh of this species undesirable for food 
when the mercury level is too high. 

Iron. Foods which supply large amounts of iron include liver, kid
ney, and heart, as well as egg yolk, shellfish, cocoa, parsley, and 
molasses. Muscle meats, green vegetables, nuts, poultry, wholewheat 
four, and bread supply smaller amounts. 

Iron is ingested ordinarily in the form of iron porphyrin or 
iron-protein complexes. The use of iron salts in the diet has long been 
practiced for the beneficial effect. The hemoglobin of red cells, cyto-
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chromes of respiration, and myoglobin of heart muscle require iron for 
normal operation. Iron is also involved in the activity of the enzymes 
catalase and peroxidase. The complexing of iron by the porphyrin nu
cleus concerns the bulk of these situations. Increased assimilation of 
iron is helped by diets high in ascorbic acid and low in phosphates. 

Copper. It has been only during recent years that copper has been 
found to be involved in human normal and abnormal physiology. Other 
metals and anions influence fluid retention and metabolism. In addi
tion, copper is a component of a number of enzymes. A dietary balance 
of copper and other minerals is necessary. 

Good dietary sources of copper include liver, kidney, shellfish, in
cluding oysters and crustaceans, nuts, cocoa, peaches, and grapes. 
Fresh fruits, nonleafy vegetables, and refined cereals contain small 
amounts of copper. 

Cobalt. Vitamin B 12 contains cobalt. This is discussed in Chapter 9 
Vitamins. This vitamin is primarily connected with pernicious anemia. 
A patient suffering from this disease fails to absorb the vitamin from 
the intestinal tract. It is not just dietary inadequacy. The cause is the 
lack of an intrinsic factor in the gastric juice. This factor is a mucopro
tein which binds with a molecule of vitamin B 12 • It can then be used by 
the body. Vitamin B 12 is not synthesized by the body, but is of microbial 
origin. Vitamin B 12 is found in protein foods of animal origin of which 
liver and kidney are the best sources. 

Manganese. The role of manganese in essential enzyme reactions is 
well known. Enzymes which require Mg2+ can usually act with Mn2+. 

Pyruvate kinase functions with either Mg 2+ or Mn2+. It forms a com
plex with either of these metals before it binds with the substrate. A 
deficiency of this metal has not been known in humans. Liver, heart, 
and kidney contain relatively high amounts of manganese. Nuts and 
cereals are highest. Meranger and Somers (1968) give much informa
tion on the manganese values of seafoods. Other metals are included in 
this report also. 

Zinc. A fair amount of zinc is present in the human body. It is 
involved in the healing of wounds, and there seems to be a connection 
between the levels of zinc and the production and action of insulin. It 
seems likely that zinc is essential for a large number of physiological 
processes. 

It is present in some enzymes. Alcohol dehydrogenase of yeast and 
glutamic acid dehydrogenase of beef liver contain zinc in the protein 
molecule. 

Bran and wheat germ, as well as oysters, are high in zinc. The former 
contain 40-120 fLg / g, while oysters contain 1000 fLg / g. White bread, 
meat, fish, leafy vegetables, nuts, eggs, and whole cereals contain mod
erate amounts of zinc. 
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Acid foods should not be stored in galvanized containers because it is 
possible to dissolve enough zinc to cause poisoning. 

Molybdenum. Molybdenum seems to have an effect on dental 
caries. It was found that molybdenum plus fluoride is more effective 
than fluoride alone. 

The metabolic enzyme xanthine oxidase contains molybdenum in the 
molecule. It catalyzes the oxidation of xanthine to uric acid. 

Molybdenum is found in large amounts in liver, kidney, legumes, 
leafy vegetables, and cereal grains. Cereal grains contain from 0.12 to 
1.114 f.Lg of molybdenum while dried legume seeds contain 0.2-4.7 
f.Lg / g. Fruits, meats, root and stem vegetables, and milk are poorest in 
this metal. 

ANIONIC MINERALS 

Of this group, chlorides, phosphates, and sulfates are found in the 
largest quantities. Selenium and iodine are present in minor amounts. 
They are supplied in the diet in the form of various salts. In addition, 
phosphates are contributed by the sugar phosphates such as glucose 
I-phosphate, fructose 6-phosphate and others. Further, the nucleotides 
which include ATP and others supply phosphorus. 

Sulfur is available from both organic and inorganic sources. Sulfur
containing amino acids and proteins supply much of it. Most of the 
organic sulfur comes from such compounds as glutathione, cysteine, 
cystine, methionine, chondroitin sulfate, and the bile salts. Gluta
thione is a tripeptide. It is y-glutamyl-cysteinylglycine. 

Chloride. Chloride is widely distributed and as a result there is no 
lack of it in the diet. Sodium chloride is the best source of chloride. 

Chloride is important in maintaining the water and electrolyte bal
ance, and maintaining the pH of extracellular fluids and HCI in the 
gastric juice. Vegetables and fruits contain less CI- than do meats and 
animal products. 

Iodine. This element is important because it is part ofthe thyroxine 
molecule. This and other derivatives are found in the thyroid gland. 

I I NH3 + 

HO-Q-O-Q-CH, -?-COO 
I I H 

Thyroxine (3,5,3',5' -tetraiodothyroninel 
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Insufficient intake of iodine produces the condition known as simple 
goiter. This illness results in an enlargement of the thyroid gland. It is 
controlled by the addition of small amounts of iodine in food, usually by 
iodized salt. 

Phosphorus. Phosphorus is contained in both inorganic and organic 
compounds. The former are phosphoric acid compounds while the latter 
include the sugar phosphates and nucleotides. Among the sugar phos
phates are compounds such as glucose 6-phosphate, fructose 6-phos
phate, and glucose I-phosphate. Among the nucleotides are included 
ADP andATP. 

Phytates are found in soybeans and about 70-80% of the phosphorus 
in soybeans is present as phytic acid. This compound is mentioned 
earlier in this chapter. It occurs in foods which are of plant origin. 

Phosphorus is highly important to bone and tooth formation. A low 
intake of phosphorus interferes with calcification with an effect on both 
teeth and bones. This situation is known as rickets. Treatment involves 
the use of more vitamin D in the diet. 

Selenium. Animal studies have shown that selenium protects 
against liver necrosis. However, work on the value of selenium in the 
human is not complete. Animal tests have shown that selenium and 
vitamin E have some connection in a number of disorders. 

It is quite probable that a simple role for selenium does not exist. 
Kiermeyer and Wigand (1969) found loss of some selenium in drying 

milk. 

Fluorine. This element is of great importance in reducing dental 
caries. When used in small amounts it tends to prevent this problem. 
However, iflarge amounts are ingested, mottled teeth are the result. It 
was stated before that this effect is strengthened by the use of molybde
num together with fluorine. Fluorine is now used safely in municipal 
water systems. 

MINERALS IN CANNED FOODS 

It is known that foods packed in cans may cause internal corrosion of 
the cans with the result that metals released will appear in the food. 
Three metals, which originate from the container, can be found in 
canned foods. These include iron, tin, and lead. Iron and tin come from 
the can, while lead and tin can originate from the solder. The canning 
industry has made great strides in reducing the quantity of lead that 
finds its way into the contents of the can, and is continuing work in this 
area to reduce it further. Food substances may also contain some lead 
before being canned. It can come from the soil since lead is found in the 
crust of the earth, in crop application of municipal sewage sludge, from 
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industrial sources, and as fallout on crops from automobile exhausts. In 
addition to lead, municipal sewage can contain cadmium, another un
desirable metal. Obviously, metals from these sources will be present 
in fresh vegetables and fruits. 

Some metal contaminants of canned food can come from the process
ing equipment. The release of such metals as chromium and nickel 
from stainless steel surfaces of equipment used in the processing of 
foods depends on a number of factors such as the presence of organic 
chelating components of the food product, its pH, the area of metal 
exposed, its temperature, length of time of contact, the amount of agi
tation, and the particular stainless steel alloy used in the equipment. 
It has been found that soluble chromium salts orally administered to 
animals resulted in complete and rapid excretion. Nickel also has been 
found to be largely excreted after oral administration (Conn et al. 1932; 
Stoewsand et al. 1979). 

During the manufacture of cans, a layer of tin forms a layer of alloy 
with the iron, also known as the iron-tin couple. Cans formerly were 
made by the hot dipped tinplate; today they are coated by the elec
trolytic process. 

When food is preserved in this type of can, almost all of the oxygen 
is eliminated during the canning process. In a process called detinning 
the tin coating of the can erodes slowly, with the resulting shelflife of 
about 2 years, depending on the nature ofthe food canned. The tin very 
slowly goes into solution and hydrogen gas is very slowly evolved. This 
process protects the steel base of the can by electrochemical activity. 
Normal detinning takes place when the tin is just anodic enough so 
that any still-exposed steel, the result of discontinuities in the tin 
coating, is protected. 

Internal corrosion can cause several types of can failure. One ofthese 
is the rapid production of hydrogen gas, which, in turn, causes some 
swelling of the can. Another type offailure is the perforation of the end 
or body of the can. While lacquer provides protection under many 
conditions, faults in the lacquer such as minor scratches and pores can 
permit contact of the packed food with the underlying metal. 

Staining in canned foods is another problem. It is caused by the 
formation of iron sulfide (FeS) and tin sulfide (SnS) immediately after 
processing. The sulfide can come from the sulfur-containing amino 
acids, cysteine, cystine, and methionine in foods. 

Other problems concerning discoloration in canned vegetables may 
occur. For further information see Piggott and Dollar (1963), Van 
Buren and Dowining (1969), and Lueck (1970) and other references 
listed in the Bibliography at the end of this chapter. 

SUMMARY 

Minerals are usually present in small amounts in foods, but their 
importance is well recognized. They occur in major and trace amounts. 
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A number of elements found in foods have no known nutritional value, 
and some are toxic. 

The knowledge concerning the elements present in small amounts, 
formerly limited by the lack of satisfactory analytical methods, has 
been greatly increased by modern analytical methods. 

Some metals are present in foods in the form of chelates. In such 
complexes the metal is combined with one or more molecules or atoms 
which are called ligands. Vitamin B 12, hemoglobin, and myoglobin are 
metal chelates. 

A number of enzymes require the presence of such metallic ions as 
K+, Mg2+, and Mn2+ in order to function. A number of the enzyme 
reactions in alcoholic fermentation require metal ions of this sort. 

Chlorophy 11 is a metalloporphyrin compound which contains the 
metal Mg2+. Hemoglobin and myoglobin are iron porphyrins. 

The major metals, Ca, Mg, Na, and K are discussed. The trace metals 
which are of importance in nutrition also are discussed. These include 
Fe, Cu, Co, Mn, Zn, and Mo. 

The anionic elements are discussed. They include Cl, P, I, S, F, and 
Se. 

Minerals in canned foods are given consideration. The sources of 
these minerals are those present in the raw material before being 
packed, those which come from the processing equipment, and those 
which come from the metals of the cans. Iron, tin, and lead come from 
the cans. 

Normal detinning of the can permits an average 2 year shelflife of 
the can. Internal can corrosion can produce several types of can failure. 
Among these are swelling and perforation of the can. Another problem 
is the production of stain. The source of the sulfur is discussed. 
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Flavor is a very important characteristic in food or food products, and 
as such, is of special interest to students of food chemistry. One of the 
most important quality standards in a food product should be flavor, of 
far greater importance than appearance-a cosmetic effect-although 
food manufacturers are unfortunately more concerned with the latter. 

Flavor is often confused with taste. While they are related, it must 
be realized that flavor is the end result, as taste contributes to flavor. 
The two main contributors to flavor are taste and odor. Flavor, both 
quantitatively and qualitatively, is difficult to measure. Certainly, it 
does not lend itself to determination in the way that one can measure 
the quantity of acid in a sample by titration. Most of the tests are 
highly subjective and are not likely to have the precision that direct 
quantitative chemical analysis affords. 

THE BASIC TASTES 

Four basic tastes are generally recognized: sweet, sour, salty, and 
bitter. Two other tastes are known: metallic and alkali. To be tasted, a 
substance must be soluble in water. The sensation of sweet taste is 
detected at the tip of the tongue, sour at the edges, bitter at the rear, 
and salty at the tip and edge. If a physical condition deadens the 
appreciation of odor, the effect of volatiles on flavor disappears, but not 
the basic tastes. 

As far as chemical structure is concerned, sour and salty tastes were 
in the past better correlated than were bitter and sweet tastes. Re
cently, however, a theory has been proposed (Shallenberger and Acree 
1967) to correlate sweet taste with chemical structure. It is possible, 
also, that modified structures could explain bitter taste. 

237 
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Salty Taste 

The only substances that show a salty taste are those compounds that 
are chemically salts. Sodium chloride is, of course, the prime example 
of a compound with a "salty" taste. Salts of relatively low molecular 
weight have a salty, but not precisely the same, taste. As the molecules 
get heavier the predominately salty taste tends to lessen and bitterness 
develops. Potassium iodide has a bitter taste, which predominates. 
Salts having a mainly salty taste include NaCI, KCI, NH4CI, and 
Na 2 S04. Magnesium sulfate among other salts is basically bitter. 

Sour Taste 

The hydrogen ion is responsible for the sour taste. The reason acids 
have a sour taste is the production of hydrogen ions in solution in 
water. 

Pangborn (1963) found no relation among pH, total acidity, and rela
tive sourness. 

Sour flavor may be affected by several factors, namely, pH, titratable 
acidity, effect of buffers, the nature of the acid group, and the presence 
of compounds such as sugars. 

Sweet Taste 

Many workers have thought that chemical structures determine 
sweet and bitter taste. According to Cohn (1914), saporous groups ordi
narily occur in pairs and sweet taste is produced by a number of OH 
groups in the molecule. This would explain the sweetness of sugar 
molecules. Five years later Oertly and Myers (1919) expressed the 
opinion that a compound tastes sweet because it contains an auxogluc 
and a glucophore. A glucophore is a group of atoms or a radical which 
is considered to be responsible for the sweet taste in compounds con
taining such groups. It has the power, therefore, to form sweet com
pounds by its presence in otherwise tasteless molecular groups. An 
auxogluc when present in such compounds has the ability to increase 
the sweet taste. An example ofa glucophore is CHzOHCHOH-. This 
appears in CH 2 OHCHOH (+ H), glycol, which is sweet. Another exam
ple is -CO-CHOH-(H). This glucophore yields with 2 H atoms 
glycolaldehyde, the simplest sugar. 

Tsuzuki (1948) noted that closely related compounds with lowest 
resonance energy tasted bitter, while those with the highest resonance 
energy were sweet. 

Shallenberger and Acree (1967) proposed that in order to possess a 
sweet taste, a compound must have an electronegative atom A which 
is usually oxygen or nitrogen. To this atom is necessarily attached a 
proton by a single covalent bond. AH can represent OH, an imine or an 
amine group or perhaps given the right conditions, a methine group. A 
second electronegative atom B must be within a distance of about 3 A 
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of the AH proton, usually 0 or N. This accounts for the sweet taste of 
seemingly unrelated compounds (Fig. 10.1). 

Sweet ]-A-H -to - - - - - B1Receptor 
compound 3t site 

-B - - - - - - H- A-

Reproduced with permission of Nature 

Simple sugar analogues may provide excellent models for sensory 
evaluation. Most of these compounds are sweet. 

o 
OH OH 

1,4-Anhydroerythritol (not sweet) 

HOCH2)(()~~ 

~ 
OH 

1,4-Anhydroxylitol (sweet) 

HOCHP 
OH OH 

1,4-Anhydrorihitol (sweet) 

It has been shown that L-sugars as well as D-sugars are sweet. This 
is in line with theAH,B theory. Also it has been suggested that the 1T 

bonding cloud of the benzene ring could serve as a B moiety, explaining 
why anti-anisaldehyde oxime is sweet, but syn-anisaldehyde oxime is 
tasteless. In the tasteless isomer the AH is farther removed from B 
than 3 A, and, therefore, no taste results. 

anti-Anisaldehyde oxime syn-Anisaldehyde oxime 

Saccharin is extremely sweet-about 400 times as sweet as sucrose. 
According to the AH,B theory, the reasons are as follows 
(Shallenberger 1974). 



fJ -0 FRUCTOSE 

C=N 

~ 
~ A~ 

OCH 3 

co( - ANISALDEHYDE OXIME 

At,y 

~B 
R_C-C=C-R 

I T I 
H H H 

UNSATURATED ALCOHOL 

OR 

Hf$rNH2 
~~] 

49 

'2 AMINO 4 

NITROBENZENE 

SACCHARIN 

C/ 
I 

/C" 
C/ ~ C/ HZ-o 

1>-'" 

CHLOROFORM 

AH B 

NH] 0 
I // 

R - C - C - OH , 
H 

-c - AMINO ACID 

BERYLLIUM HYDROXO 

CHLORIDE 

FIG. 10.1. Representative compounds that taste sweet and the AH,8 unit 
common to all of them. 
From Shallenberger and Acree (1969). Reproduced with permission of the American Chemical 
Society, copyright holder. 
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1. The AH,B of this compound is rigid, exactly 3 A. 
2. This compound has lipoid solubility and, therefore, easy access to 

the reception site. 
3. Electron distribution over the molecule is such that the AH proton 

has greater acidity than sugar AH proton. 

To effect the sweet taste, it is necessary that an analogous unit be 
present at the taste bud site and between the two an intermolecular 
hydrogen bond is formed. This situation is supposed by theory to pro
duce the sensation of sweetness. The idea of a loose combination be
tween the sweet compound and the taste bud receptor site was proposed 
by Beidler (1954). Dastoli and Price (1966) substantiated this idea by 
preparing proteins from the papillae from the tip of bovine tongues and 
fractionating the resulting solution with ammonium sulfate. They got 
a significant response to sweetness with the protein fraction which was 
soluble in 20% ammonium sulfate, but insoluble in 40%. 

Bitter Taste 

The fourth of the important tastes includes those substances which 
produce the sensation of bitterness. Not a great deal of information has 
been collected as to the exact cause of this taste sensation. Recently, 
Kubota and Kubo (1969), working with diterpenes obtained from 
plants, found that the common group needed to produce the bitter taste 
is the AH,B unit which produces the sweet taste. However, the differ
ence is that the AH proton to the B orbital distance is 1.5 A. More work 
must be done on this phase of the subject of taste. 

FLAVOR AND VOLATILES 

There has been considerable speculation as to the reason the volatile 
substances responsible for the odor part of flavor possess their particu
lar odor qualities. One of the more valid speculations is the stereo
chemical theory. Amoore (1967B) stated "Considering this value of P 
(probability) achieved or bettered for all five graphs attempted, the 
odds are astronomical that a strong correlation does exist between 
molecular size and shape and odor quality." The basic idea is that the 
molecules of a number of compounds fit into the receptive sockets or 
sites at the olfactory nerve endings and produce the odors. This, 
however, is not entirely accurate, and much work is being done to 
validate the concept. It is quite likely, however, that this is basically 
the explanation of odor, and is a similar idea as the one given earlier 
in this chapter for basic taste sensations. 

The qualitative and quantitative determination of the volatile sub
stances active in the flavor components of foods has been greatly im
proved recently by two very important techniques: gas chromatog-



242 BASIC FOOD CHEMISTRY 

raphy and mass spectrometry. At the present time, combinations of 
these two techniques are increasing the knowledge ofthese compounds. 

The gas chromatography part of this equipment is effective in sepa
rating the volatile components. The individual compounds eluted from 
the gas chromatographic column are detected electronically and are 
graphically presented as peaks on a strip chart recorder. These com
pounds are passed directly to the mass spectrometer for analysis to 
determine the chemical structure of the compounds. In cases in which 
two components are eluted at approximately the same retention time, 
information concerning the structures of the two compounds can be 
obtained by sampling at the beginning or ascending part of the peak. 
Obviously the reliability ofthe identification is considerably increased 
if the sample is known to consist of one component. The reason these 
two systems are so compatible is that any sample that can be separated 
by gas chromatography can be expected to be run satisfactorily in a 
mass spectrometer. The carrier gas used in this equipment is helium. 

The mass spectrometer must be operated at very low pressures (10- 7 

torr). The effluent from the gas chromatograph is at atmospheric pres
sure. In order to operate the gas chromatograph-mass spectrometer 
combination a method of providing a pressure drop from atmospheric 
conditions must be employed. This is accomplished by using an easily 
diffusible carrier gas such as helium. Interfacing in this manner also 
serves the purpose of concentrating the eluted compound by eliminat
ing large quantities of helium. 

During the development of techniques of gas chromatography the 
problem of peak identification was a major consideration. The impor
tant methods were elution time relationships and comparison with 
known compounds. Also, the retention time of a compound on column 
substrates of different affinities for the compound aided in identifica
tion. However, in many cases, the results were not always reliable. If 
the first method was used, the possibility that a peak contained more 
than one compound was a hazard. Because of these difficulties more 
reliable methods of identification were necessary. The method involv
ing the use of the mass spectrometer provided the answer. Further 
convenience was the result of incorporating the two techniques into one 
complete unit. The mass spectrometer because of its sensitivity, speed, 
and specificity was considered to be the best of the several analytical 
tools available (infrared, ultraviolet, nuclear magnetic resonance, and 
mass spectrometry). 

The vapor phase chromatography (VPC) detector gives the quantita
tive data and the mass spectrophotometer the qualitative data as well 
as quantitative information on the unresolved peaks. 

However, speed alone is not the only consideration in peak identifica
tion. The continuous monitoring as afforded by the VPC effluent in the 
combined instrument has certain limitations which must be considered 
as well as the advantages of peak trapping for subsequent batchwise 
analysi o • Some advantages of batchwise analysis follow. 
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1. Low voltage ionization and determination of the apparent peak, 
which requires several scans under different operating conditions, en
able the operator by using the batch system to bleed in more sample 
repeatedly for relatively long periods. This in turn, yields multiple 
spectra, which can be useful. 

2. If compounds producing peaks are of low volatility they may not 
be pumped out of the mass spectrometer prior to the emergence of 
succeeding peaks, thus causing confusion. 

3. Slower scanning speeds resulting from batch introductions can 
give higher resolution, and better resolution of smaller peaks. 

4. Correlation with spectral data in the literature is improved. Con
tinuous monitoring instruments sometimes produce very sharp VPC 
peaks which may distort the spectra. 

5. If only a few peaks in a chromatographic sample are of interest, 
the instrument can be used for a greater number of chromatograms in 
a given time. 

Regardless of the advantages of the trapping of peaks, there are some 
important advantages of direct monitoring, as follows. 

1. Samples can be conveniently handled. 
2. It is possible to identify the profile of the peak. 
3. If the quality of material is limited, the improvement of sample 

utilization is important. 
4. High speed characterization of effluent from chromatograph 

columns. 
5. It can be used in pilot plants to monitor process chromatograph 

effluents. 

Usually it takes 1-30 sec to record a spectrum when a vapor phase 
column monitoring is used. 

It has been found that for practical purposes the combination (VPC 
and MS) generally gives the best results for the elucidation of the 
components of mixtures of flavoring compounds present in foods. It is 
usually more satisfactory for this purpose than the batch method; 
however, batch samples can be introduced into the combined unit at the 
direct outlet, if necessary. 

In cases where further work is required, infrared spectroscopy can be 
used for determining the functional groups present. Another accept
able technique is nuclear magnetic resonance. 

Theory of Odor 

Over the years a number of theories have been proposed to explain 
the odor part of the flavor sensation. The purpose of each of these 
theories is to understand and explain how odorivectors and odorivector 
mixtures are differentiated by the chemoreceptors in the nose. 
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The objectives of the olfaction theories were further subdivided by 
Dravnieks (1967). They must outline (1) how odorivector molecules 
cause electrical changes in the chemoreceptor neutrons; (2) why dif
ferent odorivectors produce different response patterns from the as
sembly of chemoreceptors; (3) what properties of odorivectors and their 
mixtures determine their olfactory thresholds, quality, and intensity; 
and (4) how odors could be classified and precisely described. He listed 
also a fifth objective which is indeed very important from the flavor 
chemist's point of view: to arrive at devices that can measure odors 
objectively without the use of olfactory panels. 

Of the many theories proposed to explain the phenomenon of odor, 
three seem to have the best possibilities. The first of these is the vibra
tional theory of Wright (1954, 1957, 1964; also Wright and Michels 
1964). In this theory it is postulated that the characteristic odor of a 
compound has a connection with the particular vibrational frequencies 
of parts ofthe molecule or ofthe entire molecule. These frequencies can 
be measured by Raman spectroscopy. Evidence is offered for recurring 
frequency distributions among compounds of the same odor class. 
However, not enough evidence has been presented to permit its accep
tance at the present time. 

The second is the adsorption theory of Davies (1962, 1965; also 
Davies and Taylor 1959). This theory basically explains the intensity 
of the odor rather than the quality. It fits in easily with current bio
chemical concepts. According to this theory, the polarized neuron cell 
wall supplies the energy needed. Odorivectors trigger collapse of the 
electrical field that exists across the membrane wall to provide the 
energy needed. However, this theory has not been proved and it is 
backed only by circumstantial evidence. This theory must be studied in 
considerable detail, and must include confirmation. 

The stereochemical theory of olfaction was proposed by Amoore 
(1952). It is based on size and shape of the molecule and views the 
molecules of primary odors fitting into the receptor socket of the nerve 
ending to bring about the sensation of odor. However, this idea of "lock 
and key" site fitting assessed only half of the molecule. In order to take 
all aspects of the molecular surface into consideration,. the shadow 
matching idea was adopted. In this way, very significant correlations 
were obtained between the odor qualities and the molecular sizes and 
shapes. This theory sets out to explain odor quality, not intensity. It is 
likely that many more than the original seven postulated primary 
odors will be found before work on this theory can approach completion. 
Figure 10.2 shows the concept of shadow matching. 

Several classes of organic compounds are responsible for different 
types of odors, and many of these compounds are used in synthetic 
flavors. Esters, which are compounds of acids and alcohols from which 
water has been eliminated, comprise an important group. While the 
organic fatty acids are strong, harsh, and sour, particularly in the 
lower molecular weights, the corresponding esters, especially of acids 



FIG. 10.2. The "shadow matching" method. 
From Amoore (1967). 
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and alcohols of the lower molecular weights, are usually fruity and 
pleasant. 

Fatty Acids 

Formic acid, HCOOH, the organic acid of the fatty acid group of 
lowest molecular weight, is pungent and strongly irritating in aroma. 
However, the corresponding ethyl ester tends to be somewhat fruit-like 
in aroma. 

Acetic acid, CH 3COOH, the next higher in the group in number of 
carbon atoms and in molecular weight, has a pentrating and sour odor, 
and is the acid of vinegar. It is the dominant volatile acid in cheddar 
cheese (Patton 1963). The corresponding ethyl ester, the compound of 
acetic acid and ethyl alcohol, is definitely fruity in aroma. 

Propionic acid, CH3CH2COOH, is sour and rancid in character. This 
acid is present in aged Swiss (Emmentaler) cheese (Patton 1964) and is 
produced in the cheese by propionic acid bacteria, Propionibacterium 
shermanii. It has an important role in the flavor of Swiss cheese. This 
is an example of an important flavor principle: in concentrated form 
substances can have very undesirable odors and flavors, but in dilute 
form they can be very acceptable. Ethyl proprionate, the corresponding 
ethyl ester is a liquid, as are the other esters in the flavor series, and 
is strongly fruity in character. 

n-Butyric acid, CH3CH2CH2COOH, and isobutyric acid, 
(CH3)2CHCOOH, possess very strongly sour and rancid odors. 
n-Butyric acid is present in rancid butter, having been derived from 
glyceride, and is responsible for its unpleasant odor. The ethyl ester, 
ethyl n-butyrate has a rather strong fruit-like odor which tends to be 
suggestive of pineapple. 
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n-Valeric acid, CH3(CH2)3COOH, and isovaleric acid, (CH 3)2 
CHCH 2COOH, are like the butyric acid compounds, strongly acid, 
rancid, and sour, and resemble somewhat perspiration. The cor
responding ethyl esters are like other such esters, rather fruity in 
character, and tend to resemble apple. 

Caproic acid, CH3(CH2)4COOH, is found in goat's milk and in coco
nut oil as the glyceride. It is known to be present in cheese made from 
ewe's milk, together with other fatty acids. Russian workers found, in 
addition to other fatty acids, the following in ewe's milk: butyric acid, 
caproic acid, caprylic acid, and capric acid. It is likely that all these 
acids contribute to the flavor ofthe cheese. In the concentrated form the 
odor of caproic acid is strong and piercing. The corresponding ethyl 
ester is fruity in character but does not have the strong ethereal odor 
found in the esters of the shorter chained fatty acids. 

n-Heptylic acid, CH3(CH2)5COOH, is not so sour in odor as the fatty 
acids of lower molecular weight, but it is piercing. It is known also as 
oenanthic acid, and the commercial form of the ethyl ester has other 
esters as impurities and has an odor resembling wine. The weakening 
of intensity of sourness and odor shown by heptylic acid continues in 
trend as the number of carbon atoms in the molecule increases. Like
wise, the higher molecular weight acids and esters show increasing 
weakness in flavor and pungency. 

Fatty acids can be altered in odor as in other properties by the 
addition to or subtraction from the molecule. The replacement of the 
methyl group by a carboxyl group in acetic acid forms oxalic acid, 
HOOC-COOH, which is odorless, toxic, nonvolatile, and very much in 
contrast in these respects with the two-carbon acid, acetic acid, which 
contains only one carboxyl group. Equally important changes in prop
erties can be noticed with replacements, additions, or subtractions in 
other compounds. 

Alcohols 

The changes in odor and other properties can be obtained in alcohols 
and, of course, in other classes of compounds. Chemical changes (that 
is, replacement of groups) can alter the properties of all compounds. 
The lower molecular weight alcohols are soluble in water and have 
spirit-like odors. These characteristics tend to disappear as the mole
cules increase in size, and they become oily liquids. n-Decyl alcohol, 
n-C 1OH2! OH has an odor rather similar to orange flowers. 

Esters 

The esters show a similar picture. As molecular size of the alcohol 
group increases, the strength of odor of the corresponding ester de
creases. However, specific compounds have specialized odors and fla
vors. Butyl acetate has a fruity flavor. Isoamyl acetate is well-known 
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for its banana-like aroma; amyl acetate has this character also, as does 
amyl butyrate. The acetates of the higher alcohols, i.e., octyl, nonyl, 
and decyl acetates, tend to be citrus-like and somewhat less pungent 
than those of the lower alcohol esters. In general, the higher the molec
ular weight of the esterifying alcohol, the less pronounced and piercing 
the odor becomes. 

Other esters of different organic acids have interesting flavor charac
teristics and are employed extensively in this way. Methyl salicylate 
(b. p. 223 0 C) is synthetic oil of wintergreen and is the chief component 
of natural oil of wintergreen. The acid of this compound, salicylic acid, 
is an aromatic acid in chemical structure, and is odorless. 

OR 

OC ~ COOCHa 

Methyl salicylate 

Salicylic acid is the ortho hydroxy compound of benzoic acid. The 
methyl ester of this compound, as described, has a rather intense odor. 
The methyl ester of benzoic acid, however, is much smoother and rather 
minty in aroma. It would seem that this difference is brought about by 
the hydroxy group in the molecule since this is the only structural 
difference. 

o 
NH2 II 6 C- O- CH 
~ 3 

~I 
Methyl anthranilate 

Another ester of importance to flavor is methyl anthranilate. This 
compound is found in the Concord grape and for this reason it is used 
in artificial grape flavoring. This compound is not present in the Vitis 
vinifera or European grape, and therefore, the wines and juice made 
from the Concord grape are distinctive and not pleasing to most 
European palates. 

Aldehydes 

Aldehydes are another group of compounds that are important to 
flavor. Of the three groups of organic compounds (alcohols, carboxylic 
acids, and aldehydes) the aldehydes have the lowest boiling points. 
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They possess the double bond oxygen 

~o 
-C 

"'-H 
which makes them more reactive than the corresponding alcohols. 
These are two important factors in flavor production. Acids are formed 
by oxidation of aldehydes, whereas alcohols are formed by reduction of 
aldehydes. The lower fatty aldehydes are rather pungent in odor, and 
disagreeable. As the number of carbon atoms in the molecule increases 
to 10, 12, and 14 in the saturated straight chain aldehydes, odors are 
formed which can be used in flavorings. 

Unsaturated aldehydes are of importance as flavors. Citral, present 
in lemon oil, has strong lemon aroma and has two double bonds in the 
molecule. 

CH3H H H CH3 
I I I I I 

CH3 -C=C-C-C-C=CH-CHO 
I I 
H H 

Citral 

This compound is harsher than the corresponding compound with one 
double bond, which in turn, is harsher than the corresponding satu
rated compound. 

Acrolein, CH 2 = CHCHO, is an unsaturated low-molecular-weight 
aldehyde, the irritating odor of which can cause adverse flavors in foods 
prepared with fats containing this compound. This is especially true of 
fried foods. 

Ring Compounds 

Aldehydes containing a benzene ring in their structure are particu
larly important in food flavors. This group of aldehydes contains the 
following important compounds. Benzaldehyde, the flavor-active com
pound in oil of bitter almonds, has a benzene ring with an aldehyde 
group attached. Methyl benzaldehydes (in the plural because as found 
on the market it is a mixture of the ortho-, meta- and paraforms) have 
a strong odor resembling benzaldehyde. 

Q 
eHO 

Benzaldehyde Methyl benzaldehyde 
(mixed 0-, m-, andp-) 
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Vanillin, the basic flavoring component of the vanilla bean, belongs 
chemically to the aldehydic derivatives of polyhydric phenols and is 
chemically 3-methoxy-4-hydroxybenzaldehyde. A basic flavoring com
pound rather widely distributed in nature, vanillin is used also as an 
adjunct in other flavors, such as in milk chocolate and other forms of 
chocolate. 

OH 
~OCH3 

Y 
eRO 

Vanillin 

Anisaldehyde, p-methoxybenzaldehyde, is present in trace quan
tities in vanilla beans and is a sweet aromatic compound. It has a 
pungent flavor resembling anise. 

Anisaldehyde 

Another aromatic compound is cinnamaldehyde or cinnamic alde
hyde. It is present in oil of cinnamon and oil of cassia. Its chemical 
formula is C6R 5CH=CHCHO, b.p. 127°C at 15 mm Hg. At atmo
spheric pressure it boils at 252°C. Like all the compounds in the series 
starting with benzaldehyde it is aromatic, pungent, and spicy in char
acter. Many other compounds in this series are known, and are used in 
flavoring mixtures. Cinnamic acid, C6H5 CH = CHCOOH, and cinna
mic alcohol are the source of a number of esters which are of consider
able importance in the making of flavoring materials. 

Ketones 

A number of ketones are of much value as flavoring agents. Ketones 
are carbonyl compounds with two alkyl groups joined to the carbonyl 
group. The lower molecular weight ketones are of little significance 
from the flavor point of view, but those with seven carbon atoms or 
more are important for this purpose. One of these compounds is methyl 
amyl ketone, CH3CO(CHz)4CH3, which has a blue ~heese aroma. 
Another group of these compounds are the diketones. Diacetyl, 
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CH 3 COCOCH 3 , b.p. 87°-88°C, is present in cultured butter, sour 
cream, buttermilk, and cottage cheese, and is important in the flavor 
of these dairy products. Diacetyl is formed during the manufacture of 
such products. 

The ionones are another type of ketones. They are used as fruit and 
berry flavorings. ,B-Ionone is often used in artificial raspberry flavor. 
The ionones are related also to violet aroma. The formula for ,B-ionone 
is given in Chapter 8. 

Ketone compounds are of importance in the mint flavor group. Men
thone, b.p. 210°C, is similar in composition to menthol, m.p. 42.5°C, 
b.p. 216°C, but does not have the cooling effect of menthol. 

1-Menthol 1-Menthone 

Terpene Alcohols 

Alcohols derived from acyclic terpenes are important as flavoring 
compounds and are found as such in volatile (essential) oils. Geraniol 
is a trans isomer. N erol is the cis isomer of the same compound. These 
compounds are basically related to isoprene, although the latter com
pound is not known to occur in nature. 

Geraniol and nerol are diunsaturated terpene alcohols, while citro
nellol is monounsaturated. Geraniol is found in a large number of 
essential oils including those oflemon and orange. Citronellol occurs in 
plants of the family Rosaceae and in a large number of volatile oils. 
N erol is found in oil of lemon and of sweet orange and in many other 
essential oils. It has been found in the volatile substances from the 
currant. Geraniol and nerol are used in flavoring mixtures and tend to 
impart a floral and fruity character. Linalool is heavier and more spicy 
in its flavoring capabilities. Citronellol is naturally present in many 
fruits and spices. Esters of these alcohols are used as aromatic ma
terials in flavor preparations and, as with other esters, the lower 
molecular weight compounds tend to be more volatile and sharp, the 
higher molecular weights are less sharp and smoother. 
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Isoprene Geraniol 

Citronellol 

Lactones 

Some flavoring compounds belong to the class known as lactones. 
The organic chemists classify these as alpha, beta, gamma, and delta 
lactones, depending on the number of members in the ring system. 
Among compounds of this class in use in flavor work are the y and 8 
lactones. The y-Iactones are formed by treating the y-hydroxy acids 
with sulfuric acid. Under these conditions a molecule of water is elimi
nated and a five-member ring is formed. These y-lactones are stable 
substances and are neutral. However, the ring can ordinarily be split 
by means of warm alkali. The misnamed aldehyde C-14 is really y
undecalactone with 11 carbon atoms in the molecule and has a peach
like character. The misnamed aldehyde C-18 is also a lactone structure, 
y-nonalactone with nine carbon atoms, and has on dilution an odor 
somewhat like coconut. It can be prepared by heating ~-oxypelargonic 
acid with 50 vol % of H2SO 4' 

CH 3 -(CH2)4 -CH-(CH2 ) 2-C = 0 

~O~ 
y-Nonalactone 

8-Lactones are important in butter and milk products. They are found 
in butter and are added to margarine. 8-Decalactone and 8-dodecalac
tone have been found in heated and dried milk products. Mattick et al. 
(1959) indicated that 5-hydroxy acids are precursors of these com
pounds which contribute to dry whole milk off-flavor. 

Phenols 

Some monohydric phenols are present in spices, and are important in 
flavoring. 

Eugenol, 2-methoxy-4-allylphenol, is the important ingredient of oil 
of cloves and has a pleasant odor of cloves, together with a sharp, 
burning, clove flavor. It can be used for making vanillin synthetically. 
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In this connection, vanillin is a phenolic compound also. Eugenol is 
found in some other volatile oils aside from that of clove. 

Isoeugenol, 2-methoxy-4-propenylphenol, is the a-propenyl isomer of 
eugenol. It has a floral aroma somewhat akin to carnation and is used 
in flavor mixtures. 

Thymol is another member of this group. It is a component of several 
spices of which thyme is an example. Considered alone, its odor is 
medicinal in character. It has a melting point of 48°-51°C and a 
boiling point of 233°C. 

Eugenol 

Sulfur Compounds 

OH NOCH3 

Y 
CH=CH-CH3 

Isoeugenol 

eR3 

Thymol 

A number of sulfur-containing compounds are of considerable im
portance as flavoring substances. Compounds of this character are re
sponsible for the odors and flavors of such vegetables as onions and 
garlic, the condiment horseradish, and the spice mustard. Oil of mus
tard contains the compound allyl isothiocyanate, CH 2 = CHCH 2 N = 
C = S. Sinigrin is the compound which occurs in black mustard seed and 
is hydrolyzed by the enzyme myrosinase as follows. 

OS03K 
I 

C6H1105S-C=NCH2CH=CH~ + H20~ 
Sinigrin 

C6H 12 0 6 + KHS0 4 + CH2=CHCH2N=C=S 
Allyl isothiocyanate 

Sinigrin is also present in horseradish. 
Several sulfur-containing compounds are present in the volatile 

substances obtained from coffee; among them are methyl mercaptan, 
furyl mercaptan, and dimethyl sulfide. An important property of mer
captans is their behavior as reducing agents. Also, they are acidic and 
are able to form salts with alkalis. 

Allyl sulfide (allyl disulfide), (CH2 = CHCH2)2 S2, together with 
allyl propyl disulfide and other products make up oil of garlic. The 
corresponding compound formed in onion is C 3 H 5 SSC 3 H 7 , allyl propyl 
disulfide. These and other compounds present in onion and garlic have 
been determined by gas chromatography (Saghir et al. 1964). Allyl 
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disulfide is not present in intact garlic, but when the bulb is crushed, 
enzymatic action produces allicin, C3H5-S-S-C3H5' and this 
breaks down to form allyl disulfide. Garlic preparations in which the 
enzyme has been destroyed do not possess the usual odor and flavor. 

FLAVOR ENHANCEMENT 

There are compounds that have the ability to improve the flavor of 
foods. The compound known for the longest time is monosodium glu
tamate, NaOOCCH 2 CH 2 CH(NH 2 )COOH. Although it exists in both D

and L- forms, only the L- form, which is the naturally occurring form, 
has the flavor-enhancing activity. It is a crystalline white powder 
which is very soluble in water but only slightly soluble in alcohol. This 
compound can be prepared from wheat gluten, as a by-product in the 
manufacture of beet sugar, and from casein. The Japanese chemist 
Ikeda, who first discovered the flavor-enhancing property of mono
sodium glutamate, prepared it from a seaweed. Its principal use is to 
improve the flavor of meats, gravies, bouillons, sauces, and foods rich 
in protein. Under some circumstances it has been used in higher quan
tities than desirable. 

Monosodium glutamate was, for many years, the only compound 
with flavor-enhancing capability; however, other compounds are now 
known to have this property. These include disodium 5 I -guanylate and 
disodium 5 I -inosinate. Three isomers of inosinic acid exist, but only 
5 I -inosinic acid is active. On a qualitative basis, the effect of disodium 
5 '-guanylate and disodium 5 '-inosinate are the same. The disodium 
5 '-guanylate was found, however, to be 3.8 times as active. The 5' 
nucleotides are synergistic with monosodium L-glutamate. The general 
structure of the nucleotides with flavor activity is shown in Fig. 10.3. 

OH 

x-C0 

FIG. 10.3. Structure of nucleotides with 
flavor activity. X = H, OH, or NH 2' 
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Other flavor enhancers are maltol and isomaltol, which enhance 
sweetness. Maltol can also cause a sensation that is said to be velvety. 
Ethyl maltol is active as a sweetness enhancer, also, and is said to be 
4 to 6 times as effective as maltol. 

0 

cD 
0 

6G~J I I : CcOH o '7 I I CH ·CH 
0 I o 2 3 

Maltol CH3 Ethyl maltol 
Isomaltol 

Maltol has been found in roasted coffee beans, soybeans, cacao, 
cereals, and overheated skimmilk. It is produced during the heating 
process. It has been found to result from the caramelization of maltose. 
It is formed in the crust of bread during the baking process. Maltol has 
a caramel-like odor and dilute solutions of this compound have burnt 
and fruity characteristics. Maltol enhances the flavor of soft drinks, 
cakes, ice cream, fruit juices, and other such products. 

Certain parts of two tropical plants have the ability to effect changes 
in taste. One of these is the tropical fruitSynsepalum dulcificum, called 
the miracle berry. It contains a basic glycoprotein with a probable 
molecular weight of 44,000 that has the ability to modify taste 
(Kurihara and Beidler 1968, 1969). When it is placed on the tongue the 
taste of a sour substance becomes sweet. The African natives use it to 
improve the flavor of some of their foods. 

The leaves of another tropical plant Gymnema sylvestre contain a 
compound, gymnemic acid, which is able to bring about the disappear
ance of sweet taste. In addition, it is able to reduce the ability to taste 
bitterness. The effect on sweetness lasts for hours, and it suppresses the 
sweetness of saccharin as well as that of sugar. Crystalline sucrose 
(sugar) taken into the mouth has the feeling of slowly dissolving sand. 
Gymnemic acid is made up of four components, gymnemic acids AI, A 2 , 

A3 , and A4 (Stocklin et al. 1967). 

FLAVOR RESTORATION AND DETERIORATION 

It has been found possible in certain fruits and vegetables to restore 
or improve flavors partially lost in processing by means of enzyme 
preparations. This work was done originally on cabbage with the idea 
of restoring the flavor of dehydrated cabbage for military uses (Hewitt 
et al. 1956). 

The development of off-flavors in foods can result in considerable 
economic loss. Sometimes only a small amount of deterioration in a 
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food results in a lowering of the grade, but in other cases the product 
is no longer saleable. The causes for this situation are varied. 

Fishy off-flavors in animal products can be traced to diets offish meal 
and fish oil. It has been found also that the quantity of highly unsatu
rated fatty acids in the carcass fat, containing three or more double 
bonds in the molecule, is proportional to the fishy flavor of the cooked 
meat. In some instances, fishy flavors could be caused by amines such 
as trimethylamine. Fish flavor in butter can result from trimethyl-
amine hydrolyzed from lecithin. . 

A visceral or gamey off-flavor can be detected in cooked meat or 
poultry held in the uneviscerated condition after slaughter. Off-flavors 
in poultry and meat products can frequently be traced to rancidity of 
the fatty materials. This is basically oxidative rancidity. Peroxide 
values, carbonyl values, and thiobarbarituric acid (TBA) values are 
used in the determination of fat rancidity. 

Unblanched frozen peas and spinach held in storage at -18°C yield 
fatty material which is high in liberated fatty acids and shows variable 
quantities of peroxides as well as carbonyls. These values parallel the 
development of off-flavors, which have been described as hay-like. 

Several types of off-flavor can develop in milk. Raw milk can develop 
rancid off-flavor due to the liberation offatty acids because of the action 
ofnaturallipases on the fat in the milk. Oxidized off-flavor can develop 
in milk spontaneously, but this varies considerably with milks from 
different sources. The phospholipids connected with the fat globule 
membrane are probably the site of this off-flavor development. Ex
posure of milk to sunlight brings about the formation of an off-flavor 
which is said by some to resemble cabbage and burned feathers. Ex
perimental work has shown that this "sunlight flavor" as it is often 
called is produced by a reaction involving methionine and riboflavin 
in the presence of sunlight with the formation of methional (Patton 
1954; Patton and Josephson 1953). Homogenized milk is more subject 
to this off-flavor development than unhomogenized milk (Stull 1953). 
Incandescent and fluorescent light can bring about these changes also. 
Actually, the effect of sunlight on milk is twofold, an oxidized flavor 
which is caused by lipid oxidation, and the "cabbage and burned 
feathers," which develops in the milk proteins. Patton (1954) has sug
gested that casein might be the main source of this change. 

An important flavor defect in soybeans is a raw bean flavor that is 
not found in the intact raw bean. This off-flavor develops when the bean 
is macerated and has been identified as ethyl vinyl ketone by vapor 
phase chromatography and mass spectrometry (Mattick and Hand 
1969). 

Another important point in connection with flavor is that a few 
compounds have the ability to cover flavor defects. One of these com
pounds is sugar. It can cover up defects in wines. Dry wines mp.st be of 
good quality because ofthe lack of sugar would cause any poor qualities 
to stand out. 
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A similar situation is the ability of salt to conceal, at least partially, 
slight flavor defects in butter. It is for this-reason that unsalted butter 
must be of the highest grade. 

SUMMARY 

Flavor is a very important characteristic of food or food products. It 
should be more important than appearance. 

Four basic tastes are recognized, sweet, sour, salty, and bitter. 
The most recent explanation of the sweet taste is the AH,B theory. 

AH can represent any of the following: OH, an imine group, or a 
methine group if the conditions are right. The compound must have an 
electronegative atom A, which is usually oxygen or nitrogen. To this 
atom is necessarily attached a proton by a single covalent bond. A 
second electronegative atom B must be within a distance of about 3 A 
of the AH proton, usually 0 or N. The sweetness or lack of it for various 
compounds is thus explained. This theory explains the sweetness of an 
extremely sweet compound like saccharin. 

A modification ofthe AH,B theory for sweet taste has been suggested 
to explain bitterness. 

Volatile substances are responsible for the odor part of flavor. The 
determination of volatiles both qualitatively and quantitatively has 
been greatly aided by the development of gas chromotography and 
mass spectrometry. The combined unit ofVPC and MS gives the best 
results. If further work is necessary, infrared spectroscopy and nuclear 
magnetic resonance can be used. 

There has been much speculation concerning the mechanism by 
which one perceives odor. One which seems to fit the conditions is that 
worked out by Amoore, who said "the odds are astronomical that a 
strong correlation does exist between molecular size and shape and 
odor quality." Two other theories seem to have merit. 

The various compounds involved in odor are discussed. The chemical 
classes of these compounds are important and are given consideration. 
These include fatty acids, alcohols, esters, aldehydes including the 
important ring compounds, ketones, terpene alcohols, lactones, phe
nols, and finally sulfur compounds. 

Compounds that bring about flavor enhancement are an interesting 
development. A Japanese chemist discovered the importance of mono
sodium glutamate in this respect. Other compounds are now known, 
including some that enhance sweetness. 

Compounds that have the ability to change taste are curiosities that 
have food applications in the tropical countries. 

Off-flavors are important because they must be corrected or avoided 
when possible. 
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Pigments are very important in foods and food products-they im
part eye appeal. Unfortunately, many people have a tendency to "eat 
with their eyes," and it is possible to satisfy many people more because 
of appearance than flavor. 

The bulk of the natural coloring matters in foods fall into the follow
ing four categories. 

1. Tetrapyrrole structures: chlorophylls, hemes, and the bile 
pigments 

2. Isoprenoid structures: carotenoids 
3. Benzopyran structures: anthocyanins and flavonoids 
4. Betacyanins: betanin of the table beet root 

Some pigments occurring in commonly available foods are as follows. 

1. Green vegetables: chlorophylls, carotenoids, and less often, 
flavonoids 

2. Root vegetables: carotenoids, betacyanins, anthocyanins, and 
flavonoids 

3. Fruits: carotenoids, anthocyanins, flavonoids, and others 
4. Cereals: carotenoids, caramels 1 

5. Syrups: caramels,! melanoidins,2 and others 

1 Caramels are formed by heat. 
2 Melanoidins can be classed as artifacts as can caramels. Both are included here for 

convenience. 
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6. Meat: hemes, sometimes bilins 
7. Fish: hemes, carotenoids 
8. Egg yolks: carotenoids 
9. Crustaceans: carotenoids 

10. Dairy products: carotenoids 

The most important natural pigments from higher plant sources are 
the chlorophylls and the anthocyanins. The former are responsible for 
the green color of plants, but more importantly act as the catalytic 
agent in the photosynthetic process, which is essential to the produc
tion of food. The latter, the anthocyanins, are phenolic glycosides and 
are soluble in water. 

CHEMISTRY OF NATURAL COLORING MATTERS 

Tetrapyrrole Structures (Fig. 11.1) 

Heme pigments. The heme pigments found in meat and fish are 
structurally similar to the chlorophylls. The basic difference is that 
iron replaces magnesium in the molecule. Also, some of the attached 
groups are different. The pigment of blood is hemoglobin and in muscle 
it is myoglobin. Both have the same prosthetic group, but the size of the 
attached protein is not the same. Under natural conditions, the hemes 
and the chlorophylls are combined with proteins. 

Both hemoglobins and myoglobins can take up oxygen forming oxy 
compounds; this reaction is reversible. Oxymyoglobin is responsible for 
the bright red color of fresh meat the dark surface of fish muscle from 
which the skin has been removed. The iron in these compounds re
mains in the ferrous state. According to Brown and Tappel (1958) 
discoloration to brown takes place in two stages. 

Mb0 2 ~ Mb ~ Metmb 
Oxymyoglobin Myoglobin Metmyoglobin 

Fe2+ (red) Fe2+ (purplish red) Fe3+ (brownish) 

According to Tressler and Evers (1957), the darkening of bone in frozen 
chicken is caused by the formation of methemoglobin from the hemo
globin leached from the bone marrow. When Mb02 is heated in the 
presence of oxygen, the protein (globin) is denatured, and the iron is 
converted from the ferrous to the ferric state. The hemichrome com
pound formed is tan colored. When reducing agents are present, the 
ferric iron is reduced to ferrous, according to Tappel (1957 A, B), and the 
hemochrome formed is pink. The release of sulfhydryl ( - SH) groups as 
a result of denaturation of the protein is responsible for the reducing 
conditions. Nitrite reacts with myoglobin, forming nitrosomyoglobin 
which is red but not highly stable. On heating it is changed to nitroso
hemochrome, which is more stable and is the pigment found in cured 
meats. 
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A B 

c 
FIG. 11.1. Basic structures for tetrapyrrole pigments. (A) Structure 
for hemes. (B) Structure for chlorophylls. (C) Structure for bile pig~ 
ments. 
From Mackinney and Little (1962). 

Nitrite levels are important in developing color in cured meats. 
When the amount used is too small, the result is weak color together 
with inferior light stability. If too great a quantity is used, oxidation of 
Mb02 results, giving rise to greenish-gray compounds. It has been 
found that under high temperatures or high acid conditions, the ni
trites can react with certain amino acids forming compounds known as 
nitrosamines. Nitrosamines are considered to be one of the most potent 
carcinogenic substances known to man. Nitrosamines can be formed 
within the highly acid conditions of the stomach by eating meat 
products containing nitrites. Whether this is a problem in the normal 
diet is not known, but is currently under investigation. Statistical 
analysis of populations eating large quantities of nitrite-cured meat 
correlate with high percentages of cancer. The FDA will probably ban 
the use of nitrite unless a way is found to prevent the reaction with 
certain amino acids (Labuza 1974). 

The bilins develop only as breakdown products of the hemes. Their 
presence shows unnecessary loss of the required red which in fresh 
meat is the oxymyoglobin or in cured meat the denatured MbNO 
hemochrome. The grayish-green color formation is most acute in the 
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fermented type of sausage. If nitrite is excessive it interferes with the 
lactobacilli necessary to produce the desired flavor. A cure of nitrite 
and nitrate slowly develops enough nitrite to give the required cure 
color. 

Chlorophyll Deterioration in Green Vegetables. The structure of 
chlorophylls is discussed in Chapter 1, Photosynthesis. From the point 
of view of food chemistry, the reaction that results in the loss of the 
magnesium and the replacement of this element by two atoms of hydro
gen is important. This occurs in the presence of acids, and will take 
place slowly on standing. However, when green vegetables such as peas 
are heated at retort temperatures during canning, the small amounts 
of acid liberated are enough to convert almost the entire amount of 
chlorophyll to pheophytin. This reaction is not reversible. 

Chlorophyll + 2H + ~ Pheophytin + Mg2+ 

The amount of conversion of chlorophyll into pheophytin can be deter
mined by the differences observed in the absorption spectra (Dutton et 
ai. 1943; Mackinney and Weast 1940). 

The presence of pheophytin is important when one considers the 
appearance of the product. The green of the chlorophyll changes to 
olive-green and to olive-brown as the quantity ofpheophytin increases. 
These changes take place in underblanched or raw vegetables which 
have been held in frozen storage. The impairment of the color parallels 
an impairment of flavor-the vegetables develop haylike flavors and 
become undesirable for food. These flavor changes, however, are not 
caused by pheophytin. 

In the formula for chlorophyll, pyrrole ring IV has a side chain that 
is an ester of propionic acid and phytol alcohol. This can be hydrolyzed 
by chlorophyllase with the liberation of the free acid. Such changes can 
take place under canning plant conditions. Rather recent work tends to 
indicate that there is no apparent difference in the rates of conversion 
of these chlorophyll compounds into magnesium-free compounds. 

The chlorophyll in dehydrated vegetables tends to bleach when the 
product is exposed to light over periods of time. This fading of the color 
of the vegetable is basically a photo-oxidation. 

During the ripening process in fruits the chlorophylls decrease while 
frequently carotenes tend to increase. The carotenes become visible as 
the chlorophylls decrease. The ratio of carotenes to xanthophylls also 
shows an increase. 

Carotenoids 

The term carotenoids is derived from carotene, the main coloring 
matter in the root of the carrot. Carotenoids are found throughout the 
plant world, in leaves, red or yellow fruits, flowers, and roots. They are 
not, however, synthesized by animals. Animals must ingest carote-
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noids in order to get those necessary (mostly (3-carotene) for vitamin A 
formation. They are absorbed either unchanged or transformed in the 
intestine. 

Usually only a few micrograms dry weight of carotenoid are present 
in vegetable material. In the carrot, however, the dry weight amounts 
to about 1 mg per gram of material. Carotene as found in plants is 
ordinarily made up of a mixture of a-carotene, (3-carotene, and 
'Y-carotene, of which (3-carotene is the most important and present to 
the extent of about 85% of the total carotene. 

Two basic types of carotenoids are usually present in natural food 
colors: the carotene type and the lycopene type. Lycopene gives the red 
color to the red tomato and the red-fleshed watermelon. In the red 
tomato, the percentage of lycopene is very high. It frequently forms a 
part of the carotenoid in apricots and peaches. Apricots may have as 
much as 10% of the pigment as lycopene. 

Crustaceans contain astaxanthin which is pink, and red peppers 
contain capsorubin which is deep red, both of which are examples of 
carotenoids with structures different from the carotene and lycopene 
types. When crustaceans such as crabs and lobsters are plunged into 
boiling water, the color changes from dark blue or blue-gray to red. The 
reason for this is that during life the carotenoid is attached to a protein. 
Heat destroys this combination and the color of the free carotenoid can 
appear. 

Carotenoid Structure. Lycopene is completely aliphatic and lacks 
the ionone ring or rings found in the corresponding carotenes. Both end 
rings of (3-carotene and of (3-ionone structure; in a-carotene, one is 
a-ionone and the other is (3-ionone. The (3-ionone ring is necessary for 
the compound to be converted into vitamin A. In all of these com
pounds, alternate double and single bonds in conjugation make up the 
chromatophoric grouping. At least seven double bonds in conjugation 
are necessary before any amount of yellow color is perceptible. 

The larger number of carotenoids occurring naturally have the trans 
structure. The trans structure has greater stability, and the extended 
all-trans form has the deepest color. The structures shown are extended 
all-trans configuration, the form usually found in food materials. 
However, a few mono-cis and di-cis forms are encountered. Isomeriza
tion of the all-trans form may account for some color loss. Such isomer
ization can be increased by the presence of light, acid, or heat. The 
figure of the carotenoid molecule is V -shaped if it contains a central 
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trans-cis rotation. An all-cis form is hypothetical and would be 
crumpled. 

Astaxanthin of the crustaceans and capsorubin of red peppers have 
carbonyl groups with the carbon to oxygen double bond in conjugation 
with the chain of carbon to carbon double bonds. Their importance is 
limited. 

Carotenoid Retention. The following procedures should be followed 
to retain carotenoids in food and food products: (1) storage at low tem-

OH 

HO 
Lutein 

OH 

HO 
Zeaxanthin 

OH 

~ 

H 
Antheraxanthin 

HO 

Mutatoxanthin 

OH 

Violaxanthin 

FIG. 11.2. Structural formulas of common fruit carotenoids. 
From Borenstein and Bunnell (1966). Used with permission of Academic Press, copyright owner. 
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HO 

Auroxanthin 

a-Carotene 

j3-Carotene 

y-Carotene 

~-Carotene 

Lycopene 

HO 
Cryptoxanthin 

FIG. 11.2. (Continued) 
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peratures, (2) use of an inert atmosphere if practical, and (3) blanching 
when necessary. Antioxidants may aid in the retention of carotenoids, 
but use of these substances must be approved by the FDA. 

Anthocyanins and Flavonoids 

Anthocyanins are chemically glycosides made up of one or two carbo
hydrate units and an anthocyanidin, which is an aglycone. Cyanidin, 
pelargonidin, delphinidin, and peonidin are shown here as the oxonium 
ions. The sugar units are found at the 3- and 5-positions. 

OH 
+ 

HO OH HO OH 

OH OH 

Pelargonidin Cyanidin 

OB OCH 3 
+ 

HO OH HO OH 

OH OB 
Delphinidin Peonidin 

The anthocyanidins are liberated as the chloride salt by hydrolysis of 
the anthocyanins with HCl. Pelargonidin-3-glucoside is found in the 
anthocyanin of the strawberry. 

Pelargonidin-3-glucoside 

Ifthe OH occurs in the 3' and 4' positions, the compound is cyanidin, 
and if the OH is in the 3',4', and 5' positions, the compound is delphin
idin. Cyanidin occurs in the sweet cherry, the fig, the mulberry, and the 
blood orange. The chemistry ofthese compounds was established by the 
research of Wills tatter, and by Karrer, Robinson, and others. The 
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anthocyanidins are altered in color by changes of pH and can serve as 
indicators. Aside from contributing color they do not seem to have any 
other function in plants. The depth of color in the fruit depends on the 
quantity of anthocyanin present. 

Table 11.1 gives anthocyanidins found in some fruits and vegetables. 
Several papers have been published describing the anthocyanins 

found in various fruits, including those found in the cranberry 
(Zapsalis and Francis 1965), the Red Delicious apple (Sun and Francis 
1968), the Bing cherry (Lynn and Luh 1964), and Cabernet Sauvignon 
grapes (Somaatmadja and Powers 1963), as well as those in sour 
cherries, grapes, and strawberries. For example, Zapsalis and Francis 
(1965) found the following anthocyanins in the cranberry: cyanidin-3-
monogalactoside, peonidin-3-monogalactoside, cyanidin-3-monoarab
inoside, and peonidin-3-monoarabinoside, indicating that the color 
comprises several compounds. 

Markakis et al. (1957) found that oxygen and ascorbic acid can be 
detrimental to the anthocyanin found in strawberries. When nitrogen 
replaced air in the headspace of stored strawberry juice they observed 
better retention of the anthocyanin. 

Daravingas and Cain (1965) found that prolonged storage time and 
higher storage temperatures reduced the amount of anthocyanins in 
canned red raspberries. More concentrated syrup and oxygen in the 
headspace also increased destruction of the color. 

Anthocyanins have the ability to form lakes with metals. Lakes are 
slate-gray or somewhat purple pigments and can be formed in canned 
foods when the anthocyanin combines with tin. 

Jurd (1964) studied the reactions involved in sulfite bleaching of 
anthocyanins. He showed that this is a reversible process. It does not 

TABLE 11.1. Anthocyanidins Found in Some Fruits and Vegetables 

Fruit or Vegetable 

Apple 
Blueberry 

Cabbage, red 
Cherry, sweet, Bing 
Grape, Concord 

Grape, European 

Peach 
Plum 
Pomegranate 
Radish, red 
Raspberry 
Strawberry, cultivated 

Source: Markakis (1974) 

Anthocyanidin 

Cyanidin 
Cyanidin, delphinidin, malvidin, 

petunidin, and peonidin 
Cyanidin 
Cyanidin and peonidin 
Cyanidin, delphinidin, peonidin, 

malvidin, and petunidin 
Malvidin, peonidin, delphinidin, 

cyanidin, petunidin, and pel argo
nidin 

Cyanidin 
Cyanidin and peonidin 
Delphinidin 
Pelargonidin 
Cyanidin 
Pelargonidin and a little cyanidin 
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involve hydrolysis ofthe 3-glycosidic group or reduction of the pigment. 
Furthermore, it does not involve addition of bisulfite to a ketonic, 
chalcone derivative. The anthocyanin carbonium ion (R+) is the reac
tive species in sulfite decoloration. It reacts with a bisulfate ion to 
produce a colorless chromen-2 (or 4)-sulfonic acid (R-S03H), which is 
similar in properties and structure to an anthocyanin carbinol base 
(R-OH). This reaction is shown as follows. 

HSO; + 

SOsH 

~O~ 
~ \:=J 

Leucoanthocyanins are widely distributed in fruits and vegetables, 
even though no color can be seen. The color may develop as a result of 
hydrolysis in the presence of acid. Sometimes color is formed when 
oxygen is present. Leucoanthocyanins are based frequently on cyani
din. The development of pink color in canned pears, usually as a result 
of overheating during the cooking stage or too slow cooling after the 
cooking step of the canning process, may be caused by the change of a 
leucoanthocyanin to the colored compound. 
. The flavonoids are not of much importance to the color of foods be
cause they are not strongly pigmented. However, they can, under some 
conditions, be responsible for off-colors in foods. The basic structure of 
these compounds is flavone, 2-phenylbenzopyrone. The flavonoids are 
known also as anthoxanthins. 

These compounds occur in the plants as glycosides. Flavone is color
less, but many of the derivatives are yellow in color. These are com
pounds with hydroxyl or methoxyl groups in the molecule. Flavones 
have a double bond between carbons 2 and 3. Flavonols have an OH at 
position 3, while flavanones are saturated at positions 2:3. The flavano
nols are saturated at 2:3 with an additional OH at position 3. The 
isoflavones have the phenol ring at position 3. 

3' 

700' 0,;0: I I 6' 

6 ~ 3 

5 4 

o 
Flavone 

Hesperidin, which occurs in citrus fruits, is a flavanone. 
Quercetin is a flavonol. Sometimes a yellowish muddy precipitate 

occurs in canned asparagus which is made up largely of quercetin. It is 
a matter only of appearance; the product is not harmful in any way. 
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OH 

HO OH 

OH 0 
Quercetin 

As far as the color of foods is concerned, the anthocyanins are vastly 
more important than the flavonoids. 

Betacyanins 

A good source of natural red color for food coloring is the table beet. 
Von Elbe and Maing (1973) made a study of the color compounds ob
tained from this vegetable. These colored compounds known as the 
betalains are made up of red betacyanins and yellow betaxanthins. 
According to these authors the important betacyanin is betanin (see III, 
Fig. 11-3). This makes up 75 to 95% of the total coloring matter found 
in the beet. The other colored compounds are isobetanin (IV), betani
din, isobetanidin, and isobetanin. In addition to these, the sulfate 
monoesters of betanin and isobetanin are prebetanin and isopre
betanin, respectively. The important yellow color compounds are vul
gaxanthin I (V) and vulgaxanthin II (VI). Betanin is the glucoside of 
betanidin and isobetanin is the C-15 epimer of betanin. Von Elbe et al. 
(1974) studied the effect of pH on the stability of betanin solutions. 
They concluded that the color of betanin in model systems within cer
tain ranges of pH (between pH 4.0 and pH 6.0) is the most stable. 
Figure 11.3 shows the visible spectra of bet an in at pH 2.0, 5.0, and 9.0. 
Figure 11.4 shows the degradation rates for betanin in a model system 
at lOO°C and at pH 3.0, 5.0, and 7.0. The thermostability in model 
systems is dependent on the pH and is greatest in the range of pH 4.0 
and 5.0. In beet juice or puree the thermostability is greater than in the 
model systems. This makes it appear that a protective system is pres
ent in the beets. Both air and light have a degrading effect on betanin, 
which, in addition, is cumulative. 

These authors concluded that under suitable conditions betalain pig
ments lend themselves for use as food colorants. 

TABLE 11.2. Average Percentage Retention of Betanin in Beet Puree 

Time Temperature (OC ± 1) 

(min) 102 110 116 129 

30 83 68 62 52 
45 57 37 35 
60 46 31 16 
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FIG. 11.3. Structure of naturally occurring betalains in red 
beets. 
From von E/be and Maing (1973). 

CARAMELS AND MELANOIDINS 

These pigments are important in syrups. Caramels are formed from 
sugars, mainly sucrose. The concentrated sugar solutions are heated, 
usually with the addition of ammonia or ammonium salts to speed the 
process. Caramel coloring is manufactured for use in carbonated bever
ages, ice creams, and other such products. It can be used, together with 
certified food colors, to produce a darker chocolate color in bakery 
products. The melanoidins result from the reaction between basic ni
trogenous compounds and reducing sugars, often called the Maillard 
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450 
1\ (nm) 

500 550 600 

FIG. 11.4. Visible spectra of betanin at pH 2.0, 5.0, and 9.0. 
From von Elbe et al. (1974). Used with permission of J. Food Sci. 

reaction. These colors are included here because they are not the arti
ficial dye compounds used for the coloring of foods. These compounds 
will be discussed in Chapter 12, Browning Reactions and Chapter 13, 
Food Colorings. 

COLOR DETERMINATION 

The student should consult the table of reactions of some natural 
colorings given in "Official Methods of Analysis, 11th Edition" (AOAC 
1970). Methods for the determination of the natural colorings in foods 
can also be found in that publication. 

A number of methods and instruments are used to measure color in 
foods. Perhaps the most useful and versatile of the tristimulus instru
ments is the Hunter Color Difference Meter. It measures values (from 
lightness to darkness in color), hue, and saturation in the same way as 
the human eye. It has the advantage of not tiring as does the eye, and 
it can be used under varying light conditions. In the use of this instru
ment it is not necessary to alter the sample in any way before reading. 
One can expose a tomato, a sample of fruit juice, a finely divided 
powder, a puree, or any other such sample to the instrument and get a 
value of the color. 
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Consumption of Colorings 

The National Academy of Science / National Research Council have 
compiled data on the usage and distribution of naturally occurring 
colorants (Table 11.3). The NAS/NRC report comments on the accu
racy of the data as follows: 

The intakes of some food colors are overestimated. They are used in a variety of 
combinations, and each may be used in only a few products in the subcategories 
reported. Estimated poundage based on intake was compared with measures of actual 
poundage (e.g., certification figures) whenever the latter were available. Most of the 
certified colors appear to fall within the fivefold limit for overestimation, but some 
appear to be more severely exaggerated. An example ofthis latter situation can be seen 
in the estimated intake of grape skin extract. More than half of the total estimated 
intake is reported as coming from category 24. This represents the substance's use in 
very specialized wine-colored malt beverages, but its intake was calculated as though 
it was present in all malt beverages, including beers and ales. 

The same 2135 page report commented that "It is very likely that the 
intake of almost all substances are in fact overestimated; these figures 
should therefore be regarded as the upper limits of a range of possible 
intake." 

The accuracy of data on poundage used, on the other hand, is subject 
to underestimation. Respondents were asked to indicate either actual 
poundage or a range. If a range was reported, a point one-third the way 
"up" the range was recorded for totaling purposes. Also, some respon
dents did not report poundage, and not every food processor responded 
to the survey. As a result, the report comments that "poundage values 
must be interpreted only as rough indications of the actual amounts 
used in food, and in almbst all instances will be underestimates. The 
degree of underestimation will vary with the substance and in some 
cases may be quite severe." 

SUMMARY 

Colored compounds are important in foods and food products, mainly 
because of eye appeal. Most ofthe natural coloring matters in foods are 
included in four groups: (1) tetrapyrrole structures (chlorophylls, 
hemes, and the bile pigments); (2) isoprenoid structures (carotenoids); 
(3) benzopyran structures (anthocyanins and flavonoids); (4) beta
cyanins (betanin of the table beet root). 

The tetrapyrrole structures-the chlorophylls and the hemes-differ 
in that magnesium is the metal in the chlorophylls while iron is the 
metal in the hemes. In addition, some of the attached groups are dif
ferent. In their naturally occurring state, the hemes and the chloro
phylls are combined with proteins. 

Hemoglobins and myoglobins can take up oxygen to form oxy com
pounds. Oxymyoglobin is responsible for the bright red color of fresh 
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meat. The iron remains in the ferrous state. Nitrosohemochrome is the 
pigment found in cured meats. Nitrite levels are important in develop
ing color in the cured meats. Too little gives a weak color with inferior 
light stability; too much gives rise to greenish-gray compounds. 

When green vegetables are heated at retort temperatures, enough 
acid is produced to replace the magnesium in the chlorophyll with two 
atoms of hydrogen, which converts the chlorophyll to pheophytin. As 
the reaction advances, the bright green of the chlorophyll changes to 
olive green and then to olive brown. 

Carotenoids are found throughout the plant world. They are ingested 
by animals and used in the formation of vitamin A. 

Carotene as found in plants is made up of a-carotene, f3-carotene, and 
y-carotene. Of these, f3-carotene is the most important. 

The larger number of carotenoids occurring naturally have the trans 
structure. It has the greatest stability, and the extended all trans struc
turehas the deepest color. This is the form usually found in foods. 

Anthocyanins are chemically glycosides made up of one or two carbo
hydrate units and an anthocyanidin. This latter is an aglycone. The 
sugar units are found at the 3- and 5-positions. 

The anthocyanidins are ordinarily liberated as the chlorides by hy
drolyzing the anthocyanins with HCl. The anthocyanidins are altered 
in color by changes of pH and can serve as indicators. The antho
cyanins, aside from contributing color, seem to have no other function 
in plants. In many fruits the color is made up of more than one antho
cyanin. 

It has been shown that the bleaching of anthocyanins with sulfite is 
a reversible process. It does not involve hydrolysis of the 3-g1ycosidic 
group or reduction of the pigment. Also it does not involve addition of 
sulfite to a ketonic, chalcone derivative. 

Leucoanthocyanins, frequently based on cyanidin, are known to be 
widely distributed in fruits and vegetables. Color may develop as a 
result of hydrolysis in the presence of acid. Sometimes color is formed 
when oxygen is present. 

The flavonoids are not of much importance to the color of foods be
cause they are not strongly pigmented. They can be responsible for 
off-colors in foods. Their basic structure is flavone, 2-phenylbenzo
pyrone. These compounds occur in plants as glycosides. Flavone is 
colorless, but many of the derivatives are yellow in color. They are 
compounds with hydroxyl or methoxyl in the molecule. Different types 
of these compounds have alterations in the basic structure. The antho
cyanins are vastly more important than the flavonoids. 

A good source of natural red color for food coloring is the table beet. 
These colored compounds are known as the betalains and are made up 
of red betacyanins and yellow betaxanthins. In the beet the important 
betacyanin is betanin. 

A study of the stability of bet an in solutions in model systems showed 
that these solutions are most stable in certain ranges of pH. This is true 
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also for thermostrbility in model systems. It seems also that a protec
tive system exists in the beet for this compound. 

Caramels and melanoidins are pigments important in syrups. The 
concentrated sugar solutions are heated, usually with the addition of 
ammonia or ammonium salts to speed the process. The melanoidins are 
formed from the reaction between basic nitrogenous compounds and 
reducing sugars, often called the Maillard reaction. 
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There are two important forms of browning, enzymatic and non
enzymatic. This color development is usually undesirable, but with a 
knowledge of the type of reaction involved, it is easier to work out 
methods for controlling this change. Occasionally this color change is 
desirable, as in the browning of grapes during drying to produce raisins 
and during the drying of prune plums to produce prunes. Long usage of 
such products has made these changes in color acceptable. 

ENZYMATIC BROWNING 

A group of enzymes, collectively called "phenolase" is responsible for 
browning of some cut fruits and vegetables. This group includes such 
diverse enzymes as phenoloxidase, cresolase, dopa oxidase, catecholase, 
tyrosinase, polyphenoloxidase, potato oxidase, sweet potato oxidase, 
phenolase complex. 

The use of the term phenolase suffices because studies with the 
purified or isolated enzyme show that it acts as the catalytic agent in 
the two different reactions which take place. One of these is the oxida
tion of o-dihydroxyphenols to o-quinones, an example of which is the 
oxidation of catechol to o-benzoquinone. 

OH 

~OH 
V 

Catechol 0-Benzoquinone 

283 
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The other example is the hydroxylation of certain monohydroxyphe
nols to dihydroxyphenols, illustrated by the hydroxylation ofp-cresol to 
3 ,4-dihydroxytol uene. 

OR OR 

¢ qOH 
10 

CR3 CR3 

p-Cresol 3,4-Dihydroxytol uene 

When the surfaces of fruits and vegetables are cut, the browning is 
caused by reactions of the o-quinones. These are oxidations that are 
catalyzed nonenzymatically, followed by polymerization of the oxida
tion products. 

Phenolase is extensively distributed in animals and plants. It is 
found in such plant materials as squashes, roots, citrus fruits, plums, 
bananas, peaches, pears, melons, olives, tea, mushrooms, and others. 
Laccase, another enzyme present in many plant products, has been 
reported in apples, potatoes, cabbage, and sugar beets. Laccase has not 
received a great deal of attention as far as foods are concerned, and has 
been reported to oxidize only polyhydric phenols. 

Phenolase has a molecular weight of 128,000 and a copper content of 
0.2%, amounting to four molecules ofCu to each enzyme molecule. The 
freshly prepared enzyme contains copper in the cuprous form, but it 
slowly oxidizes to the cupric form on aging. This change does not result 
in the loss of any activity. The apoenzyme, which is free of copper, is not 
active, but its activity can be restored by the addition of cupric copper. 
The apoenzyme can be prepared by dialysis of aqueous solutions of the 
enzyme against dilute solution of potassium cyanide. Phenolase in the 
pure form is colorless, whereas purified laccase is blue. Concentrated 
solutions of phenolase are most stable at the neutral pH. Heating for a 
short time at 60°C inactivates the enzyme. Concentrated solutions of 
this enzyme in dilute phosphate buffer at a near neutral pH can be held 
at 1°C or frozen at -25°C without loss of activity for several months. 
However, it loses activity on prolonged storage. This loss is irreversible 
and is accompanied by oxidation of the copper from the cuprous to the 
cupric state. This loss of activity is not caused by oxidation of the 
cuprous copper. Phenolase is inhibited by substances which form stable 
complexes with copper such as H2S, KCN, CO, and p-aminobenzoic 
acid. Reagents which react with sulfhydryl groups do not inhibit the 
enzyme. Compounds like iodoacetamide are in this class. 

Phenolase is present in plant materials in very small amounts. 
Mushrooms, the richest source, contain approximately 0.03% of the 
enzyme on the dry weight basis. For this reason and because the plant 
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sources contain the substrates, the preparation of the enzyme is very 
difficult. 

Present in plants are a large number of o-diphenolic compounds, 
which are more or less oxidizable by phenolase. The naturally occur
ring substrates include 3,4-dihydroxyphenylalanine, the chlorogenic 
acids, adrenaline, phenylalanine, caffeic and gallic acids, and flavo
noids such as daphnetin, and fraxetin. Other substrates that do not 
occur naturally have been found which are acted upon by this enzyme. 

Oxidation of Polyphenols 

The mechanism of action of phenolase on o-diphenolic compounds is 
very complicated. Since copper is the prosthetic group of the enzyme, it 
has been postulated that the activity of phenolase is based on the 
change of the copper from the cupric to the cuprous state. When 
the enzyme is isolated, the copper is known to be in the cuprous state. 
The presence of o-dihydroxyphenols brings about the oxidation of the 
copper to the cupric state. These changes are indicated as follows. 

4 Cu2+(enzyme) + 2 catechol~ 
4 Cu+(enzyme) + 20-quinone + 4 H+ 

4 Cu+(enzyme) + 4 H+ + O2 - 4 Cu2+(enzyme) + 2H20 

By losing two electrons and two protons the substrate is oxidized. The 
copper of the enzyme takes up the two electrons and changes into the 
cuprous state. The two electrons are rapidly transferred to oxygen. This 
immediately forms water with the two protons liberated. The enzyme 
returns to the cupric state and is then ready to repeat the catalytic 
cycle. 

The reaction of phenolase that has been the most extensively studied 
has been the indirect oxidation of a reducing agent by phenolase with 
an o-dihydroxyphenol. The following equations represent the changes 
which take place. 

d.h phenolase • 
0- 1 ydroxyphenol + ¥2 O2 ~ o-qumone + H 20 

o-quinone + RH2 ~ o-dihydroxyphenol + R 
RH2+¥2 02~R+H20 

RH2 is the reducing agent, such as hydroquinone, ascorbic acid, or a 
reduced phosphopyridine nucleotide. R is the oxidized form,p-quinone, 
dehydroascorbic acid, or oxidized phosphopyridine nucleotide. These 
reactions continue for a reasonable amount of time if the oxidation of 
1 /LM of it in the presence of ascorbic acid corresponds to the use of 0.5 
/LM of O2. Under some other conditions the reaction can be more com
plex than is represented here. 
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Oxidation of Monophenols 

The hydroxylation of certain monophenols to o-dihydroxyphenols, 
the second reaction catalyzed by phenolase, is brought about in the 
same enzyme molecule that produces the oxidation of o-dihydroxy
phenols. This enzymatic hydroxylation has some very unusual charac
teristics. The induction period of this reaction is rather long, and it 
increases with the amount of purification of the enzyme. The usual 
induction period is a fraction of a second; in this case the period may be 
several minutes long. However, this induction period can be eliminated 
or reduced by the addition of a little o-dihydroxyphenol, and the rate of 
oxidation after the induction period becomes linear. Phenolase oxidizes 
the o-dihydroxyphenols at a faster rate than the corresponding mono
hydroxyphenol. A certain amount of o-dihydroxyphenol is always pres
ent during the oxidation of monophenols by phenolase. Monophenols 
can be oxidized to the same potential browning substances as are 
o-dihydroxyphenols. 

o-Quinones 

o-Quinones are catalytically formed by phenolase and are the pre
cursors of the brown color of certain cut fruits and vegetables. While 
the o-quinones have little color, they are some of the most reactive 
intermediates found in living matter. Among these reactions is the 
browning reaction. The formation of the unstable hydroquinone results 
from the main reaction of the o-quinones in the browning reaction. 
These hydroquinones easily polymerize and are subject to rapid and 
nonenzymic oxidation, the result of which is a dark brown, slightly 
soluble polymer. 

Simple amines and quinones react with each other readily. An exam
ple is the reaction of o-benzoquinone with aniline. 

o-benzoquinone + 2 aniline~ 4,5-dianilino-l,2-benzoquinone 

Benzoquinone reacts with amino acids also. 

o-benzoquinone + glycine~ 4-N-glycyl-o-benzoquinone 

The product of this reaction is an intermediate which causes the deam
ination of glycine and which at the same time forms deep colored 
pigments. o-Quinones formed from o-dihydroxyphenols in the presence 
of phenolase are reacted rapidly with such naturally occurring sulf
hydryl compounds as cysteine and glutathione. The result is the forma
tion of characteristic pigments. These reactions take place in addition 
to the oxidation-reduction reactions. 

The enzymatic browning of foods is usually undesirable because it 
cuts down the acceptability of the food in question for two reasons: (1) 
the undesirable development of off-color and (2) the formation of off
flavors. 
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Methods of Control 

Boiling or Steaming. When vegetables are packed for freezing pres
ervation, boiling water or steam is used to inactivate the enzymes and 
control enzymatic browning. This method may not be satisfactory for 
fruits because of the development of cooked flavor and also a softening 
of the tissue. It can be used for fruit juices, but these should be held at 
the proper time-temperature to inactivate the enzymes; usually the 
minimum gives the best results, cutting down any undesirable changes 
which might result from excess heating. A temperature of 85°C could 
be used because it would cut down the time of exposure. 

Sulfur Dioxide. Sulfur dioxide is the chemical inhibitor of pheno
lase that has been used for years. Very potent as an inhibitor, it is also 
very inexpensive to use. Sulfur dioxide must be used on the cut tissue 
or the juice to secure penetration. Since sulfur dioxide also combines 
with carbonyl compounds, an excess must be added to react with any 
such compounds present, as well as to inactivate the phenolase. The 
inhibition of phenolase by S02 is not reversible; after removal of the 
excess S02 no regeneration of the phenolase takes place. 

The internal atmosphere of the product in question must be con
sidered when using S02. Apple slices, for example, have a fair amount 
of oxygen in the internal tissue, which can cause browning. It is neces
sary, therefore, that S02 penetrate the entire slice, to effectively con
trol browning. Under commercial conditions, the most satisfactory 
method uses a solution of S02 with 2-3% NaCI in a vacuum. The 
vacuum is subsequently released and S02 penetrates the fruit. Better 
penetration is obtained with free S02 than with 802 in the form of 
sodium bisulfite. 

Ascorbic Acid. Ascorbic acid can be used to prevent the formation 
of browning. It reduces the o-quinones formed by phenolase to the 
original o-dihydroxyphnolic compounds; this, in turn, prevents the 
formation of brown substances. Protection against browning lasts as 
long as any ascorbic acid remains. It works well for peaches frozen in 
a syrup which contains this vitamin. However, it is not satisfactory for 
apple slices because of the internal atmosphere of the slices, which, as 
mentioned before, contains oxygen. 

Oxygen can be excluded to control enzymatic browning, usually in 
connection with other methods. Peaches are packed in containers, 
covered with syrup that contains ascorbic acid, the oxygen is removed 
from the headspace and the container hermetically sealed. Apricots do 
not have much internal oxygen and so may be frozen in friction-lid cans 
with addition of ascorbic acid to the surface. Adenosine triphosphat~ 
(ATP) apparently also forms a reducing agent under these same pack
ing conditions, and it is effective in preventing or reducing enzymatic 
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browning. However, the cost of ATP is too high for commercial feasi
bility. 

Conversion of Natural Substrates. Another method has been devel
oped and it depends on in situ changes of the natural substrates of 
phenolase. The enzyme catechol o-methyltransferase is capable of 
methylating the 3-position of 3,4-dihydroxy aromatic compounds; the 
o-methylation would be irreversible. Caffeic acid yields ferulic acid 
(Finkle and Nelson 1963). 

OH 

HO~ )--CH=CHCOOH 

Caffeic acid 

- seH 3 

Enzyme 

OCH 3 

H0-b-CH= CHCOOH 

Ferulic acid 

Phenolase causes little if any oxidation of monophenolic ferulic acid. 
Therefore, the in situ conversion of all the natural substrates (includ
ing the dihydroxyphenolic compounds formed from monophenols as 
catalyzed by phenolase) could be a way to prevent enzymatic browning. 
Nelson and Finkle (1964) found that an anaerobic methylation treat
ment with catechol o-methyltransferase system at pH 8 permanently 
prevents oxidative darkening of apple juice and fruit sections, because 
it modifies their phenolase substrates. Simple treatment of fruit 
sections anaerobically at pH 8 results in similar action. This suggests 
intervention of inherent fruit o-methyltransferase. An improved pro
cess for the preservation of fresh peeled apples was devised based on the 
use of small amounts of S02 together with the action of inherent 
o-methyltransferase. 

Dehydration in Sugar. A method has been developed (Ponting 
1960) whereby the fruit is partially dehydrated by reducing to 50% of 
its original weight by osmosis in sugar or syrup. After draining, the 
fruit is either frozen or dried further in an air or vacuum dryer. The 
sugar or syrup inhibits enzymatic browning through the complete 
dehydration. In addition, it has a protective effect on flavor. 

NON-ENZYMATIC BROWNING 

Although most non-enzymatic browning in food materials is unde
sirable because it indicates deterioration in flavor and appearance of 
the product involved, the development of brown colors in some products 
is entirely acceptable. Examples of this are the development of brown 
colors in baked goods during the baking process, in beer, molasses, 
coffee and substitute cereal beverages, many breakfast foods, and the 
roasting and other forms of heat preparation of meat. However, the 
brown colors developing in most other products are not desirable, and 
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methods to prevent or retard such changes are in use. Research is 
underway and is needed to improve these methods. 

Several reactions are known which account partially for these color 
changes in food products. Sugars are involved. These reactions are 
called carbonyl-amine or Maillard reactions when they take place in 
the presence of nitrogenous compounds, particularly when such com
pounds are primary and secondary amines. They are called carameliza
tion reactions when they take place in the absence of nitrogenous 
compounds. The initial stages of both of these types of reactions are 
rather well known. However, the latter stages are not so well known, 
and will require more research. 

Caramelization 

When sugars are treated under anhydrous conditions with heat, or at 
high concentration with dilute acid, caramelization occurs, with the 
formation of anhydro sugars. Glucose forms glucosan (l,2-anhydro-a-n
glucose) and levoglucosan (1,6-anhydro-,B-n-glucose). Since the first of 
these compounds has a specific rotation of +69°, while the second has 
-67°, they can be easily distinguished. Yeast will ferment the first 
compound, but not the second. With similar treatment, fructose gives 
rise to levulosan (2,3-anhydro-,B-n-fructofuranose). 

Simultaneous "hydrolysis" and dehydration take place when sucrose 
is heated at about 200°C, and following this a rapid dimerization of the 
products seems to occur. These compounds are characterized by iso
sacchrosan, which is a sucrose molecule less one molecule of water 
(Pictet and Stricker 1924). It is not sweet, but mildly bitter. 

Isosacchrosan 

When dilute solutions of reducing sugars are used, the beginning 
stages of caramelization involve enolization, isomerization, dehydra
tion, and fragmentation. Following this, polymerization reactions take 
place, which in the end form pigments similar to those formed in more 
concentrated solutions, or at more elevated temperatures. 

Caramels for commercial use are made from glucose syrups, but 
usually caramelization is the result of reactions that take place when 
sucrose is heated. There are three stages during this process (at 200°C), 
during which water is lost and first isosacchrosan and then other 
anhydrides are formed. The first stage starts with melting of the su
crose, followed by foaming which continues for 35 min. During this 
period one molecule of water is lost from a molecule of sucrose. The 
foaming then stops. Shortly after this, a second stage of foaming starts 
which lasts 55 min. During this stage about 9% of the water is lost, and 
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the compound formed is caramel an, a pigment with the average for
mula of C24H36018, according to the following equation: 

2 C12H22011 - 4 H 20 = C24H36018 

According to Miroshnikova et al. (1970)caramelan melts at 138°C, is 
soluble in water and ethanol, and is bitter in taste. The pigment cara
melen is formed during the third stage of foaming which starts after 
about 55 min. The equation for the formation of this pigment follows: 

Caramelen melts at 154°C and is soluble in water. When the heating 
is continued, the result is the formation of humin, which is an infusible, 
dark mass with a high molecular weight, and is called caramelin. The 
formula has been set at about C125H1880S0 (Janacek 1939). It is obvious, 
therefore, that a number of compounds are formed during this heating 
process, and different procedures can result in products of varying 
composition. 

These pigments are colloidal in nature, the isoelectric points of which 
differ with the method of manufacture used, and the colloids have 
varying particle sizes. According to Miroshnikova et al. (1970), caramel 
pigments have the following groups: carbonyl, carboxyl, and enolic, 
together with hydroxyl groups of varying basicity. Plunguian and Hib
bert (1935) found that phenolic hydroxyl groups are present. Since iron 
tends to strengthen the caramel color, the presence of phenolic hy
droxyl groups would explain this behavior. It is known that carameliza
tion reactions are qualitatively not the same at different pH values .. 

According to Jurch and Tatum (1970) the only two degradation prod
ucts that have typical caramel flavor are aceylformoin (4-hydroxy-
2,3,5-hexanetrione) and 4-hydroxy-2,5-dimethyl-3(2H)-furanone. In 
1967 Hodge suggested that compounds with an odor of caramel have 
the following groupings: 

and 

o 
II 

CH3-C -C = C (OR) 

Furthermore, the structures may be O-heterocyclic or alicyclic, or they 
may have an intramolecular hydrogen-bonded ring: 

Heterocyclic Alicyclic Hydrogen-bonded 
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In addition to these are analogues of heterocyclic and alicyclic com
pounds with six-membered rings which behave in the same way. 

Ledon and Lananeta (1950) found that the reaction rate for caramel
ization is ten times greater at pH 8 than at pH 5.9, illustrating the 
importance of pH on the formation of these pigments. 

The Maillard Reaction 

The Maillard reaction is the action of amino acids and proteins on 
sugars. Ammonia (as well as the amino acids) is able to effect this 
change also. This finding was first published by Maillard in 1912. The 
carbohydrate must be a reducing sugar because a free carbonyl group 
is necessary for such a combination. This important reaction is in
volved in a great many situations in which the browning of foods 
occurs. The end-product is the melanoidins, which are the brown pig
ments. The brown color results from the following three stages of devel
opment (Fig. 12.1). 

I. Initial stage (colorless, no absorption near ultraviolet) 
A. Sugar-amine condensation 
B. Amadori rearrangement 

II. Intermediate stage (colorless or yellow, with strong absorption 
in near ultraviolet) 
C. Sugar dehydration 
D. Sugar fragmentation 
E. Amino acid degradation 

III. Final stage (highly colored) 
F. Alcol condensation 
G. Aldehyde-amine polymerization; formation of heterocyclic 

nitrogen compounds 

Hodge (1953) called the Maillard reaction the carbonyl-amine reac
tion, because the compounds which react with the amines usually have 
a carbonyl or a potential carbonyl function. Among the most reactive 
carbonyl compounds are a,,B-unsaturated aldehydes (furaldehyde), 
and a-dicarbonyl compounds (diacetal and pyruvaldehyde). 

HC=O 
I 

COH 
II 
CH 
I 
R 

a,j3-Unsaturated aldehyde 

HC=O 
I 
C=O 
I 
R 

a-Dicarbonyl compound 

According to Reynolds (1970) the reaction which is reversible, starts 
between an aldose or ketose sugar and a primary or secondary amine, 
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aldose 
sugar 

+ amino 
com p 0 u n d :: ... ;;:::::::==~ + H2 0 

+ ai-am ina acid ® 
Strecker degradation 

~ -amino comp'd 
+H20 

+ amino 
comp'd. 

with or 
without 

amino comp'd, 

fission products 
( acetol, 

pyruva/dehyde, 
diacetyl etc.) 

CD CD 

MElANO'D'NS 

+ amino 
comp'd. 

(brown nitrogenous polymers and copolymers) 

+ 

+ amino 
comp'd. 

FIG. 12.1. The Hodge scheme. A, Maillard reaction. B, Amadori rearrange
ment. C, Sugar dehydration. The dehydration of sugar in the sugar-amine 
browning reaction can take place in two ways. In neutral or acid solutions 
furfurals are formed. In the dry state or in nonaqueous solvents when amines 
are present, reductions are formed. D, Fission products of sugar. E, Strecker 
degradation (to aldehydes containing one less carbon than the amino acid, 
with the liberation of carbon dioxide). F, Aldol condensation. It is a highly 
probable reaction in the formation of melanoidins. Nitrogen-free aldols in 
general are likely to react with amino compounds, alkimines, and ketimines 
to form nitrogenous melanoidins. G, Aldehyde-amine polymerization and the 
formation of melanoidins. 
From Hodge (1953). Reproduced with permission of the American Chemical Society. 
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the product of which is a glycosylamine. The initial product of the 
reaction between glucose and ammonia is glucosylamine. This re
arranges to form 1-amino-1-deoxY-D-fructose in the presence of an acid 
catalyst. The yield ofglycosylamine is affected by the amount of water 
present. A substantial amount of this compound is formed when the 
amount of water present is low. For this reason the carbonyl-amine 
route may be important in the browning of concentrated and dried 
foods. The addition of the amine to the carbonyl group after which a 
molecule of water is eliminated to permit the ring closure is the likely 
route for the formation of glycosylamine. 

" OH 

/ 

The Amadori Rearrangement 

The Amadori rearrangement is the designation of the changes which 
produce 1-amino-1-deoxy-2-ketone. When glycine and glucose react, 
1-deoxy-l-glycino-,8-D-fructose is the product. 

OH 

.l-7--0-;ACH2NH 

~OH ~H 
OH I 2 

COOH 

1-Deoxy-1-g1ycine-,B-n-fructose 

Free ketoses show less browning activity than the ketosamines. The 
latter are colorless and rather stable. The yield of these compounds is 
maximum at a water content of 18%. In dilute solutions the yield is low. 
Figure 12.2 illustrates the Amadori rearrangement and the Heyns 
rearrangement. The Heyns rearrangement shows the reaction starting 
with fructose instead of glucose. Both of these rearrangements bring 
about the same transformation. 
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FIG. 12.2. Acid-catalyzed mechanisms for the Amadori rearrangement and 
Heyns scheme. 

From Kort (1970). Reproduced with permission of Academic Press. 
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According to Reynolds (1970), in the initial stages of the carbonyl
amine reactions secondary products are even more reactive than the 
primary products. Also, a second mole of aldose can react with a keto
seamine to yield a diketoseamine. A second mole of amine can react 
with an aldose amine to form a diamino sugar. The carbonyl-amine 
reaction in its initial stages is characterized by mole-per-mole addition. 
However, as the reaction proceeds, the ratio of the reactants consumed 
changes. 

The main pathway for the formation of brown color in foods appears 
to be degradation and condensation by way ofthe 1,2-enol forms of the 
aldose or ketose amines. The aldol condensation mechanism for the 
a,,$-dicarbonyl compounds formed seems to be involved. The precursors 
of the brown pigments are fluorescent. According to Adhikari and Tap
pel (1973) a likely structure for a fluorescent compound obtained from 
a browning system involving glucose and glycine is 

o OH 
II I 

HO-C -CH 2-N = CH-CH = C-

The formation of these brown pigments via the carbonyl-amine reac
tions have similarities to the formation of caramels. 

Strecker Degradation 

Another step in the formation of brown pigments is the Strecker 
degradation of the amino acid moiety. This degradation of the alpha 
amino acids results in aldehydes containing one less carbon atom than 
the amino acid. The loss of the carbon atom is accounted for by the 
release of carbon dioxide. In addition to CO2 , it produces carbonyl 
compounds and amines. SchOnberg et al. (1948) found that only car
bonyl compounds containing the structure 

o 0 

-~- [-~=~-L-~-
when n is 0 or an integer, are capable of initiating the degradation. It 
is also necessary that the amino group of the amino acid be in the alpha 
position to the carbonyl group. The fact that the CO 2 comes from the 
carboxyl group of the amino acid moiety and not from the sugar was 
demonstrated by using isotope tracing techniques. 

The general equation for the Strecker degradation which takes into 
consideration the findings of SchOnberg et al. (1948) is 

R· CO· CO· R + R/CHNH 2 • COOH~ 
R/CHO + CO 2 + R . CHNH 2CO . R 
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These dicarbonyl compounds are osones and are active agents for 
Strecker degradation. 

Pyrazine compounds with different amounts of substitution are 
formed in carbonyl-amine reactions and can cause Strecker degrada
tion of the amino acids. 2,5-Dimethylprazine was ioslated from a glu
cose, glycine reaction mixture by Dawes and Edwards (1966). 

2,5,-Dimethylpyrazine 

The events shown in the preceding equations can be stopped if the 
carbonyl group ofthe sugar of the first equation is first combined with 
another compound. This is one of the reasons for the effectiveness of 
sulfites in the prevention of the formation of the brown colored com
pounds. 

To sum up, the Maillard reaction, which results in the formation of 
brown nitrogenous polymers and copolymers, involves three stages of 
two or more steps each. Certain parts of this chain are understood, but 
the whole is not fully elucidated. The following reactions are now clear 
from the chemical point of view: (1) the reaction which involves the 
sugar-amine condensation, (2) the Amadori rearrangement resulting 
in the keto form, and (3) the Strecker degradation which results in 
action on the alpha amino acids with the loss of one molecule of CO 2 

and the formation of an aldehyde. The products of the first two reac
tions are colorless, while that of the third (in the second stage) may be 
either colorless or slightly yellow. It is in the third stage that the really 
intensely brown colored pigments are formed. 

Early workers reported that fructose in the presence of amino acids 
formed brown color to a greater extent than did glucose. However, later 
work showed that in buffered mixtures the opposite was true. Also, in 
unbuffered mixtures in which the sugar was fructose, browning devel
oped faster than when glucose was the sugar. When unbuffered mix
tures at 50°C were allowed to set for longer periods of time, consider
ably more browning took place in the glucose mixtures than when 
fructose was the sugar involved. Since foodstuffs are ordinarily natu
rally buffered, the glucose contained in them would brown more readily 
with a-amino acids than any fructose which might be present. 

Brown pigments formed by the reaction between aldoses and amino 
acids were found to be insoluble in organic solvents but showed vari
able solubility in water ranging from insoluble to easily soluble. Maple 
syrup, molasses, and dried apricots that had darkened yielded brown 
pigments. In each case the pigment had glucose and amino acid resi
dues present. However, the structures of the pigments have not been 
determined. Reynolds (unpublished data) found that pigments pre-
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pared from acetaldehyde and amines and furfural and amines had 
three to five aldehyde residues to one amine residue. It is likely that the 
most important precursors of browning reactions in foods are the car
bonyl compounds. 

A considerable amount of work has been conducted on model systems 
to obtain clues on intermediates and final products in the development 
of non-enzymatic brown colors. 

Browning and Flavor 

Compounds formed as a result of the browning reactions can have an 
effect of the flavor of the products. Table 12.1 gives some idea of the 
variety of flavors that might be obtained. Some flavor notes could be 
the result of the Strecker degradation. 

THE FORMATION OF BROWN PIGMENTS 

A number of factors can affect the formation of these pigments. 
Among these are pH, temperature, moisture content, time, concentra
tion, and nature of the reactants. Also, one of these factors may affect 
another. 

The rate of browning increases with rising temperature. In model 
systems the development increases 2 to 3 times for each 10 ° C rise in 
temperature. In natural systems, particularly those high in sugar con
tent, the increase may be faster. Two methods have been used to mea
sure these changes: (1) measure color development and (2) measure the 
evolution of CO 2 • 

Although browning reactions usually slow down as the pH decreases 
until the optimum stability pH for reducing sugars is passed, this is not 
so important for food products. 

Some workers consider that browning in aqueous solution is largely 
confined to caramelization reactions, while the Maillard reaction is 
responsible at an alkaline pH or a nearly dry state. 

Moisture content seems to have· an important effect on the rate of 
browning. It is quite likely that for moisture contents above 30% a 
decrease in reaction is caused by dilution. Labuza et ai. (1970) found 
that a decrease in reaction at moisture contents below 30% is caused by 
the intrinsic ability of the sugars to lower water activity. 

The development of brown color in dried fruits is largely caused by 
the reaction between amino acids and glucose, a reaction which is 
speeded by the presence of organic acids. In the case of sulfited dried 
apricots, oxidative browning and loss of sulfite was found to occur at 
moisture contents of 20% or higher and temperatures higher than 
43°C. The formation of keto sea mines in dried whole egg or egg white 
is avoided by fermentation of the glucose before drying. 
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Reactions between uronic acids and amines are known to take place, 
and that solutions of D-galacturonic acid and glycine browned more 
rapidly at 98 0 C than did solutions in which aldose was present in place 
of D-galacturonic acid. Pectinic acids and a-methyl-D-galacturonic acid 
methyl ester do not show an effect similar to this; the likely reason is 
that the galacturonic acid residues are connected with the glycosidic 
hydroxyl group. 

Brown pigments are formed from ascorbic acid when it decomposes 
under either aerobic or anaerobic conditions. An important point to be 
noted is that when this takes place, some of the intermediates are 
reductones, which can interfere with the accurate determination of 
ascorbic acid. Dehydro-L-ascorbic acid, one of the products resulting 
from the oxidation of ascorbic acid was found to be broken down to 
L-xylosone in dilute water solutions of S02 (Whiting and Coggins 
1960). This compound has been found in apple cider that had been 
treated with SO 2. Ascorbic acid is important in the browning of 
systems that contain sugars, amino acids, and ascorbic acid. 

Reducing sugars are degraded to furfurals in the presence of either 
mineral or organic acids. Pentoses yield 2-furfuraldehyde while 
hexoses yield 5-hydroxymethyl-2-furfuraldehyde, which can break 
down to levulinic acid, CH 3 COCH 2 CH 2 COOH. During the degrada
tion of sugars to furfurals several intermediates are formed. Like most 
reactions of this character, this tends to be rather complex. The first 
step of the reaction is the formation of 1,2-enol of the aldose or ketose 
acted upon. It is known that in the formation of the 1,2-enols, the first 
step of the degradation of the reducing sugar is more easily accom
plished in the presence of alkali than acid. Splitting of the sugar mole
cule occurs. 

H-C--C-H 
II II 

H-C C-CHO 
"0/ 

2-Furfuraldehyde 

Lipids can be involved in browning reactions. Lipoproteins can be 
involved in such reactions because their amino groups can act on reduc
ing sugars and aldehydes. Also, when active carbonyl groups are 
formed in the lipid part, browning can be initiated. A considerable 
amount of work has been done on the browning of fish oils and fish 
meals. When browned oils were fractionated, the discoloration was 
always connected with the oxidized acids. 

INHIBITION OF BROWNING 

At the present time, the use of sulfur dioxide or sulfites is the most 
effective method of inhibiting browning in commercial use. When dried 
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apricots and potatoes were analyzed (Legault et al. 1949, 1951; Stadt
man et al. 1946), it was found that in most cases about 50% of the sulfite 
disappeared from dehydrated vegetables before any significant amount 
of browning developed. The temperature of storage and the moisture 
content ofthe product also influenced the loss of sulfite during storage. 

Browning in dehydrated potatoes can be retarded by the use of cal
cium chloride or, more effectively, by a mixture of calcium chloride and 
calcium bisulfite. The potatoes are first steam-blanched, and then 
sprayed with a solution of these compounds before drying. The reason 
for this effect of calcium chloride has not been fully explained. 

SUMMARY 

Two important forms of browning are known, enzymatic and non
enzymatic browning. Both are important because this color develop
ment is usually undesirable. Control is easier if the type of reaction is 
known. 

Enzymatic browning is brought about by phenolases. A number of 
diverse enzymes are included. One of these reactions is the oxidation 
of o-dihydroxyphenols to o-quinones. The other is the hydroxylation of 
certain monohydroxyphenols to dihydroxyphenols. 

The mechanism of action of phenolase on o-diphenolic compounds is 
very complicated. Copper is the prosthetic group of the enzyme. It has 
been postulated that the activity of phenolase is based on the change of 
the copper from cupric to the cuprous state. When the enzyme is iso
lated the copper is in the cuprous state. The presence of o-dihydroxy
phenols brings about the oxidation of the copper to the cupric state. 

The hydroxylation of certain monophenols to o-dihydroxyphenols is 
the second reaction catalyzed by phenolase. 

o-Quinones are catalytically formed by phenolase and are the pre
cursors of the brown color of certain cut fruits and vegetables. 
o-Quinones have little color themselves. 

Simple amines and quinones react with each other readily. 
The enzymatic browning of foods is usually undesirable because it 

reduces the acceptability ofthe food in question because ofthe develop
ment of off-color and the formation of off-flavors. 

Methods of control involve boiling water or steam blanching. In addi
tion, sulfur dioxide has been used for a long time. Better penetration of 
the tissues of apple slices is obtained with free S02 than with sodium 
bisulfite. Another method of control is the use of ascorbic acid, but it is 
not good for use on apple slices because of the presence of oxygen in the 
apple. Other methods are known. 

Non-enzymatic browning is undesirable in products when it indi
cates the development of off-color and flavor. However, the develop
ment of brown colors in such products as baked goods during the baking 
process, the brown color of molasses, coffee, breakfast foods, and the 
heat preparation of meats, are desirable. 
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These color changes are at least partially accounted for by several 
reactions. Sugar is involved. When nitrogenous compounds are present 
the reaction is known as the Maillard reaction. In the absence ofnitrog
enous substances the changes are known as caramelization. The pro
cess of caramelization takes place in several stages and resultsin water 
loss from the sugar molecule. Caramelen is the pigment formed during 
the third stage. Caramelan is formed during the second stage. 

The Maillard reaction is the action of amino acids and proteins on 
sugars. The carbohydrate must be a reducing sugar because a free 
carbonyl group is necessary. The final brown color results from three 
stages of development. 

The brown color formation proceeds as follows: 

I. Initial stage. Sugar-amine condensation. Amadori rearrange
ment. 

II. Intermediate stage. 
III. Final stage-highly colored. 

The Amadori rearrangement forms l-amino-ldeoxy-2-ketone. 
The Strecker degradation of the a-amino acids forms aldehydes con

taining one less carbon atom than the amino acid. The formation of 
CO 2 accounts for the loss of the carbon atom. 

A number of factors can affect the formation of brown pigments. 
These include pH, temperature, moisture content, time, concentration, 
and the nature of the reactants. 

At the present time the use of SO 2 or sulfites is the most effective 
method for control under commercial conditions. 
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While the llse of food colorings in some situations may be open to 
question, ther;e is no disputing the fact that in a number of products 
they have been used for many years, and their presence has been 
accepted as desirable. This can be accounted for by the fact that many 
people eat with their eyes rather than their palates, in many cases a 
rather unfortunate situation. According to the bulletin Food Colors 
(National Academy of Sciences 1971), the average annual per capita 
consumption of food in the United States amounts to 645 kg. This 
contains about 5.5 g of synthetic food colors, the bulk of which (almost 
85%) is made up of amaranth (FD&C Red No.2), tartrazine (FD&C 
Yellow No.5), and sunset yellow FCF (FD&C Yellow No.6). Wine was 
colored as early as 200 to 300 BC. Many ofthese early colors were likely 
mineral pigments, but vegetable or animal colors could have been used. 
As late as the nineteenth century poisonous metallic compounds were 
sometimes used to color foods; in 1880 lead chromate was found as a 
color in candy. There is little doubt, also, that for a long time colorings 
were used to cover up adulteration. 

COLOR SAFETY AND REGULATIONS 

After an intensive study to determine safety and suitability, seven 
dyes were recognized under the Pure Food and Drugs Act of 1906 in the 
First Food Inspection Decision on dyes issued on July 13, 1907. These 
dyes were selected after a study of all recorded observations, which 
showed no unfavorable reports, followed by testing for acute, short
range effects in dogs, rabbits, and human beings. These dyes are shown 
in Table 13.1. Dyes added to the approved list, 1916 to 1929, are shown 
in Table 13.2. 

Regulations promulated under the Pure Food and Drugs Act of 1906 
helped eliminate undesirable contamination in food dyes because 

307 
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TABLE 13.1. Seven Dyes Recognized in 1907 

Common Name 

Amaranth 
Erythrosine 
Indigo disulfonic acid 

sodium salt (indigotine) 
Light Green SF Yellowish 
Naphthol Yellow S 
Orange I 
Ponce au 3R 

Later FDA Name a 

FD&C Red No.2 
FD&C Red No.3 

FD&C Blue No.2 
FD&C Green No. 2b 
FD&C Yellow No. F 
FD&C Orange No.1 d 

FD&C Red No. Ie 

a The FD&C designations were not assigned until 1938, when the Food, Drug, and 
Cosmetic Act was passed. 

b Deleted for food, drug, and cosmetic use in 1966 because it was of insufficient economic 
importance. 

CDelisted for food use in 1959, but permitted in externally applied drugs and cosmetics 
under the name Ext. D&C Yellow No.7. 

dDelisted for food use in 1956, but permitted in externally applied drugs and cosmetics 
under the name Ext. D&C Orange No.3; delisted completely in 1968. 

eDelisted for food use in 1961, but permitted in externally applied drugs and cosmetics 
under the name Ext. D&C Red No. 15; delisted completely in 1966. 

rnanufacturing firms could submit to Washington samples of each 
batch of dye for certification. This was voluntary. However, the Federal 
Food, Drug, and Cosmetic Act of 1938 made this procedure mandatory, 
and safety data based on animal tests were supplied to support the 
continued listing of specific colors under that Act. 

In line with the existing requirements, only seven FD&C colors are 
permitted in the food supply at the present time: FD&C Red No.3, 
FD&C Blue No.2, FD&C Yellow No.5, FD&C Green No.3, FD&C 
Yellow No.6, FD&C Blue No.1, and FD&C Red. No. 40. They are listed 
in the order of their date of approval for food use. Limited use is per
mitted for two others. Citrus Red No.2 at a level not to exceed 2 ppm 
by weight is used to color the skins of oranges not intended or used for 
further processing. Orange B is permitted at a level which does not 
exceed 150 ppm on a weight basis. It is used for coloring the surfaces 
and casings of sausages. However, this color has been taken out of the 
market by its sole manufacturer. 

Lakes 

Lakes of the water-soluble FD&C colors, prepared by extending the 
aluminum or calcium salt ofthe color on a substratum of alumina, have 
been permitted for use in coloring nonaqueous food products since 1959. 
Each lake is considered to be a single color and is listed under the name 
of the color from which it is formed. Lakes are insoluble pigments 
which color by dispersion. 

Since lake making is very much of an art, manufacturing must be 
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TABLE 13.2. Ten Dyes Added to the Approved List, 1916 to 1929 

Common Name 

Tartrazine 
Sudan I 
Butter Yellow 
Yellow AB 
Yellow OB 
Guinea Green B 
Fast Green FCF 
Brilliant Blue FCF 
Ponceau SX 
Sunset Yellow FCF 

Later FDA Name 

FD&C Yellow No.5 
1a 

1a 

FD&C Yellow No. 3b 

FD&C Yellow No. 4C 

FD&C Green No. 1 d 

FD&C Green No.3 
FD&C Blue No. 1 
FD&C Red No.4' 
FD&C Yellow No.6 

Year 
Added 

1916 
1918 
1918 
1918 
1918 
1922 
1927 
1929 
1929 
1929 

a Withdrawn after having been on the permitted list for about six months because contact 
dermatitis was observed in up to 90% of the factory workers handling these dyes. There 
were no reports of any harmful effects in those who consumed foods colored with the 
dyes. Butter Yellow was found later to be carcinogenic in test animals. 

b Delisted for food use in 1959, but permitted in externally applied drugs and cosmetics 
under the name Ext. D&C Yellow No.9. Delisted completely in 1960. 

CDelisted for food use in 1959, but permitted in externally applied drugs and cosmetics 
under the name Ext. D&C Yellow No. 10. Delisted completely in 1960. . 

d Delisted for food, drug, and cosmetic use in 1966 because it was of insufficient economic 
importance. 

'Previously permitted only for the coloring of maraschino cherries (no longer permitted). 

carefully controlled. While dyes from different manufacturing estab
lishments can be interchanged, shades of difference in lakes can be 
noticed in products obtained from different manufacturers, even 
though they contain the same amount of pure dye. The coloring ability 
of a water-soluble dye is proportional to the dye content of the solutions. 
This is not the case with lakes. A unit of 20% pure lake is not equiva
lent in strength of color to two units of 10% pure dye. When a lake is 
suspended in water, a little bleed of dye into the water results. Lakes 
are stable at pH 3.5-9.5. Lower or higher pH results in a breakdown of 
the substratum, liberating the dye. 

Amount and Distribution of Color 

The data in Table 13.3 show the total annual consumption of food 
colors and the average daily intake by age of consumer and product 
category taken from the 1977 Survey of Industry on the Use of Food 
Additives (NAS/NRC 1979). 

This is essentially a survey of a sample of U.S. households to deter
mine the number of times individual food products are consumed in a 
2-week period. When this incidence is combined with the average 
amount of food consumed per eating occasion and the concentration of 
the particular color used in that food category, it is possible to estimate 
the per capita consumption of a particular item. 
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The accuracy of the intakes in the table is limited by two major 
considerations. One is that an additive may be used in only a few 
specialized food products within a category, yet it is treated as if it were 
present in all foods in the category. The second consideration is that 
some additives are interchangeable, and all of these would be con
sidered present if any were present. 

Specifications and Hazards 

Two meetings which dealt mainly with food colors were held by the 
Joint FAO/WHO Expert Committee on Food Additives. The purpose 
was to evaluate the toxicological hazards attending the use of food 
colors and to establish specifications of identity and purity for those 
colors. In all, over 160 food colors that had been used in various coun
tries were studied and placed by the Expert Committee in accordance 
with its toxicological evaluation, in the following categories: 

Category A. These colors were found acceptable for use in food. A 
maximum acceptable daily intake value was established for each. The 
Committee emphasized that the assignment of a color to this category 
should not be interpreted as indicating that further research was un
necessary, but recognized that more work was called for. 

Category B. The data available to the Expert Committee for these 
colors were not wholly sufficient to meet the requirements of Category 
A. 

Category C I. For these colors the available data were inadequate 
for evaluation, but a substantial amount of detailed information from 
results of long-term tests was available. 

Category C II. The available data on these colors were inadequate 
for evaluation and virtually no information on long-term toxicity was 
available. Colors on which there were data from long-term tests for 
tumor formation unaccompanied by information from other long-term 
studies were considered as falling within this category. 

Category C III. The available data, although inadequate for 
evaluation, indicated the possibility of harmful effects from these 
colors. 

Category D. Colors for which virtually no toxicological data were 
available were included in this group. 

On the basis of available analytical information, the Committee 
classified colors also from the standpoint of chemical specifications as 
follows. 

I. Food colors for which the Committee was able to prepare satis
factory specifications. 
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II. Food colors for which the Committee chose not to prepare speci
fications, since toxicological studies on substances of defined 
composition were in progress. 

III. Food colors for which the chemical information available to the 
Committee was inadequate to permit the preparation of fully 
satisfactory specifications. 

IV. Food colors for"which the Committee did not attempt to prepare 
specifications either because toxicological data were totally lack
ing or because the colors were demonstrably toxic at levels which 
indicated that their use in foods is undesirable. 

Tables 13.4 and 13.5 give an idea of the requirements for listing of a 
food coloring, and also the acceptable amounts that may be taken daily. 

The dyes certified by FD&C are all water soluble and are made up of 
four types of chemical structure, namely, azodyes, triphenylmethane 
dyes, fluorescein, and sulfonated indigo. FD&C Red No.2, FD&C Red 
No.4, FD&C Yellow No.5, and FD&C Yellow No.6 are azo dyes. FD&C 
Violet No.1, FD&C Blue No.1, and FD&C Green No.3 are triphenyl
methane dyes. FD&C Red No.3 is a fluorescein dye, and FD&C Blue 
No.2 is sulfonated indigo. 

OH SOaNa 

"" / 
NaOaS-( )-N N-( ) 

<-> C( 
SOaNa 

FD & C Red No.2 

o 0 
II II c c 

I C=C I -0:/ ~ // ""O-soaNa 

NaOaS ~ / ~ / # 
N N 
H H 

FD & C Blue No.2 (Sulfonated indigo) 
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Solubility 

I Nao"'A_O_-i1,f'O 
;J-C--v", 

I I I 

O-COON. 
FD & C Red No.3 

While FD&C dyes are soluble in water, they are in.soluble in most 
organic solvents. Since the solubility in water of most of the dyes is 
rather high, solubility is not a problem for general use. Only in the 
cases of FD&C Blue No.2 and FD&C Red No.4 is any difficulty 
encountered. Glycerol and propylene glycol are used as solvents if an
hydrous conditions are necessary. Frequently, glycerol is the better 
solvent of the two. Most of the dyes are only slightly soluble in 95% 
ethyl alcohol, but are more soluble in 25% ethyl alcohol. Solubilities 
are shown in Table 13.6. 

It is recommended that these dyes be put into solution before they are 
added to the product. However, if water is to be added in the process, 
dry color may be used and solution will be effected by the water and 
also by the heat if any is used. 

A need exists for oil-soluble dyes. The difficulty is that unsulfonated 
dyes tend to be oil soluble, but are toxic. Much more effort will have to 
be expended on this problem. 

Stability 

Certified food colors tend to be stable under the bulk of conditions of 
use. They are stable when stored in the dry state. However, most of 
these colors are unstable when mixed with reducing agents and with 
protein products that are heat processed under pressure (in retorts), 
except FD&C Red No.3, which is stable under these conditions. Color
less compounds are produced from azo and triphenylmethane dyes 
under reducing conditions. In the past, contact with metals such as tin, 
aluminum, copper, and zinc was responsible for considerable fading, 
but present technology has eliminated most metallic contamination. 
Currently, such fading is caused by the addition of ascorbic acid to 
beverages packed in glass. It seems that light has an effect on this 
reaction. 
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TABLE 13.4. Classification of Some U.S. Food Colors by the Joint FAO/WHO Expert 
Committee 

Common Name 

Amaranth 
Annato, bixin 

and norbixin 
13-Apo-8' -carotenal 
f3-Apo-8' -carotenoic 

acid, methyl or 
ethyl ester 

Beet red and betain 
Benzyl Violet 4B 
Brilliant Blue FCF 
Canthaxanthine 
Caramel 
Carbon Black 
Carotene (natural) 
f3-Carotene (synthetic) 
Citrus Red No.2 
Cochineal and 

carminic acid 
Erythrosine 
Fast Green FCF 
Indigotine 
Iron oxides 
Ponceau SX 
Riboflavin 
Saffron, corcin 

and crocetin 
Sunset Yellow FCF 
Tartrazine 
Titanium dioxide 
Turmeric (curcumin) 
Ultramarine 
Xanthophylls 

FD&C No. 

Red No. 

Violet No. F 
Blue No.1 

Citrus Red. No. 2d 

Red No.3 
Green No.3 
Blue No.2 

Red No. 4 e 

Yellow No.6 
Yellow No.5 

Classification 

Chemical a Toxicological a 

Specification Category 

I A 

I A 
I A 

I A 
III 

I CIII 
I A 
I A 

IV D 
II 

III 
I A 
I E 

III 
I A 
I A 
I A 

III 
IV E 

I A 

III 
I A 
I A 
I A 
I A 

III 
III 

a See text for explanation of chemical and toxicological category. 
bNo attempt was made at a toxicological evaluation because ofthe lack of knowledge of 

composition and the paucity of biological studies. 
C A petition for the permanent listing in the United States is under study by the FDA. 
d Use in the United States is limited to the coloring of skins of oranges not intended or 

used for further processing, at a level not exceeding 2 ppm by weight. 
e Use in the United States was limited to the coloring of maraschino cherries at a level 

not exceeding 150 ppm by weight (no longer permitted). 

These dyes are usually stable to light, the only ones causing trouble 
under certain conditions are FD&C Red No.3 and FD&C Blue No.2. 
Red No.3 tends to be unstable to light when used in coatings and Blue 
No.2 fades when used in solutions. Canned products containing cer
tified food colors and ascorbic acid are relatively stable. 
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TABLE 13.5. Acceptable Daily Intakes (ADI) of Some U.S. Food Colors as Established 
by the FAO/WHO Expert Committee on Food Additives 

Common Name 

Amaranth 
Annatto, bixin 

and norbixin 
{3-Apo-8'-carotenal 
{3-Apo-8' -cartenoic 

acid methyl or 
ethyl ester 

Brilliant Blue FCF 
Canthaxanthin 
{3-Carotene 

(synthetic) 
Erythrosine 
Fast Green FCF 
Indigotine 
Riboflavin 
Sunset Yellow FCF 
Tartrazine 
Titanium dioxide 
Turmeric 

(curcumin) 

FD&C No. 

Red No.2 

Blue No.1 

Red No.3 
Green No.3 
Blue No.2 

Yellow No.6 
Yellow No.5 

Source: National Academy of Sciences (1971). 

Acceptable Daily Intake for 
Man (mg/kg Body Weight) 

Uncondi- Condi- Tempo-
tional a tional b raryc 

0-1.5 

0-1.25d 

0-2.5e 2.5--5.0e 

0-2.5e 2.5-5.0e 

0-12.5 
0-12.5 12.5-25.0 

0-2.5e 2.5-5.0e 

0-1.25f 

0-12.5 
0-2.5" 

0-0.5 
0-5.0 
0-7.5 

0-0.5i 

a An unconditional ADI was allocated only to those substances for which the biological 
data available included either the results of adequate short-term toxicological investi
gations or information on the biochemistry and metabolic fate of the compound or both. 

b A conditional ADI was allocated for specific purposes arising from special dietary 
requirements. 

C A temporary ADI was allocated when the available data were not fully adequate to 
establish the safety of the substance, and it was considered necessary that additional 
evidence be provided within a stated period of time. If the further data requested do not 
become available within the stated period, it is possible that the temporary ADI will be 
withdrawn by a future Committee. 

dFurther work required by June 1972: metabolic studies on the major carotenoids of 
annatto. 

e Expressed as total carotenoids by weight. 
fFurther work required by June 1972: studies on the metabolism in several species and 
preferably in man and elucidation of the mechaI),ism underlying the effect of this color 
on plasma-bound iodine levels. 

"Further work required by June 1974: 2 yr study in a non-rodent mammalian species. 
h Not limited except by good manufacturing practice. 
iFurther work required by June 1974: studies on the metabolism of cur cumin and a 2 yr 
study in a non-rodent mammalian species. 

Corrosion 

Corrosion in canned beverages caused by the use of certain of the 
certified food colors has been found to take place. The following FD&C 
dyes have caused some trouble: FD&C Red No.2, Yellow No.5, and 
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Yellow No.6. The amount of corrosion seems to be directly proportional 
to the amount of dye used. These are all azo dyes, and it seems that only 
azo dyes are involved in this problem. Use of 50 ppm or less of these 
dyes will give the product a reasonable shelf-life. Under these condi
tions, it is necessary sometimes to improve the color by the addition of 
some caramel. 

COLORS EXEMPT FROM CERTIFICATION 

This group of color additives is made up of coloring materials largely 
of natural origin. These, together with a few which are synthetic, are 
listed permanently as exempt from certification. The list of these sub
stances in Table 13.7 is rather large because the Color Additives 
Amendment defined color additive as "a dye, pigment, or other sub
stance made by a process of synthesis or similar artifice, or extracted, 
isolated, or otherwise derived, with or without intermediate or final 
change of identity, from vegetable, animal, mineral or other source," 
that, "when added or applied to a food, drug, or cosmetic, or to the 
human body or any part thereof, is capable (alone or through reaction 
with other substance) of imparting color thereto." A number of these 
are not important. 

Carotenoids 

These compounds have been discussed under plant pigments in 
Chapter 11 and specifically, {3-carotene, in Chapter 8. Some of these 

TABLE 13.6. Solubilities of Certified Food Colors 

Solubilities in Various Solvents (g/100 mll 

FD&C Name 
(Common Name) Water 

Red No.2 
(amaranth) 20.0 

Red No.3 
(erythrosine) 9.0 

Red No.4 
(Ponceau SX)a 11.0 

Yellow No.6 
(Sunset Yellow FCF) 19.0 

Yellow No.5 
(tartrazine) 20.0 

Green No.3 
(Fast Green FCF) 20.0 

Blue No.1 
I(BrW,iant Blue FCF) 

B ue 0.2 
20.0 

(indigotine) 1.6 

Source: National Academy of Sciences (1971). 
a No longer permitted. 

EtOH Propylene 
25% Glycerol Glycol 

7.0 18.0 1.0 

8.0 20.0 20.0 

1.4 5.8 2.0 

10.0 20.0 2.2 

12.0 18.0 7.0 

20.0 20.0 20.0 

20.0 20.0 20.0 

0.5 1.0 0.1 
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compounds have been synthesized for use as coloring compounds. 
Originally, the carotenoids were made for coloring by extraction from 
natural sources-{3-carotene was obtained from carrots. This com
pound has a special value in that it can be transformed in the body to 
vitamin A and because ofthis, it is particularly adapted for use in foods. 
The difficulty involved in the use ofthese compounds is that they tend 
to be rather unstable and relatively insoluble. {3-Carotene tends to 
deteriorate in air and light. Oil solutions are stable, so carotene use is 
to a large extent in fatty foods such as margarine and oils. {3-Carotene, 
in the form of a micro-pulverized suspension, has the advantage of 
rapidly dissolving in the fatty material under the heat conditions of the 
process of manufacture. For coloring water-base foods, Bunnell et al. 
(1958) described a water-dispersible beadlet to color such products as 
puddings, ice cream, and citrus beverages. 

TABLE 13.7. Color Additives Permanently Listed for Food Use Exempt from 
Certification 

Color 

Algae meal, dried 

Annatto extract 
f3-Apo-8' -carotenal 
Beets, dehydrated (beet powder) 
Canthaxanthin 
Caramel 
f3-Carotene 
Carrot oil 
Cochineal extract; carmine 
Corn endosperm oil 

Cottonseed flour, partially 
defatted, cooked, toasted 

Ferrous gluconate 
Fruit juice 
Grape skin extract 
Iron oxide (synthetic) 

Paprika 
Riboflavin 
Saffron 
Tagetes meal and extract 

(aztec marigold) 
Titanium dioxide 
Turmeric; turmeric oleoresin 
Ultramarine blue 

Vegetable juice 

Use Limitationa 

For use in chicken feed to enchance the yellow 
color of chicken skin and eggs 

Not to exceed 15 mg !lb, or pint, of food 

Not to exceed 30 mg !lb, or pint, of food 

For use in chicken feed to enhance the yellow 
color of chicken skin and eggs 

For coloring ripe olives 

For coloring beverages 
For coloring pet food, not to exceed 0.25% by 

weight of the food 

For use in chicken feed to enhance the yellow 
color of chicken skin and eggs 

Not to exceed 1% by weight of the food 

For coloring salt intended for animal feed, not 
to exceed 0.5% by weight of the salt 

Source: National Academy of Sciences (1971). 
a Unless otherwise indicated, the color may be used for the coloring of food generally in 

amounts consistent with good manufacturing practice. 
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,B-Carotene takes the place of FD&C Yellow No.3 and FD&C No.4 
which were delisted. It is more expensive, however, and the need exists 
for less expensive oil-soluble dyes. The carotenoids resist reduction by 
ascorbic acid, a property of value in the manufacture of beverages. 

Annatto Extract, Bixin 

The pulp enclosing the seeds of the tree Bixa orellana, found in 
Central America, produces the annatto colors. Bixin, the principal com
pound in this coloring material, is a carotenoid. 

CH300C~ COOH 

Bixin 

The pigment norbixin is prepared by saponification of bixin, during 
which the methyl ester group splits off. Norbixin is water soluble 
whereas bixin is oil soluble: the aqueous solution can be used for color
ing ice cream; the oil-soluble bixin is used for butter, margarine, salad 
dressings, and for oil for use on popcorn. Bixin has become more im
portant since the deli sting of the certified food colors soluble in oil and 
has the advantage of being lower in price than ,B-carotene. 

Cochineal 

Cochineal is made up of the dried and pulverized bodies of the female 
insect Coccus cacti. This insect lives on a particular variety of cactus 
and contains an active coloring matter in the form of carminic acid 
which is extracted by water and forms bright red crystals. 

CH3 

I 0 OH 
II I CO(CHOH)4CH3 

mcx 
HO I II I OH o OH 

COOH 
Carminic acid 

The aluminum lake of carminic acid is known as carmine, and of 
course, like all lakes, is a pigment. Carmine is used to color coatings 
pink and can be used in pressure-heated (retorted) protein materials 
because it is stable under these conditions. 
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Turmeric 

Turmeric is the ground dried rhizome or bulbous root of Curcurma 
longa, a plant of the ginger family. It is used in prepared mustard for 
flavor but mainly for color. 

Titanium Dioxide 

This compound is a white pigment and is of particular value because 
of its effective covering power. It is mainly used in icings and as a 
subcoating in panned confectionary goods. Since titanium dioxide is an 
insoluble pigment it must be well dispersed for full effect. It stays 
suspended in semisolid materials and in viscous liquids; in other 
liquids it tends to settle out. 

Some problems involved in the use of added colors are summarized in 
Table 13.8. 

COLOR ANALYSIS AND DESIRED PROPERTIES 

Analytical methods for food color additives are available from the 
AOAC (1980; see also Furia 1968). 

The booklet on food colors ofthe National Academy of Sciences (1971) 
lists the following criteria in a rough order of importance. 

1. Food colors must be safe for human beings at levels that can 
reasonably be expected to be consumed when they are properly 
used for the purpose intended. 

2. At the level used, the color must either be tasteless and odorless 
(as with the certified synthetics), or its organoleptic properties 
must be inoffensive and must blend well with those of the food it 
colors (as with paprika, saffron, and turmeric). 

3. A color should be stable under the influence of (a) light, (b) 
oxidation and reduction, (c) pH change, (d) microbiological at
tack. 

4. A color should be compatible with other food components. 
5. A color should have high tinctorial strength, usually revealed as 

an inverse function of the range of concentrations required to 
color food. 

6. A color should possess a desirable hue range. This implies (a) 
available colors sufficient to cover all useful hues without exces
sive need for blending, and (b) colors whose absorption character
istics give them high chroma (saturation) and value (brightness), 
i.e., strong colors that contain little black (minimum general 
absorption). 

7. A color should be highly soluble in water and other inexpensive 
acceptable polar food grade solvents (e.g., alcohol, propylene 
glycol). 



TABLE 13.8. Problems with Dyes 

Problem 

Precipitation from color solution or 
colored liquid food 

Dulling effects instead of bright, 
pleasing shades 

Speckling and spotting during col
oring of bakery and confectionary 
products 

Fading due to light 

Fading due to metals 

Fading due to microorganisms 

Fading due to excessive heat 
Fading due to oxidizing and 

reducing agents 

Fading due to strong acids or 
alkalies 

Fading due to retorting with 
protein material 

Poor shelf-life with colored canned 
carbonated beverages 
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Cause 

Exceeded solubility limit 
Insufficient solvent 
Chemical reaction 
Low temperatures, especially for concen-

trated color solution 
Excessive color 
Exposure to high temperatures 
Color not completely dissolved while 

making solution 
Employed liquid color containing sedi

ment 
Attempted dispersion in an aqueous color 

solution in products containing exces
sive fat 

Colored products not protected from 
sunlight 

Colored solutions or colored products 
were in contact with certain metals 
(Zn, Sn, AI, etc.) during handling, dis
solving, or storing 

Color-preparing facilities not thoroughly 
cleansed to avoid contaminating 
reducing organisms 

Processing temperature too high 
Contacted color with oxidizers such as 

ozone or hypochlorites or reducers as 
SO 2 and ascorbic acid 

Presence of such strong chemicals during 
the coloring of certain foods 

Color is unstable under these condi
tions 

Used an excessive amount of certified 
azo-type dye 

Source: Furia (1968). Reproduced with permission of The Chemical Rubber Company. 

8. Solubility in edible fats and oils is a desirable property, particu
larly for certain hues. 

9. A color should be easily dispersible, if it is not soluble. 
10. A color should be inexpensive in terms of the cost to achieve the 

desired color level. 

SUMMARY 

Seven dyes were recognized under the Pure Food and Drugs Act of 
1906. Since that time, dyes have been added to and deleted from the 
approved list. The Federal Food, Drug, and Cosmetic Act of 1938 made 
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it mandatory for firms to submit to Washington samples of each batch 
of dye for certification. 

Lakes of the water-soluble colors are prepared by extending the 
aluminum or calcium salt of the color on a substratum of alumina. 
Lakes are insoluble pigments which color by dispersion. 

Fairly large quantities of colors are used in various foods. The Gov
ernment is especially concerned about the safety of various colors for 
such use. An Expert Committee studied a number of food colors for the 
FDA and prepared a set of categories for colors depending on the toxi
cological evaluation. Acceptable daily intakes of U.S. food colors were 
established by the committee. 

The various synthetic colors have one of four chemical structures: azo 
dyes, triphenyl methane dyes, fluorescein, and sulfonated indigo. 

The solubility of the various colors is important since it affects their 
use. Another important factor is stability. Corrosion caused by dyes is 
also of much importance. 

A group of color additives, largely natural in origin, are permanently 
exempt from certification. These include such compounds as the caro
tenes, caramels, and grape skin extract. 

The booklet on food colors of the National Academy of Sciences (1971) 
lists desirable properties food colors should have. 
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Alcoholic beverages have one point in common. They all depend on 
the process offermentation-the conversion of hexose sugars into alco
hol and carbon dioxide. This is indeed a very important process and is 
basic to all of the industries involved. Alcoholic fermentation is an 
anaerobic process carried on by living yeast cells. The cells absorb the 
simple sugars, which in turn, are broken down in a series of successive 
changes in which action by oxidizing and reducing enzymes within the 
cell takes place. The final result is the formation of ethyl alcohol and 
carbon dioxide accompanied by the liberation of some energy in the 
form of heat. This process does not account for all of the original energy 
in the sugars, however, because a part of it is used for multiplication 
and metabolism of the yeast cells, and the process, therefore, changes 
compounds of higher energy to those of lower energy. Buchner (1897) 
showed that a cell-free extract from yeast cells induced fermentation, 
demonstrating that the enzymes and not the cells themselves produce 
the chemical action. 

The overall chemical reaction was first described by Gay-Lussac in 
the beginning of the nineteenth century 

C6H1206~ 2C 2H 5 0H + 2C0 2 

Pasteur showed that a number of by-products present in the fer
mented solution were not accounted for by Gay-Lussac's equation. Gay
Lussac's equation turned out to be an overall general equation which 
showed the starting materials and the end-products. This equation is 
the summation of a large number of reactions which take place during 
the formation of the two main products, ethyl alcohol and carbon di
oxide. Twenty-two enzymes are necessary for the glycolytic cycle in 
alcoholic fermentation, together with at least six coenzymes, and 
magnesium and potassium ions. The reactions are given in Fig. 14.1. 

323 



324 BASIC FOOD CHEMISTRY 

The glycolytic sequence shows the complexity of this system, and also 
how it is possible for glycerol, lactic acid, and acetaldehyde to build up 
as by-products. The glyoxylate cycle probably produces most of the 
succinic acid. Since the entire sequence of events requires the presence 
of acetaldehyde, in the initial stage (induction phase) hexose phosphate 
is converted to 3-phosphoglycerate and a-glycerophosphate, and the 
a-glycerophosphate is then converted to glycerol. There is a delay at 
the beginning in the entire sequence of reactions because ofthe absence 
of acetaldehyde. The 3-phosphoglycerate is converted to pyruvate, 
which in turn, is decarboxylated to yield acetaldehyde. As acetalde
hyde accumulates, it acts as the hydrogen acceptor and reacts with the 
NADH (reduced coenzyme I) to give ethyl alcohol. Earlier in the pro
cess the hydrogen acceptor is dihydroxyacetone phosphate. When the 
reaction is established, that is, when the steady state is reached, the 

(hexokinase) 
1. Glucose! , glucose-6-phosphate 

(MgH, ATP .... ADP) 

2 Gl 6 h h t (glucose-6-phosphate dehydrogenase) 6 h h 1 t a_ ucose- -p osp a e , -p osp og ucona e -> 
(NADP .... NADPH + H') 

hexose monophosphate shunt system 

(phosphohexoisomerase) 
2. Glucose-6-phosphate "'" .... fructose-6-phosphate 

(hexokinase) 
2b_ Fructose , fructose-6-phosphate 

(Mg'+, ATP .... ADP) 
(phosphofructokinase) 

3. Fructose-6-phosphate , fructose-l,6-diphosphate 2 

(Neuberg ester) (Mg'+, ATP .... ADP) 

4. Fructose-l,6-diphosphate 2 (aldolase) ,. D-glyceraldehyde-3-phosphate + 
(Harden-Young ester) ~n'+' Co", Fe'+, or Ca'+) dihydroxyacetone phosphate 

(triosphosphate isomerase) . 
5. D-Glyceraldehyde-3-phosphate.... "" dlhydroxyacetone-phosphate 

(Fischer-Baer ester) 
(a-glycerolphosphate dehydrogenase) 

5a. Dihydroxyacetone-phosphate ... a-L-glycerol phosphoric 
" (H+ + NADH --> NAD) acid 

(phosphatase) 
5b. a-L-Glycerol phosphoric acid .... --- glycerol 

(triosphosphate dehydrogenase) 
6. D-Glyceraldehyde-3-phosphate + HaPO. .... ---

7. 

(NAD -> NADH -> + H+) 
1,3-diphosphoryl-n-glycerate 

(phosphorylglyceryl kinase) 
1,3-Diphosphoryl-D-glycerate " --- 3-diphosphoryl-n-glycerate 

(Mg", ADP .... ATP) 
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formation of ethanol predominates and only minor quantities of gly
cerol are formed. If the acetaldehyde is acted on by sulfite, and there
fore, removed from the reaction, the induction phase goes ahead, and 
glycerol is formed. If the concentration of sulfur dioxide in acid solution 
is high, the main products are glycerol, carbon dioxide, and acetalde
hyde, while alcohol is produced in small quantity. However, if the 
sulfite solution is alkaline, acetaldehyde, alcohol, carbon dioxide, and 
glycerol are all formed. 

The practical yields of alcohol from these reactions are from 90 to 
95% of theory. According to the Gay-Lussac equation if a 100% yield 
were possible, 92 gm of alcohol would be obtained from 180 gm of 
glucose. This theoretical yield cannot be obtained because some of the 
glucose is used by the yeast cells for growth and some is converted into 
small quantities of other carbon compounds. 

(phosphyrlglyceryl mutase) 
8. 3-Diphosphoryl-D-glycerate..... -... 2-phosphoryl-D-glycerate 

(2,3-diphosphoryl·D-glycerate) 

(phosphoenolpyruvic transphorylase) 
9. 2-Phosphoryl-D.-glycerate" -... phosphorylenolpyruvate3 

(Mg 2+) 

(phosphoenolpyruvic transphosphorylase) 
10. Phosphorylenolpyruvate..... -... pyruvate 

(Mg 2+, K+, ADP ... ATP) 

(carboxylase) 
11. Pyruvate '" -... acetaldehyde + CO 2 

TPP 

(lactic dehydrogenase) 
lla. Pyruvate .... -... lactic acid 

(NADH + H+ ... NADl 

(alcohol dehydrogenase) 
12. Acetaldehyde '" ...... ethanol 

(NADH + H+ ... NAD) 

ADP, ATP. Di- and triphosphates of adenosine. 
NAD+, NADH. Oxidized and reduced nicotinamide adenine dinucleotide. (NAD is 

also called coenzyme I or DPN). 
NADP, NADPH. Oxidized and reduced nicotinamide adenine dinucleotide phosphate. 

(NADP is also called coenzyme II or TPN). 
TPP. Thiamin pyrophosphate. 

1 Starch is converted to glucose I-phosphate (the Cremer-Cori ester) with phosphoric acid and 
phosphorylase. Glucose I-phosphate plus the enzyme phosphoglucomutase and magnesium ions is 
converted to glucose-I,6-diphosphate. , 

2 Fructose 1,6-diphosphate is also converted to fructose 6-phosphate in the presence of fructose 
diphosphatase, magnesium ions, and water. 

3 Phosphorylenolpyruvate plus phosphorylenolpyruvate enolase and ITP and TTP (inosine di- and 
triphosphates) may also produce oxaloacetate. 

FIG. 14.1. Chemical reactions in alcoholic fermentation. 
From Amerine et al. (1972). 
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WINE 

Wine is the fermented juice of fruit, usually of the grape, and has 
been made and used from very early times. The most important grape 
species is Vi tis vinifera, but some others, notably V. labrusca and 
hybrids of it are used in the Eastern United States and in Canada. 

A variety of wines exist. Still wines, which do not retain the carbon 
dioxide of the fermentation process are the usual table wines, and are 
available as red, white, and rose. The red wines are colored by the 
pigments found in the skins of the grapes. Rose (pink) wines are made 
by removing the skins during fermentation to reduce the amount of 
color extraction. White wines are made from white grapes or from red 
grapes from which the juice has been pressed before fermentation. 

European wines are often designated by the name of the area or 
district in which they are produced such as Burgundy, Bordeaux, 
Moselle, etc. 

Sparkling wines are those which have been given a secondary fer
mentation with the result that they contain carbon dioxide under pres
sure. Champagne is the prime example of this type of wine. 

The quality and character of wine is the result of the following fac
tors: (1) the composition of the fruit from which it is made, (2) the 
fermentation conditions used, and (3) the changes that take place dur
ing storage. 

As the grape ripens it progresses from a hard, green berry to one that 
is turgid and easily crushed when fully ripe. The principal sugars are 
dextrose and levulose, otherwise known as glucose and fructose. Dex
trose predominates in the unripe fruit, but levulose becomes equal to or 
exceeds dextrose in the ripe and overripe fruit. The reducing sugar 
content of unfermented musts is from 12 to 27%. Small amounts of 
sucrose and pentoses are found also. 

Acidity decreases during ripening of grapes. The predominant acids 
are malic and tartaric, and, while there are differences among varie
ties, the percentage of malates and tartrates decrease as ripening 
progresses. On the single berry basis, however, the tartrate content 
stays relatively constant while the malate decreases, but not so much 
as it does on the percentage basis. This is because the grape increases 
in size during growth and maturation. Minor amounts of other acids 
are present. The changes in relative amounts of free acids, acid salts, 
and salts during ripening are important, and are related to observed 
changes in pH, which steadily increases during this period. The pH 
during ripening may change from 2.8 or lower to values above 4.0. This 
change is caused by the translocation of potassium and other cations 
into the fruit. 

Volatile compounds develop during the growing period. Of all the 
esters present in the essence ofthe Concord grape, methyl anthranilate 
and ethyl acetate are present in the largest quantity. Methyl anthran
ilate increases during ripening. Linalool and geraniol are the main 
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components of muscat aroma. The presence of other compounds, ex
tremely small in amount but powerful in odor, is suspected in the 
muscat grape. While a larger number of compounds have been iden
tified as being present in volatiles from grapes, the knowledge of the 
composition of these aromas is far from complete. 

Also present in grapes are tannins, pectins, and anthocyanins which 
are discussed later under wine composition. 

Grapes contain amino acids, proline and threonine being the most 
abundant, and ammonium salts, as well as mineral salts containing K, 
Mg, Zn, Co, Ca, I, S, P, as well as others. 

The Fermentation of Must 

For white wine the must is prepared by pressing the grapes and then 
fermenting it for 10-15 days at 10°-21°C. The process for the prepara
tion of red wine depends on the extraction of the pigments from· the 
skins. This can be accomplished by heating the grapes before pressing 
or by fermenting on the skins. In the latter method the grapes are 
crushed, and the fermentation is carried on in the presence of the skins. 
The fermentation, at 25°C, is continued for 5-7 days or 10-15 days, 
depending on the wine being produced. Following the fermentation, the 
wine is racked from the vat to remove the sediment and skins. The 
grape skins are then pressed and the resulting pressed wine may be 
mixed with the wine obtained by racking. The wine is allowed to con
tinue to ferment until only traces of sugar remain. It is then matured 
for 1-2 years; a shorter period is used for light fruity wines, longer 
periods for heavy-bodied, high tannin wines. During this period of 
maturation, racking is employed to remove the wine from its sediment. 

Saccharomyces cerevisiae, the important wine yeast, is used fre
quently to inoculate the musts at the start of fermentation. The yeasts 
naturally present on the grapes can do the job, but in many wineries 
the inoculation method is standard practice. 

Dextrose is ordinarily more rapidly fermented by wine yeasts than is 
levulose. However, S. elegans, the strain used for sauternes, has the 
ability to ferment levulose more rapidly. It has been suggested that 
perhaps levulose can permeate the cell walls of this strain more 
quickly. 

Antiseptics 

Sulfur dioxide is the principal antiseptic used in the manufacture of 
wine to eliminate unwanted organisms and to prevent oxidation. Used 
for this purpose since the Middle Ages, the sulfur dioxide is added 
usually before inoculation, often at levels of 50-100 ppm. It is soluble 
in water and in solution is able to combine with water to form sulfurous 
acid. This acid is capable of ionizing to yield H + and HSO 3- ions. HSO 3-
can ionize to form H+ and S03- ions and is capable of forming S202-
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with the liberation of water. These are all forms offree sulfur dioxide. 
The bisulfite ion, HS0 3-, has the ability to react with such substances 
as aldehydes, ketones, proteins, pectic substances, and sugars with free 
aldo or keto groups. Under these conditions, bisulfite addition com
pounds are formed. In this form the sulfur dioxide is said to be fixed or 
bound. The general equation for this is 

H H 0 
I I II 

R-C=O + H-O-S-O- ----? H-O-C-S-O-
II I II 
ORO 

Bilsulfite reacts preferentially with acetaldehyde, but if added in 
amounts large enough, it will react with dextrose, and in smaller 
amounts with levulose. This can happen in musts, but wines, according 
to Joslyn (1952), seldom have enough sulfurous acid in excess of acetal
dehyde to combine with sugars. 

The antiseptic power of sulfur dioxide depends not only on the forms 
present but also on the kind of microorganisms and their activity. 
Molds and many wild yeasts are very sensitive to sulfur dioxide and 
most microorganisms are restrained at a level of 100 ppm of SO 2. It has 
been shown that some bacteria are sensitive to rather small amounts 
of sulfur dioxide. It is possible, however, for yeasts to be conditioned to 
grow and ferment in an environment high in this substance. That 
sulfur dioxide is less effective when the yeasts are conducting a rapid 
fermentation is probably due to the fixation of some of the sulfur diox
ide by the acetaldehyde as this compound is produced. This is perhaps 
one reason that a single addition of sulfur dioxide is more effective than 
the same quantity added in smaller amounts during fermentation. The 
effect of this single-addition method is a high content of fixed sulfur 
dioxide. Sulfur dioxide causes not only an accumulation of acetalde
hyde but may effect increased glycerol formation. It prevents malo
lactic fermentation, but this may not be desirable under all conditions. 
This fermentation will be discussed under fixed acids. 

Temperature of Fermentation 

Temperature is an important consideration in the fermentation of 
musts. It has been found that high temperatures (above 25.6°C) yield 
products of lower quality. Wines of greater aroma and keeping quali
ties are produced by cool fermentations. The use of cool fermentation 
for the production of white table wines has certain advantages. These 
are (1) reduced activity of wild yeasts and bacteria, (2) larger alcohol 
yield, (3) smaller losses of aromatic principles, (4) larger residual car
bon dioxide, and (5) lower residual bitartrate. 

In the case of red wines the effect of temperature has a different 
consideration-it is necessary to extract color. Amerine and Ough 
(1957) found better flavor and color for Pinot Noir fermentations at 
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22.8°-25.6°C than at lOo-15.6°C. It is likely that this is true for the 
fermentation of most red grapes. 

Wine Composition 

Ethyl Alcohol. Twelve to 14% ethyl alcohol is usually found in 
table wines and 16-21% in fortified wines. 

Other Alcohols. Methyl alcohol is not a product of alcoholic fer
mentation, but is mainly formed by hydrolysis of pectins naturally 
present. It is present in quantities from a trace to 0.635 g / liter. 

The following higher alcohols are found in wines, I-propanol, 
I-butanol, 2-butanol, 2-methyl-l-propanol, 2-methyl-l-butanol, 3-
methyl-I-butanol, 1-pentanol, and 1-hexanol. These are collectively 
known as fusel oil and are produced ordinarily by the deamination and 
decarboxylation of amino acids. It appears, however, that not all higher 
alcohols are formed in this way. Castor and Guymon (1952) found that 
their formation paralleled the formation of ethyl alcohol. Guymon and 
Heitz (1952), as well as others, found that red wines contain slightly 
more higher alcohols than white wines. These authors noted the sen
sory importance of higher alcohols in wines; very low concentrations 
playa desirable role in sensory quality. It has been noted that consider
able difference exists in the ability of yeasts to produce higher alcohols. 
The amounts in table wines vary from 0.14 to 0.42% and in dessert 
wines from 0.16 to 0.90%. The higher amount in the latter comes from 
the brandy used to fortify them. 

Glycerol 

Pasteur noted glycerol as a by-product of alcoholic fermentation. No 
constant ratio of alcohol to glycerol has been established because the 
amount produced varies with different conditions. Most of it, however, 
develops in the early stages of fermentation and is considered by most 
enologists to be of sensory importance because of its slightly sweet 
taste. It is probably of little importance in sweet wines. 

2,3-Butylene Glycol, Acetoin, and Diacetyl 

These three compounds are formed during alcoholic fermentation, 
but their origin is not clear. The amount of 2,3-butylene glycol present 
in various wines ranges from about 0.1 to 1.6 g / liter, but the average 
is 0.4-0.9 gm. The amount of 2,3-butylene glycol present does not 
appear to be related to quality because it has almost no odor and a 
slight bitter taste which would be masked by the glycerol normally 
present in amounts 10 to 20 times greater. 

Acetoin does have an odor but the amounts found in wines are small, 
from 2 to 84 mg/liter. Guymon and Crowell (1965) found an increase 
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in acetoin up to the middle ofthe fermentation to a maximum of25-100 
mg/liter, after which it nearly disappears. This explains the higher 
amounts in fortified dessert wines in which the fermentation is stopped 
about midway. 

Diacetyl has a pronounced buttery odor and in a few cases may have 
sensory importance. Dittrich and Kerner (1964) found that normal 
wines contain an average of 0.2 mg / liter of this compound. Wines 
having more than 0.89 mg of diacetyl per liter have a sour milk odor. 

Acetaldehyde 

Acetaldehyde has been discussed earlier as a by-product ordinarily of 
alcoholic fermentation. Acetaldehyde is present in newly fermented 
wines below 75 mg / liter, which is oflittle importance from the sensory 
point of view. Further, many of the wines have sulfur dioxide added to 
fix the acetaldehyde. Spanish sherries, however, on the average have 
over 200 ppm ofthis compound, primarily the result ofthe oxidation of 
ethyl alcohol by film yeasts during aging. While the presence of acetal
dehyde is desirable in sherry wine, other factors are involved in the 
quality of this wine. 

Hydroxymethylfurfural 

This compound is formed when fructose is heated in acid solutions. 
Its presence in wines is an indication that they have been heated 
during processing. Heating of port wine in Portugal is forbidden and a 
very small amount of this substance is permitted. A large number of 
California dessert wines have been found to contain hydroxymethylfur
fural, an indication of heating during processing. 

H H 
HOC COH HC-~----CH 

I I ~ II II 
HOH2C--CH HOC-CHzOH HOH2C-C CCHO 

~O/ ~O/ 
Fructose Hydroxymethylfurfural 

Ethyl Acetate and Other Esters 

Ethyl acetate is the principal ester in wine. It is believed that the 
importance ofthe other esters in the odor of normal wine is exaggerated 
because they are not present in large enough quantities to add signifi
cantly to odor. Ethyl acetate could be important if it were present in 
amounts below 200 mg / liter; quantities higher than this level seem to 
give an undesirable flavor-a spoiled character-to the wine. Neutral 
and acid esters occur in wine. Total esters in various wines were found 
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to vary between about 200 and 400 mg/liter, calculated as ethyl 
acetate. Ports and sherries had higher values. The volatile neutral 
esters were found to average from 70 to 200 mg / liter calculated as 
ethyl acetate. Sherry had 344 mg / liter of these same esters. 

Fixed Acids 

The important fixed (nonvolatile) acids present in wines are tartaric 
and malic acids. Of lesser importance are citric, succinic, and lactic 
acids. Small amounts of other fixed acids are known to be present. 
Fixed acids are important because of the sour taste they impart and 
because they protect the wine from spoilage and maintain color. The 
amounts of fixed acids in the finished wine are somewhat smaller than 
the amounts present in the must from which it was made. 

While hydrogen ion content causes the acid taste, this actual taste is 
influenced by the relative amounts of several acids, the buffer capacity 
of the wine, and the sugar content. The acid taste of wines is caused 
mainly by acid salts because most of the acids in wines are partially 
neutralized. Unless a fairly large amount ofthe acid is combined with 
minerals the resulting taste is usually too acid. Amerine et al. (1965) 
found that for the same titratable acidity, the acids in order of sourness 
were malic, tartaric, citric, and lactic acids. At the same pH, the order 
was malic, lactic, citric, and tartaric acids. The conclusion: both pH and 
titratable acidity are important in determining sensory response to 
sourness. 

Tartaric acid decreases mainly by deposition as potassium acid tar
trate, commonly known as cream of tartar. This acid salt is present in 
grapes as a supersaturated solution and, because it is less soluble in 
alcohol, it tends to precipitate during and after fermentation. Wines 
contain only dextrorotatory acid, but Cambitzi (1947) found optically 
inactive racemic calcium tartrate in old wine deposits, an indication of 
autoracemization. 

Grapes grown in warmer countries are lower in acids than those 
grown in colder regions. The malo-lactic fermentation, which is 
brought about by lactic acid bacteria, is important as a biological 
means of acid reduction in areas that produce high-acid grapes. The 
following equations show the changes which take place. 

9H2COOH 

CHOHCOOH 
Malic acid 

NAD, Mn:2+, malic dehydrase 
) 

NADH" lactic dehydrase 

+H, 

9H3 
COCOOH 
Pyruvic acid 

9H3 
CHOHCOOH 

Lactic acid 
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About 10-30% of the malic acid has been found to disappear during 
fermentation. 

Grapes of the native American varieties do not have the sugar I acid 
balance of the vinifera varieties. Federal regulations permit the addi
tion of water, sugar, or a combination of these, within limits, to correct 
this condition. This is known as amelioration, and it is permitted to 
reduce the total acidity to 5 parts per thousand. It may not, however, 
exceed 35% of the total volume of the material ameliorated regardless 
of the total acidity of the wine or juice. 

Fixed acids are found in wines in the following amounts. Tartrates 
calculated as tartaric acid in German white wines, average 0.20 g 1100 
ml with a range of 0.14-0.37. French white wines average 0.28 g/100 
ml, range 0.15-0.37. Portuguese red averages 0.19 g/lOO ml, with a 
range of 0.16-0.32. Malic acid in white wine averages about 0.20 gl 100 
ml. Bordeaux white averages 0.14 g 1100 ml. Range in French wines for 
this acid, 0.067-0.268 g 1100 ml. Citric acid is present in wines in small 
amounts. About 0.01- 0.03 g 1100 ml of wine is usually found. Succinic 
acid is a product of alcoholic fermentation, and according to Amerine 
(1954) it is a general rule that 1% as much succinic acid is present as 
is alcohol by volume. Lactic acid is a constant by-product of alcoholic 
fermentation and is present in amounts from 0.04 to 0.75 g/liter. 

VolatHe Acids 

The determination of volatile acidity expressed as acetic acid as an 
indication of spoilage is one of the standard procedures of modern 
enology and has become a part of the legal requirements for wine 
standardization. The quantity of acetic acid formed during alcoholic 
fermentation is small, usually less than 0.030 g 1100 ml. Bacterial 
action before, during, and after fermentation may lead to much higher 
amounts. The spoiled vinegary character of such wines is the reason for 
the adoption of legal standards. Reduction of high volatile acidity by 
neutralization is not practical because the fixed acids would be neutra
lized also. Careful wine makers are able to obtain a product with less 
than 0.030 g 1100 ml of volatile acids calculated as acetic acid and 
should not exceed 0.100 g during aging. The legal maximum limit for 
volatile acidity in California in white wines is 0.110 g/100 ml and 
0.120 g for red wines, exclusive of sulfur dioxide. 

Sugars 

Very small amounts of levulose and dextrose are present in table 
wines, the lower the amounts the drier the wines. Sucrose is not nat
urally found in wines. When added to sweeten wines it hydrolyzes 
rapidly. If it is to be detected, the test must be carried out not later than 
a few days after addition. Dessert (sweet) wines contain 10-14% sugar. 
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The nonfermentable residual reducing material in wines is largely 
pentoses in concentrations of 0.01-0.20 g /100 ml. The best data indi
cate that 0.04-0.13 g of arabinose is present in 100 ml of wine. 

Pectins 

The precipitation of pectin occurs naturally during alcoholic fer
mentation with the result that the finished wines have 0.3-0.5 g of 
pectin and gums per 100 ml. The gums of wine are usually arabans, 
anhydrates of arabinose, and galactans. The mucilaginous materials 
are known as glucosans, anhydrides of dextrose, or dextrans. Dextrans 
hinder natural clarification and make filtration difficult. Pectins can 
be removed with pectic enzymes, added either before or after fermen
tation. 

Nitrogen 

The importance of nitrogenous components of wine cannot be over
emphasized because they seem to playa role in clarification, in bac
terial development, and possibly in odor development. The many 
different kinds of nitrogenous material in wine include proteins, pep
tones, polypeptides, amides, amino acids, and ammonia. Only very 
small amounts of ammonia are found in wine because much of it is 
utilized by the yeasts in alcoholic fermentation. Alanine is required by 
lactic acid bacteria. European data (Amerine 1954) gave averages of 
0.10-0.77 g oftotal nitrogen per liter of wine. 

Tannins 

The usual permanganate oxidation shows that red wines contain 
0.1-0.3 g of tannin in 100 ml of wine. The tannin content decreases 
during the aging of wine. This decrease is caused by a variety of reac
tions, including combination with aldehydes and precipitation with 
proteins. 

There is little bitter or astringent taste in white wines because ofthe 
low tannin content-0.05% or less. Experienced tasters, more able to 
detect tannin than inexperienced, seem to like wines with higher tan
nin content. 

The following phenolic compounds were found in wine: d-catechin, 
l-epicatechin, l-epigallocatechin, gallic acid, protocatechuic acid, and 
cis- and trans-coumaric acid. The following polyphenols have been 
found: chlorogenic acid, cis- and trans-caffeic acids, and probably escu
letin. Isochlorogenic acid has been reported, but is now known to be a 
complex mixture of closely related compounds. Shikimic acid has been 
found in young wines and in green grapes, whereas quinic acid is in 
musts and in young and old wines. p-Coumarylquinic acid is known to 
occur in wines. 
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Color 

While a considerable amount of work was done on the anthocyanin 
pigments in grapes before the general use of chromatographic pro
cedures, progress concerning the identification of structure has been 
greater since the use of the newer techniques became more widespread. 
The reason is that pigment mixtures in grapes are rather complex. 
Current data indicate that Vitis vinifera, the European grape, does not 
contain diglucoside pigments, but that probably most or all of the 
others do. This means that when diglucosides are found in wine, grape 
varieties other than vinifera have been used. At the present time five 
anthocyanins are found in V itis vinifera, namely, cyanidin, peonidin, 
delphinidin, petunidin, and malvidin. Pelargonidin seems to be absent 
from Vitis species. The only sugar moiety known conclusively to occur 
in the grape anthocyanin molecule is glucose. It is possible to detect the 
addition of wine from diglucoside-bearing hybrid grapes to the extent 
of 1%. This analysis is used in France to detect adulteration of pure 
vinifera varietals with the cheaper hybrid wines. 

After several years of aging of wine, some anthocyanins are lost as 
a result of passage to a colloidal state and precipitation, but not all are 
lost in this process. 

The browning of white wines is largely caused by the oxidation of 
phenolic compounds such as catechins and leucoanthocyanins. The 
speed with which this change in color takes place depends on the tem
perature, the amount of dissolved oxygen in the wine, and the amount 
of phenolic compounds present. Peterson and Caputi (1967) found that 
two types of browning are probably involved in the development of this 
color in wines: one oxidative and the other non-oxidative. Caputi and 
Peterson (1965) found that the content of phenol absorbents varied 
considerably as regards their effect on browning of white wine. The 
variety of grape from which the wine is made is important. Some wines 
brown even though oxygen is excluded. More information is available 
in the article by Singleton and Esau (1969). 

Oxygen 

This element is very important as far as the handling of wine is 
concerned. However, not much data are available on the oxygen con
tent of wines nor on the effects of reactions at different temperatures 
in different wines. Work on the changes in the oxidation-reduction 
potential of wines has shown that during fermentation there is a rapid 
decrease in potential from approximately +0.4 to 0.1 V; there is, 
however, much variation among musts. It is thought that this decrease 
is associated with the reduction of quinones during fermentation due to 
glutathione. Changes in the oxidation-reduction potential are caused 
by a variety of factors, such as, method of fermentation, composition of 
the media, degree and temperature of aeration, and the presence of 
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sulfur dioxide. A reduction of potential takes place in sparkling wines 
during the secondary fermentation. Wines stored in the bottle for 
several years show a decrease in potential. According to Joslyn (1949) 
California red table wines usually have a lower potential while aging 
in wood than do white wines. Wines stored in wood show an increase in 
potential on racking if air is present. 

Mineral Substances 

Anions. Phosphates are important in fermentation and, of course, 
are found in the finished wines. Fifty to 900 mg of phosphate is found 
in a liter of new wine, of which only about 10-20% is present as organic 
phosphate such as glycerophosphates. The phosphate content of wine is 
increased if the method of fermentation is carried out in the presence 
of the skins. 

Sulfates are present in wines as K 2S01 and are limited in many 
countries to about 2-3 g /liter. Sometimes H 2 S and mercaptans are 
found in young wines and arise from sulfur used in mildew control on 
the grapes in the vineyard. It is for this reason that late spraying for 
mildew should be avoided. When 5 mg of free sulfur is present, it is 
difficult to remove by aeration of hydrogen sulfide or mercaptans. Some 
yeasts can liberate H 2 S during fermentation. 

The French and Swiss limit the chlorine as chloride to 0.607 g /liter. 
The presence of bromine in amounts higher than 3 mg / liter of wine 
indicates the use of monobromacetic acid as an antiseptic, which is 
illegal in the United States and a number of other countries. 

Cations. Aluminum. Aluminum is found as a component of wines 
and is present usually to the extent of about 1-3 mg and not more than 
15 mg/liter. Red wines contain more aluminum than white wines. 

Calcium. Calcium in wines comes from the grapes, soil, calcium
containing filter aids, and concrete tanks. These concrete tanks can be 
treated to avoid much of this pick-up. Calcium present in wines is 
deposited as calcium tartrate less in wines with pH below 3.7 than in 
those with a higher pH. De Soto and Warkentin (1965) recommended 
that high pH wines be acidified to bring the pH down. The difficulty 
with excess calcium tartrate is that it takes a long time to settle out. 

Copper and Iron. Copper is necessary for the progress of fermenta
tion, and therefore, it is important. Only small amounts of copper are 
present in new wines as a part of the oxidation-reduction system. 
Commercial wines were found to average 0.25 mg of copper per liter. 
The recommended legal maximum is 1 mg/liter. Excessive copper con
tent is caused mostly by contamination, usually with copper equip
ment. Copper and iron are of interest because they can lead to cloudi
ness in wine and to flavor impairment. They are, of course, important 
in oxidation-reduction reactions. 
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Iron is present in wines up to about 50 mg / liter, but sometimes more 
can be found. Most California wines contain less than 10 mg /liter. 

Lead. Little lead is found in normal musts and wines and that little 
rapidly declines during storage because of the insolubility of lead tar
trate. The legal limit varies from 0.2 mg / liter in Great Britain to 3.5 
mg in Switzerland. 

Potassium. Potassium makes up about 75% of the total cation con
tent of wine. It is involved in alcoholic fermentation and also in bitar
trate stability. Average potassium values vary from 0.36 to 1.1 g/liter 
of wine. Potassium is effective in the separation of some of the tartaric 
acid from wine in the form of potassium bitartrate. 

BEER AND BREWING 

Brewing is the manufacture of beer and other malt beverages such as 
ale and stout. Basically, the process involves the germination of barley, 
after which it is carefully dried. The resulting product is known as 
"malt." It is during this process of manufacture that more hydrolytic 
enzymes, particularly a-amylase, proteolytic enzymes, and also more 
f3-amylase are formed. In some countries only the malted barley is used 
for the production of beer, but in the United States another starch 
source such as corn or rice is used in addition. The reason is that 
American barley is higher in protein than European, and since the 
excess protein tends to precipitate out, the starch from the added grains 
corrects this situation. The grain is treated with hot water (60° to 65°C) 
to allow the amylases from the malt convert the starch into maltose, 
dextrins, and soluble starch. Some manufacturers use a series of three 
different ascending temperatures for this part of the beer-making 
process. After this step is completed the mixture is filtered, and the 
resulting filtrate is known as "wort." 

The next step is the boiling of the wort with hops which achieves 
three things: (1) enzymes are destroyed, ending their activity and at 
the same time sterilizing the wort, (2) flavoring components ofthe hops 
are extracted, (3) coagulable proteins are deposited. The flavoring 
substances in hops consists of tannin, bitter acids and resins, and 
essential oils. 

In the United States a bottom strain of Saccharomyces cerevisiae is 
used. The fermentation is carried out at 3.3°_7°C for 7-12 days. After 
this the beer is held in lager or cellar fermentation at about O°C for 
several weeks or months, and it is chill-proofed with enzymes to remove 
proteins that would precipitate at lower temperatures and cause a 
haze. This is necessary for beer consumed in the United States because 
it is served cold. However, where beer is consumed at room tempera
ture, it is unnecessary. After chill-proofing the beer, it is bottled, 
canned, or barreled for shipment. 
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DISTILLED PRODUCTS 

Whiskey, brandy, vodka, rum, and gin are all considered distilled 
products. The basic chemistry of the fermentation in each of these 
beverages is the same as that for the manufacture of wine or beer, in 
that yeasts convert the sugars to carbon dioxide and alcohol. For the 
fermentation of worts made from grain, it is necessary to utilize as 
much of the carbohydrate as possible by employing yeast strains able 
to degrade the dextrins left after the action of the a- and ,8-amylases on 
the starch. These strains of S. cerevisiae are somewhat more tolerant of 
alcohol. They seem also to have the ability to produce some of the 
higher alcohols that affect the flavor of the product. 

Whiskeys are manufactured from grains as the raw material, usu
ally rye, corn, barley, and wheat. Rye and malt made from rye and 
barley are the main ingredients of rye whiskey. Bourbon is made from 
corn and barley or wheat malt, and another grain, frequently rye. The 
mash must contain a minimum of 51% corn. 

The flavor and odor of whiskey are influenced by the raw materials 
used, the method of fermentation, the distillation process, and the 
aging in charred white-oak barrels. The determination of the ester 
content of a whiskey can be indicative of the age because esters in
crease during storage. Volatile acids also increase during storage. The 
largest increase in acids, esters, and color takes place during the first 
6 months, although increases continue during further storage (Valear 
and Frazier 1936). 

Brandy is made by distilling fermented fruit juice-wine. The bulk 
of it is from grapes, and the continuous still is extensively employed for 
this purpose. Brandy is usually aged in charred white-oakbarrels. 

Rum is the distillate from fermented molasses syrup or from the 
syrup of cane sugar. In the United States it is made from black-strap 
molasses. Different types of stills can be used for this process. The 
product is usually aged in charred white-oak barrels. This aging proc
ess improves the flavor, aroma, and color, and mellows the product. 

Gin is prepared by distillation from a mash of grain, mainly barley, 
to which juniper berries and other aromatics have been added as flavor
ing materials. 

Vodka, first made in Russia, is a distilled alcoholic liquor produced 
from grain or, in some cases, from potatoes. It is purified so as to be 
substantially tasteless. Vodka is not aged and is colorless when sold. 

VINEGAR 

Vinegar is nonalcoholic, but its production involves an alcoholic 
fermentation step. It is produced from fermented ciders, wines, or 
alcoholic substrates by any of the numerous species of the genus 
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Acetobacter, for example, A. aceti. The acetic acid bacteria convert 
the alcohol into acetic acid by the process of oxidation. This enables the 
bacteria to obtain the energy necessary to carry on their life processes. 
These reactions proceed as follows. 

2C 2H 50H + O2 ~ CH3 CHO + 2H20 

2CH3 CHO + O2 ~ 2CH3COOH 

Much of the vinegar made in the United States is from fermented apple 
juice and is known as cider vinegar. Vinegar made by acetic acid fer
mentation of dilute distilled alcohol is termed distilled or white vine
gar. Wine vinegar is also made. 

The solution used in the manufacture of vinegar should range from 
about 10 to 13% of alcohol in order to yield a satisfactory product. If the 
concentration of alcohol is too high the alcohol is not completely oxi
dized to acetic acid, and ifthe concentration is extremely low, the acetic 
acid and esters are lost by oxidation. 

The oxidation is often carried out on a support material. Beechwood 
shavings have been preferred, but less costly substitute materials are 
now being considered. Any such materials must provide large surface 
area exposed to oxygen to speed the oxidation process. The alcoholic 
liquid is percolated through this support material. 

Equipment has been designed for the manufacture of vinegar by 
submerged oxidation fermentation, the "submerged method." This is 
used extensively at the present time for commercial purposes. 

The finished vinegar must contain at least 4% of acetic acid (4 g /100 
mI). 

SUMMARY 

Alcoholic beverages depend on the process of alcoholic fermenta
tion-the conversion of hexose sugars into alcohol and carbon dioxide. 
Alcoholic fermentation is an anaerobic process in which the simple 
sugars are broken down in a series of successive changes by oxidizing 
and reducing enzymes within the yeast cell. Buchner showed that a 
cell-free extract from yeast cells induced fermentation, which demon
strated that the enzymes and not life itself were necessary to produce 
the chemical action. Gay-Lussac wrote the overall basic chemical equa
tion. However, Pasteur showed that a number of by-products, present 
in the fermented solution, were not accounted for by Gay-Lussac's 
equation. Many enzymes are necessary to bring about the changes in 
alcoholic fermentation. Other substances are required also. This 
process is a complex system which explains why such compounds as 
glycerol, lactic acid, and acetaldehyde build up as by-products. The 
equations for the various reactions are shown in the text. 

Wines are of growing importance in this country. A number of differ
ent wines are produced by the process of fermentation. 
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The principal sugars in the grapes are dextrose and levulose. As the 
ripening process continues, the quantity of levulose present in the 
grape berry increases until it is equal to or exceeds that of dextrose. 
Other changes take place in the chemical composition of the grape 
berry during ripening. Volatile compounds develop during the growing 
period. 

The wine is prepared by the fermentation of must. Since red wines 
depend on the extraction of pigment from the skin of the grapes, the 
processes for the pressing of the grapes for white wines is somewhat 
different from that used for the preparation of red wines. Antiseptics, 
mostly S02, are necessary in the manufacture of wine. Temperature of 
fermentation is very important. 

A number of different compounds are found in wines. Many of these 
compounds are formed during the fermentation process, while others 
are formed by such changes as the hydrolysis of pectins which are 
naturally present. 

Volatile acids, largely acetic, are an indication of spoilage. 
The color of grapes is caused by anthocyanins. The browning of white 

wines is caused by the oxidation of phenolic compounds such as cate
chins and leucoanthocyanins. 

Potassium, present in wine, is involved in alcoholic fermentation, 
and also in bitartrate stability. Potassium is effective in the separation 
of some of the tartaric acid from wine in the form of potassium bitar
trate. 

Beer and distilled products are based chemically on fermentation. 
Vinegar is nonalcoholic, but a fermentation step is necessary in its 

manufacture. It is produced from fermented ciders, wines, or alcoholic 
substrates. Species of the genus Acetobacter are used for this purpose. 
These bacteria convert the alcohol into acetic acid by oxidation. 
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Baked products, bread, cakes, cookies, pies, and other such items 
have had a long and interesting history. It is quite likely that the 
ancient Egyptians were the first to discover leavening action involving 
(unknown to them) yeast and then to improve their bread by using the 
leavening process. While their method for making bread was rather 
advanced, their knowledge of the scientific principles explaining this 
process was doubtlessly small. 

Bread and many other baked products have flour, water, yeast, and 
salt as basic ingredients. Two ofthese ingredients, flour and leavening, 
are responsible for the most important characteristics of the finished 
products. 

FLOUR 

It was learned in very early times that grains could be milled to yield 
substances (flours) usable in the preparation of food products. The 
milling of grains is a physical process, during which the endosperms 
are broken apart. In the case of wheat it is essential that all the bran 
and germ possible is removed to obtain maximum yields of white flour. 
Most of the mills yield about 80% in this respect. The patent flours are 
separated first, and the remaining clear flour is separated for use with 
rye flour. Bran and germ remain at the end of the milling process. 

Bread flour is made from hard spring and winter wheats because 
these wheats mill well and yield flour that has good quality protein and 
furnishes strong, elastic doughs. Breads made from these flours have 
good volume, grain, and texture and under a wide range of conditions. 
Table 15.1 shows the variations one can expect to find in the composi
tion of wheat flours. 

The hard spring wheat flours with a protein range of 12.5--12.8% are 
used mainly for bread, hamburger buns, soft rolls, and other such items 

343 
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and are known ordinarily as bakers' patents. The higher protein spring 
straight grades containing from 12.8 to 13.1% protein are used for such 
items as Kaiser rolls, and the spring clear grades are used mostly with 
rye flour for rye bread. Winter wheat patent flours are used to make 
bread and buns. Soft wheat flours are used for cake, cookies, and pastry 
products. The soft wheats are all low in protein and in water-absorption 
capacity. They are undesirable for commercial bread production, but 
are especially desirable for cakes. Tables 15.3 and 15.4 give the com
parative composition of wheat and various flours. 

Amber durum wheat flour is used mainly for the manufacture of 
alimentary pastes-macaroni, spaghetti, and noodles. 

Rye flour is used principally for the making of rye bread. In the 
United States it is mixed with white flour but in some European coun
tries it is used alone. Since rye flour doughs are very weak they cannot 
be washed to separate the gluten. Several grades of rye flour are pro
duced. Table 15.5 gives the chemical composition of some of them. 

Compounds in Flour Related to Baking Quality 

Proteins. Wheat flour has a singular property that distinguishes it 
from other cereal flours: it is able to form an ela.stiC dough when mixed 
with the right amount of water. This dough can hold gas, and it has the 
further property of setting to a spongy structure when it is baked. The 
result is the well-known bread of today. Protein is the main component 
of wheat flour responsible for these properties. When treated with 
water, the bulk of the protein remains undissolved, but it tends to 
hydrate and form a coherent mass, the gluten. The coiled structure of 
thepJ:'otein molecules probably is responsible for their behavior. 

Early work on protein (Osborne 1907) indicated that wheat proteins 
consisted of glutenin and gliadin in about equal amounts, together with 
about 20% of an albumin, a globulin, and a small amount of proteose. 
These last three are water soluble or soluble in dilute salt solution. 
However, later work indicated that gluten of wheat is made up of 
a large mixture of proteins of varying molecular size (McCalla and 
Gralen 1942). This mixture can be separated into many fractions that 

TABLE 15.1. The Composition of Wheat Flours 

Component 

Protein 
Carbohydrates as starch 
Fat 
Fiber 
Ash 

Source: Schopmeyer (1960). 

Minimum 
(%) 

7.5 
68.0 

1.0 
0.4 
0.3 

Maximum 
(%) 

15.0 
76.0 

1.5 
0.5 
1.0 
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TABLE 15.2. Comparative Composition of Wheat and Flour Grades' 

Protein Extraction Ash Protein 
Content of Flour in Flour in Flour 
of Wheat Based on at 14% at 14% 

Type of at 14% Grade of Wheat Moisture Moisture 
Wheat Moisture Flour (%) (%) (%) 

Soft red 9.8 Straight 72 0.38 8.20 
Short patent 35 0.30 7.50 
Baker's patent 65 0.34 7.90 
Clear 10 0.68 9.90 

Hard spring 13.50 Straight 72 0.47 12.90 
Short patent 35 0.39 12.00 
Medium patent 60 0.41 12.20 
Long patent 65 0.43 12.50 
First clear 10 0.70 15.50 
Second clear 4 1.20 16.50 

Hard winter 12.90 Straight 72 0.47 12.10 
Medium patent 60 0.41 11.70 
Long patent 68 0.45 12.00 
Second clear 4 1.20 16.00 

Source: Schopmeyer (1960). 
a The protein contents of these different wheats show considerable variation, and those 
of the corresponding flours show similar variation. Some variation can be seen also in the 
ash contents. These values will vary from season to season because of differences in 
growing conditions. 

differ progressively and systematically both in chemical and physical 
properties. 

Halton and Scott-Blair (1937) stated that wheat flour dough contains 
protein chains that act like coiled springs, accounting for its elastic 
behavior. Since the linkages between the chains are not of the same 
strength at all points, some of them break almost immediately when 
the dough is extended, causing permanent deformation of flow, while 
others, remaining intact, maintain the rigid structure of the dough. 
Adjustments of this character in the protein network must occur in 
conjunction with a starch-water mixture. While this mixture is basi
cally fluid, it does have some rigid characteristics, which, in turn, 
complicate the situation and prevent the full relaxation of even the 
particular protein units that otherwise would be able to effect true 
elastic recovery. 

Swanson (1938) considered the formation of gluten in wheat flour 
doughs as related to the hydration ofthe molecules in the gluten. When 
flour is first mixed with water, the proteins are arranged in a heteroge
neous manner. By the action of the mixers, the gluten particles tend to 
be oriented in a parallel position. The high speed commercial mixers 
cause a pulling action on the dough that results in}} rather parallel 
arrangement of the protein strands. At this point tlie dough becomes 
smooth, showing that the mixing is sufficient. In this state, according 
to Swanson, the dough shows greatest resistance to pull and also its 
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TABLE 15.3. Composition and Uses of Hard Spring Wheat Flours 

Protein 
(%) 

12.5-12.8 

12.8-13.1 

13.5 

15.0 

15.0-15.5 

Source: Harrel (1959). 

Ash 
(%) 

0.42-0.44 

0.46-0.48 

0.48 

0.48 

0.70-0.74 

Bakery Products in Which the 
Flour Is Used 

White pan bread (both sponge 
and straight dough) 

Specialty and variety breads 
Hamburger and wiener rolls 
Yeast raised sweet goods 
Soft rolls (Parker House type) 
Doughnuts, yeast raised 
Hard rolls and hearth bread 
White pan bread (both sponge 

and straight dough) 
Hard rolls and hearth bread 
Specialty and variety breads 
Hard rolls and hearth bread 
Blender flour and coarse flour 

breads 
High gluten flour for Kaiser rolls 
Italian, French, and Jewish 

hearth breads 
Carrier flour used in making 

whole wheat, rye, specialty and 
variety breads 

Blender flour used in mixes with 
rye flour for rye bread 

greatest elasticity, brought about by the fact that the largest number 
of gluten coils are able to resist elongation and to straighten back after 
such elongation. If the mixing is continued beyond this stage the dough 
breaks down, and it becomes soft and sticky. Doughs that have not been 
too overmixed will recover when allowed to rest. This is thought to be 
caused by a film of water surrounding each gluten filament, brought 
about by the overmixing. These overmixed doughs tend to stick to 
surfaces through this water film because the forces which attract water 
to other surfaces are the same as those which hold the filaments 
together. 

The mixing required to develop different flours to the desired degree 
is not always the same, probably because the rates of combination or 
hydration are not the same for all flours. Differences in molecular 
structure and the way the proteins are bound together in the gluten 
strands may have an influence also. 

Using starch gel electrophoresis, Elton and Ewart (1960) observed 
eight bands that were present in glutens from four different wheat 
samples, but the intensity of corresponding bands was not the same in 
all cases. Woychik (1964) also using starch gel electrophoresis observed 
eight migrating bands from gluten and one stationary band, which was 
thought to be the glutenin fraction. More work of this nature must be 
done before any final conclusions can be reached. 
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Holme and Briggs (1959) showed that when gliadin has 10-50% of 
the amide nitrogen removed, provided that the conditions are such that 
no peptide bonds are split, it shows solubility in water at neutral pH. 
These authors showed also that precipitated deaminated gliadin no 
longer has the characteristic hydration capacity of normal gliadin. 
Cunningham et al. (1955) showed that insoluble protein of wheat had 
the highest amide content of the four grains, wheat, barley, rye, and 
oats. Barley and rye were found to be intermediate in these grains. The 
elasticity and cohesiveness ofthe gluten of these grains declined in that 
order. 

Beckwith et al. (1966) found a small amount of high molecular 
weight protein in gliadin from wheat. Meredith et al. (1960) concluded 
that the unique properties of wheat dough seem to be related to the 
structure of the gel protein and especially to its content of glutamine, 
proline, lysine, and alanine. 

McDermott and Pace (1959) using the Swan (1957) technique, which 
splits the peptide and protein chains at the cystine or cysteine residues, 
found that when they used cupric and sulfite ions to split the disulfide 
bonds in the protein of flour to form sulfur-sulfon derivatives, the 
protein was solubilized, meaning that the insoluble fraction is partly 

TABLE 15.4. Composition and Uses of Soft Wheat Flours 

Protein 
(%) 

7.5-8.0 

8.0--8.5 

9.0--9.5 

9.5-10.0 

Source: Harrel (1959). 

Ash 
(%) 

0.32-0.35 

0.35-0.38 

0.39-0.42 

0.45-0.48 

Bakery Products in Which the 
Flour Is Used 

Angel food cakes 
High ratio cakes and cookies 

(no spread) 
(Unbleached) High ratio spead 

cookies 
Layer cakes and pound cakes 
Slightly rich wire-cut cookies 

(no spread) 
(Unbleached) Cracker topping 
Unbleached flour 

General line cookies 
Pie crust 
Blender flour in yeast raised 

sweet goods 
Sugar cones 
Doughnuts 

Bleached 
No spread ice box cookies 
Loaf cakes 
Low ratio cup cakes 
Lunch box cake items 

General purpose flour used much 
same as 0.39-0.42 ash flour 
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TABLE 15.5 Composition of Grades of Rye Flour 

Component 

Moisture (maximum) 
Ash 
Protein 

Source: Schopmeyer (1960). 

White Rye Flour 
(%) 

14.5 
0.58--0.78 

7.9-9.1 

Medium 
(%) 

14.5 
1.11-1.39 
10.1-12.8 

Dark 
(%) 

14.5 
2.05-2.83 
13.7-16.2 

dependent on the presence of disulfide cross-linked structure for in
tegrity and rigidity. 

Using a sedimentation technique, it was found that the glutenin 
fraction is made up of a group of compounds with molecular weights in 
the millions (Anon. 1961). When the disulfide bonds are split by form
ing the S-sulfonic acid group, or by cleaving them with performic acid, 
material is produced which seems to be homogeneous with a molecular 
weight of20,000. It was concluded that these basic units of polypeptides 
with a molecular weight of 20,000 are the building blocks of gluten 
united by cross-linking through disulfide bonds. It can be seen that 
differences in the number of these basic units, or in the location and 
number of disulfide bonds linking them, would have a great effect on 
the rheological properties of gluten. Hird et al. (1968) concluded that 
the glutathione levels in flour are sufficiently large to alter the rheo
logical properties of the dough. Neilsen et al. (1968) found that by 
cleaving the disulfide bonds of the two fractions obtained from classical 
wheat gliadin by gel-filtration chromatography, more evidence was 
obtained that the structure and properties of these proteins differ. 

Woychik et al. (1964) found that reduction of the disulfide bonds of 
wheat gliadin and glutenin followed by starch gel electrophoresis 
showed the presence of some components which may be common to 
both. Intramolecular disulfide bonding was found to be limited in the 
gliadin fraction; 

Woychik and Huebner (1966) separated the y-gliadin from whole 
gliadin of Ponca wheat flour. They purified it by ion exchange 
chromatography and continuous flow paper curtain electrophoresis. 
End-group analysis indicated that it is a single polypeptide chain. 

It is obvious that research has produced a great deal of new knowl
edge. However, much remains to be done. 

Carbohydrates. The carbohydrates of wheat are largely starch, to
gether with small amounts of dextrins and sugars, cellulose (fiber), and 
gums. Koch et al. (1951), making use of paper chromatography on 
aqueous extracts from bakers' patent flour, found the following sugars: 
glucose, 0.91%; fructose, 0.02%; sucrose, 0.10%; maltose, 0.08%; meli
biose, 0.18%; and raffinose, 0.07%. 
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Fatty Substances. Studies have been made using gas-liquid 
chromatography on the fatty acid composition of the fatty material 
extracted from wheat flour. Thin layer chromatography, as well as 
other techniques have been employed. Tables 15.6 and 15.7 give results 
on fatty acid determinations, and Table 15.8 lists the components of 
wheat flour nonpolar lipids. 

Deterioration ofthe fatty lipid material is closely connected with the 
decline of flavor quality in four and parallels an increase in the fatty 
acid content of the fats. Oxidative as well as hydrolytic rancidity are 
both parts of the picture. 

The Effect of Lipids in Bread Making. The amount of lipid in flour 
is small; wheat flour contains 0.5-3.0% lipid material. However, con
siderable research demonstrates the importance of the lipid fraction in 
flour, small as it is, in the crumb grain quality and the volume of the 
finished loaf. 

Mecham and Weinstein (1952) studied lipid binding in doughs and 
found that when flours are treated with water or made into doughs, a 
considerable amount of the water-extractable lipid becomes bound. 
Lipid binding in doughs is decreased by salt. It was found also that a 
polyoxyethylene-type softener had a similar effect. Lard seems to de
crease slightly the phospholipid binding. 

Daftary et al. (1968) subfractionated the nonpolar lipids into tri-, di-, 
and monoglycerides. The polar lipids were fractionated into phospholi
pids and glycolipids. Free polar lipids were found to increase the loaf 
volume substantially, although the increase was smaller if bound 
polar lipids were also added. Total free lipids containing a mixture 
of polar and nonpolar lipids (1 :3) produced bread oflesser quality than 
polar lipids by themselves. The volume of the bread was decreased by 
nonpolar lipids and the crumb grain was impaired. These effects were 
counteracted by the addition of polar lipids, suggesting that galactosyl 
glycerides increased the loaf volume of bread made from petroleum
ether-extracted flours considerably more than phospholipids. 

TABLE 15.6. The Fatty Acids of Wheat Flour Lipids (Range for Samples Grown in 1959 
to 1962) 

Acid 

Palmitic 
Stearic 
Oleic 
Linoleic 
Linoleinic 

Range 
(%) 

16.7-24.1 
0.~1.2 
7.0-14.5 

60.1-69.8 
1.~4.4 

Mean 
(%) 

19.5 
0.6 
9.0 

66.4 
2.9 

Source: Fisher et al. (1966). Reproduced with permission of Dr. N. Fisher of the Flour 
Milling and Baking Research Association, Chorleywood, Rickmansworth, Herts, 
England. 
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Pomeranz et al. (1965) studied polar versus nonpolar wheat flour 
lipids in breadmaking. These authors found that by adding up to 3 g of 
vegetable shortening for each 100 g of a hard winter wheat flour com
posite, the crumb grain was improved, and loaf volume increased from 
802 to 948 ml. They also found that the addition of 0.5 g of polar flour 
lipids to bread without vegetable shortening increased the volume of 
the loaf strikingly. On the other hand, no significant increase in 
volume resulted from the use of 0.5 g of nonpolar lipids. 

Mann and Morrison (1974) extracted lipid material from flour and 
flour-water doughs with water-saturated n-butanol and noted the ex
tent of oxidation and other changes that resulted from the mixing and 
resting of the dough. They found that the unextracted flour lipids, 
amounting to 13% ofthe total lipids, were not oxidized as a result ofthe 
mixing of the dough. Changes in the extracted lipids were limited to 
free fatty acids and monoglycerides, and these showed losses of 18:2 
and 18:3 as a result of aerobic dough mixing, caused probably by lipox
ygenase activity during and immediately after the mixing period. 
Since recoveries of free fatty acids, aside from 18:2 and 18:3 were 
constant, it seems that no lipolysis of glycerolipids, nor general oxida
tion or degradation of the free fatty acids took place. It also seems that 
lipoxygenase did not affect the small amount of 18:2 that was present 
in the "free" free fatty acid extracted by petroleum ether. The process 
of dough mixing resulted in the binding of considerable amounts of the 
nonpolar lipids and almost all of the polar lipids. As regards the free 
fatty acid components, binding was found not to be selective. The only 
lipid class more largely bound in anaerobic dough than in aerobic was 
the triglyceride. 

Pomeranz et al. (1968B) studied natural and modified phospholipids 
effects on bread quality. It was found that alcohol-soluble phosphatides 
containing a 2:1 mixture of phosphatidyl choline and phosphatidyl 

TABLE 15.7. Fatty Acid Composition (Weight %) of Wheat Flour Nonpolar Lipidsa 

Fatty 1-MG 
Acid TG 1,3-DG 1,2-DG 2-MG FFA SE ESG EMGDG 

12:0 0.2 0.4 0.1 
14:0 0.1 0.3 0.2 0.2 0.3 2.5 0.7 0.1 
16:0 16.7 17.1 14.8 22.0 13.5 58.2 52.0 24.1 
16:1 0.3 1.5 0.4 
18:0 1.2 2.7 1.4 1.3 1.4 1.8 5.1 1.8 
18:1 13.9 12.2 12.9 8.7 9.3 5.8 6.1 7.2 
18:2 63.7 64.4 64.4 62.4 68.0 27.7 28.2 61.6 
20:0 1.2 
18:3 4.3 3.3 6.3 4.2 6.5 2.6 3.0 3.6 

Source: MacMurray and Morrison (1970). Reproduced with permission of Dr. T. A. 
MacMurray of H. J. Heinz Co. Ltd. Food Research Laboratory, Hayes Park, 
Middlesex, England. 

a Key to abbreviations: TG = Triglyceride, DG = diglyceride, MG = monoglyceride, 
FFA = free fatty acid, SE = steryl ester, ESG = esterified (6=O-acyl) steryl glucoside, 
EMGDG = esterified (6-0-acyl) monogalactosyl diglyceride. 
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TABLE 15.8. Composition of Wheat Flour 
Non-Polar Lipids 

Lipid 

Steryl ester 
Triglyceride 
1,2-Diglyceride 
1,3-Diglyceride 
Free fatty acid 
Free sterol 
Monoglyceride 

Weight 
(%) 

14.7 
40.9 
12.2 
11.8 
13.7 
4.1 
2.6 

Source: MacMurray and Morrison (1970). Repro
duced with permission of Dr. T. A. 
MacMurray of H. J. Heinz Co. Ltd. Food 
Research Laboratory, Hayes Park, Middle
sex, England. 

ethanolamine had the greatest effect in improving crumb grain and 
loaf volume in bread baked from untreated and petroleum-ether
extracted flour without added shortening. It was noted also that 0.5% 
alcohol-soluble phospholipids could substitute for both 0.8% free flour 
lipids and 3% shortening when added to petroleum-ether-extracted 
flours. Loaf volume of bread was usually correlated with softness 
retention. 

Pomeranz and Wehrli (1969) showed that improvement of bread
baking qualities of synthetic glycosylglycerides depended on the com
position, including carbohydrate and lipid composition, in which the 
chain length and degree of fatty acid un saturation are important. It 
was found that glycolipids with the fatty acid attached directly to the 
sugar moiety were as useful as improvers as glycosylglycerides in re
storing loaf volume of bread made with shortening and petroleum
ether-defatted flour. The authors noted that the sugar moiety can be 
replaced by other polar groups, as is the case with lecithin. Both 
phosphatidyl serine and crude lecithin were able to restore loaf volume 
sustantially, indicating that ionic charges, negative or positive, do not 
inhibit the restoring effect. 

Pomeranz et al. (1966D) studied the effect of lipids on bread baked 
from various types of flours. They found that crumb grains improved 
and loaf volumes increased from 187 to 195 ml when 3 g of vegetable 
shortening was added to 100 g of flour. They noted that the improve
ment was striking with additions of up to 1.5 g of shortening, and then 
only slight up to 4.5 g of shortening. Adding 0.5 g of polar lipids sepa
rated from six flours to a composite hard red winter wheat flour was 
almost equal to the 3 g of shortening. The increase and crumb grain 
improvement resulted also in retardation of crumb firming during 
storage. . 

Pomeranz et al. (1968A) investigated reconstitution and properties of 
defatted flours. In this study bread was baked from defatted flours, 
with and without the addition of 3% commercial vegetable shortening. 
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TABLE 15.9. Mineral Content of Wheat and Mill Products Calculated as the Elements 
from Analysis of the Ash (in Parts per Million of Product, Dry Basis) 

Total 
Patent Clear Low-grade Mill-run 

Element Wheat Flour Flour Flour Middlings Bran Germ 

Total ash 20,500 4,820 8,040 14,620 47,620 67,480 50,410 
Magnesium 1,898 308 624 1,327 4,546 7,166 3,801 
Calcium 452 180 227 376 1,115 1,158 692 
Phosphorus 4,440 1,162 1,910 3,511 10,446 15,208 12,533 
Potassium 2,370 552 875 1,533 5,633 7,098 5,542 
Zinc 100 40 48 129 319 562 420 
Iron 31 8 11 22 71 95 68 
Manganese 24 2 5 12 48 112 67 
Copper 6 2 2 4 13 14 9 
Aluminum 3 0.6 2 7 8 27 25 

Adapted from Sullivan and Near (1929). 

Bread baked from these flours showed that added shortening improved 
loaf volume and crumb grain. The addition of shortening to the dough 
formula impaired the crumb grain of bread baked from defatted flours. 
When shortening was added to the dough formula for breads baked 
from defatted strong flours a decrease in the volume resulted. However, 
in the case of defatted poor flours the volume increased under compar
able conditions. Tests with strong flours showed that the shortening 
response was fully restored by reconstruction with free lipids. It was 
further demonstrated that at least half of the quality of free lipid 
originally present in the flour was necessary to obtain the original loaf 
volume. 

Ash. The grade of flour determines the approximate amount of ash 
it contains, usually 0.3-1%. Table 15.9 shows the mineral components 
of wheat and mill products. 

Bleaching and Maturing Agents 

Freshly p1illed wheat flour has a slight yellowish color caused by the 
presence of carotenoid pigments from the grain. Bleaching is used in 
the United States to produce a whiter flour and maturing agents are 
used to improve the baking qualities of the dough made from it. 
However, it should be noted that the bleaching of flour is not a uni
versal practice, and in many countries it is considered undesirable. 
While this chemical treatment does not chemically change much ofthe 
essential unsaturated fatty acids, it does to a certain extent, and at the 
same time it has a marked effect, apparently, on the natural antioxi
dant substances in the flour. It is for these reasons that questions have 
been raised concerning the advisability of the continued bleaching of 
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flour. Unbleached flours and certain breads made of unbleached flour 
are available on the American market. Benzoyl peroxide is widely used 
as a bleaching agent for flour. Since the bleaching agents act chemi
cally on the carotenoids in the flour, the benzoyl peroxide must decom
pose to affect its full bleaching action; this process takes several hours. 
The bleaching effect can be produced also by certain enzyme prepara
tions. A product made from soybeans, which contains lipoxidase, will, 
under proper conditions, bleach flour. 

Maturing agents or dough improvers are also used, including 
chlorine dioxide and potassium bromate. The use ofthese substances is 
controlled by government regulations. Chlorine dioxide, the maturing 
agent, acts almost instantly on the flour. The use of this agent results 
in better handling properties of the dough. The loaf volume of the 
finished product is said to be better. Chlorine gas acts as an improver 
as well as a bleach, and is used in cake flour. Its use results in improve
ment of cake-baking qualities. 

Presently, bread flour is treated with 1.8 g of chlorine dioxide per 
sack. The data given in Table 15.10 were designed to show that the 
so-called bread improvers and, of course, bleaches in the quantities 
used have little effect on the essential acids. However, one must con
clude that fair amounts of linoleic and linolenic acids were lost, 
approximately 10% linoleic acid, and 30% linolenic acid when treated 
with 3.5 g of chlorine dioxide per sack and held for 39 days. It is 
unfortunate that figures for the 1.8 g chlorine dioxide per sack were not 
included. 

Work has been done on the effect of oxidizing agents on doughs. 
J\lIrgensen (1939) considered that they acted on the proteolytic 
enzymes. However, Freilich and Frey (1939) believed that the compo
nents other than enzymes are acted on. Sullivan et al. (1940) stated the 
maturing agents act on the sulfhydryl (S-R) groups in the gluten pro
tein, oxidizing them to more complex groups, such as R(S02)R, RS03H. 

TABLE 15.10. Gas-liquid Chromatography Analysis of the Chlorine Dioxide-treated 
Flour After Treatment with Chlorine Dioxide 

Fatty Acid After 5 Days After 39 Days 
Found as % 

Methyl Esters Untreated 3.5 g/sack 35.0 g/sack 3.5 g/sack 35.0 g/sack 

Palmitic 15.4 16.3 20.3 21.3 19.8 
Oleic 16.2 16.5 16.8 17.1 7.5 
Linoleic 63.2 63.4 60.1 56.4 14.5 
Linolenic 5.3 3.8 2.6 3.7 Nil 
Undetermined 0.0 0.0 0.2 1.5 58.2 

Source: Daniels et al. (1960). Reproduced with permission of Dr. N. W. R. Daniels of 
Spillers Limited, Research and Technology Centre, Station Road, Cambridge, 
England. 
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Bread Flavor 

According to Johnson and EI-Dash (1969) it is during the baking 
process that free amino acids interact with reducing sugars. This pro
duces many nonvolatile and volatile compounds that contribute to the 
flavor of bread. It seems that bread flavor is quite complex, and varia
tion in this quality is brought about by formulation, fermentation, and 
the baking itself. The final bread flavor is produced during the baking 
process and is influenced by the formulation and fermentation before 
the baking of the bread. The effect of nonvolatile substances on the 
fermentation and baking may have a direct or indirect influence on the 
final flavor of the bread. 

According to Johnson et al. (1966) experiments w.ith pre-ferments, 
dough, bread, and oven vapors show that more than 70 different 
organic compounds have been identified. These compounds are made 
up of carbonyls, alcohols, organic acids, and esters and are formed 
during fermentation and baking. These two steps are necessary to 
produce desirable flavor. Reactions involving reducing sugars and 
amino groups are active in crust browning. Bread crumbs have smaller 
amounts of carbonyl compounds than the crust. Staling of bread is 
accompanied by gradual loss of carbonyl compounds from the crust. 

LEAVENING 

The common leavening agents are yeast, baking powders, and air. In 
some cookies ammonium carbonate and ammonium bicarbonate are 
used. For certain products, sodium bicarbonate alone is employed. 

Yeast 

The action of yeasts on sugars has already been discussed in Chapter 
14 under fermentation. In raising bread dough we have another appli
cation of this phenomenon; however, the important product is the car
bon dioxide formed by fermentation, rather than the alcohol desirable 
in the preparation of alcoholic beverages. When used as leavening in 
dough, bakers' yeast acts predominantly via the fermentation route 
with only 8% of the energy released as heat. If the oxidative pathway 
predominated, considerably more heat would be liberated. When yeast 
is placed in dilute sugar solution and adequately aerated, the sugar is 
utilized exclusively by the aerobic or oxidative pathway. In the absence 
of oxygen, or with greater sugar concentrations, the fermentative path
way manifests itself. 

Oxidation: CSH120S - 6C0 2 + 6H 2 0; -!:Ji' = 686 kcal 
Fermentation: C SH 12 0S - 2C0 2 + 2C 2 H sOH; -!:Ji' = 54 kcal 

According to Matz (1960), high levels of sugar, as are commonly used 
in sweet doughs, affect the ability of bakers' yeast to ferment rapidly. 
This type of inhibition is caused by high osmotic pressure. When added 
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to a dough system to provide the same osmotic pressure glucos'e also 
inhibits the gas formation. It should also be noted that certain metals 
and other substances, such as copper, cadmium, mercury, formalde
hyde, and chlorine can poison the yeast if a sufficient amount is 
present. Poisoned yeast will not act. 

For growth and fermentation involving bakers' yeast the most favor
able temperature range is 29° - 32° C. Table 15.11 shows the relative 
production of gas at different temperatures and gives information con
cerning the relative changes in gas production from 17.8° tp 46.7°C. 
The best dough temperature according to Rumsey (1959) is between 
25.6° amd 26.7°C. 

There are two principal results of yeast action in panary fermenta
tion. (1) The formation and migration of carbon dioxide in a network 
of cellular compartments, occupying about 120 in. 3 per pound loaf, 
which lightens and raises the dough, and which, in turn, greatly im
proves the palatability of the finished product. (2) At the same time 
certain compounds are produced, namely, alcohols, aldehydes, ketones, 
and acids which contribute to the odor and flavor of the bread. 

The activity of yeast also alters the physical properties ofthe dough, 
particularly gluten elasticity because of the forceful stretching actions 
formed by the diffusion and accumulation of CO 2 throughout the mass 
of the dough. Active dry yeast performs leavening activities with vigor 
about equal to compressed yeast, used in the following ratios: 1:2.5 to 
1:2.0, active dry yeast to compressed yeast, respectively. 

The origin of gas cells in doughs was studied by Baker and Mize 
(1941). These authors considered five hypothetical sources of gas cells: 
(1) the gas in the endosperm particles, (2) the gas space between the 
endosperm particles, (3) the air the mixing beats into the dough and 
subdivides it to produce bubbles of small size, (4) the gases liberated by 
the yeast starting new bubbles around the organisms, and (5) the fold
ing, punching, rolling, moulding, and twisting of the dough breaking 
the gas bubbles to increase their number. One of the results of this is 
that carbon dioxide in aqueous solution leaves the yeast cells. This 
solution releases gas by diffusion into air bubbles incorporated during 
the mixing of the dough. Baker (1941) was able to separate intact gas 

TABLE 15.11. Relative Gas Produced at Different 
Temperatu res 

Temperature 
(OC) 

17.8 
30.8 
39.0 
44.0 
46.7 

Adapted from Peppler (1960). 
a After 90 min. 

Relative CO2 

Evolved a 

59 
100 
89 
82 
78 
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cells from dough as thin transparent protein bubbles by diluting 
doughs with brine. The wall of these bubbles was found to be glutinous 
in character and made up (on the dry basis) of about 45% protein and 
25% starch. 

Baker (1941) made observations on fermenting dough, and he con
cluded that there was a tendency for the gluten and starch to separate 
during fermentation and for the gluten to form transparent cells. He 
concluded further from this that starch in the flour is not necessary to 
cell formation in doughs and that this film is drawn to the surface 
because the gas nucleus from which the bubbles originate is a glutinous 
core. As the bubble expands, the required amount of gluten to satisfy 
its surface needs is drawn from the starch-gluten matrix of the endo
sperm material. The properties that enable this to occur may be con
trolled by the viscosity and fluidity of the gluten and the amount of 
adhesion of the gluten to· starch. 

Matz (1960) stated that from these observations that intensive mix
ing of cake batter is necessary to incorporate minute air bubbles into 
the batter, which can later expand during baking into fine cells 
required for the texture of the finished cake. The quantity of gas 
necessary for the expansion could come from the following sources: 
(1) chemical leavening added to the mixture, (2) expansion of occluded 
air bubbles at the baking temperature, and (3) steam formed during 
baking. 

Baking Powder 

Baking powders are usually used in cake mixes and are of three 
kinds: (1) phosphate baking powders, (2) baking powders containing 
aluminum compounds, called alum baking powders, and (3) the tar
trate baking powders. In the past quite a controversy existed between 
the makers of alum baking powders and the makers of the tartrate
containing product, and involved possible harm from extended use of 
aluminum containing products, and also from residual (bitter) flavors 
from them. The sale of baking powders containing aluminum salts is 
forbidden in European countries, but no such prohibition exists in the 
United States. 

Cream of tarter, the several calcium phosphate salts, together with 
sodium acid pyrophosphate, and the sodium aluminum salts are used 
in baking powder to liberate CO 2 from the other active ingredient, 
sodium bicarbonate. Sodium bicarbonate is especially desirable for use 
because it is low in cost, is highly pure in the commercial form, does 
not contribute an undesirable taste to the finished products, is easily 
handled, and is nontoxic. According to the definition of baking powder 
by the Federal Government, it is a "leavening agent produced by the 
mixing of an acid-reacting material and sodium bicarbonate with or 
without starch or flour, which yields not less than 12% of available 
CO 2,'' It is further stated that "the acid reacting materials in baking 
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powders are (1) tartaric acid or its acid salts, (2) acid salts of phosphoric 
acid, (3) compounds of aluminum, or (4) any combination in substantial 
proportions of these." While it is true that the stated requirement of 
12% available CO 2 could be met by using 23% of sodium bicarbonate in 
the formula, 26-30% is used to allow for loss of gas in storage. 

Ammonium carbonate and bicarbonate mentioned before liberate 
carbon dioxide, ammonia, and water when heated, and since they 
decompose completely into gaseous products, they leave no residue. 

NH 4 HC03-----,> CO 2 + NH3 + H 2 0 

Sodium bicarbonate is used in certain mixtures which contain ingre
dients able to react with this compound to liberate carbon dioxide. 

SUMMARY 

The leavening prodess for the making of bread has a long history. It 
was discovered by the ancient Egyptians. Both flour and the leavening 
process contribute the most important characteristics to the finished 
products. 

Bread flours are made from hard spring and winter wheats. Breads 
made from these flours have good volume, grain, and texture. Soft 
wheat flours are used for cake, cookies, and pastry products. Rye flour 
is used mostly for rye bread. Rye flour doughs are very weak, compared 
with those of wheat flour doughs. 

Wheat flour has the special property to form an elastic dough when 
mixed with the right amount of water. The proteins, carbohydrates, 
and fats present in the wheat contribute to the baking quality of the 
flour. The lipids present have been shown to be especially important in 
the quality of the finished bread. 

The bleaching of white flour is practiced in the United States to 
produce a whiter flour. However, this treatment of flour in many 
coun~ries is not considered desirable. This treatment bleaches the caro
tenoid pigments found in the grain. Questions have been raised con
cerning the advisability of the continued bleaching of flour. Benzoyl 
peroxide is widely used as a bleaching agent for flour. 

Dough improvers are chlorine dioxide and potassium bromate. The 
use of these compounds is regulated by the government. Chlorine gas 
acts as an improver as well as a bleach and is used for cake flour. 

Bread flavor seems to be developed by formulation, fermentation, 
and the baking itself. This flavor is quite complex and is made up of a 
number of different organic compounds which include several different 
types of compounds. Bread staling is accompanied by gradual loss of 
carbonyl compounds from the crust. 

The common leavening agents are yeast, baking powders, and air. 
Yeast brings about another application of the phenomenon of fer

mentation. In the raising of bread dough, however, the important 
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product is not the alcohol as in alcoholic fermentation, but the CO 2 , It 
is this gas that is effective in the raising of bread. The most favor
able temperature for fermentation with bakers' yeast is 29°-32°C. The 
activity of the yeast alters the physical properties of the dough, par
ticularly gluten elasticity. The separation of intact gas cells from dough 
as thin, transparent protein bubbles was noted. 

Baking powders are of several types and their action is the result of 
liberation of CO 2 from NaHC0 3 , which is one of the ingredients ofthese 
powders. The liberation of CO 2 produces the leavening action. 
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The cow is the most efficient producer of milk. Cow's milk is defined 
as "the lacteal secretion practically free from colostrum, obtained by 
the complete milking of one or more healthy cows, which contains not 
less than 814% of milk-sol ids-not-fat and not less than 314% of milk fat" 
(Federal Security Agency 1951). The average gross composition of 
cow's milk is recorded as follows (Watt and Merrill 1963): water, 87%; 
fat, 3.6%; lactose, 4.9%; proteins, 3.5%; and ash (minerals), 0.7%. 

MILK COMPOSITION 

The gross composition of milk does not accurately indicate the com
plete composition, but is intended for commercial evaluation. For such 
use, total fat and solids are the most important. 

Milk contains the following: 

1. Water 
2. Sugars 

Lactose (the main carbohydrate in milk) 
Glucose 
Galactose 

3. Proteins 
The proteins of milk were identified according to the classical 

nomenclature as casein, 80%; and lactalbumin and lactoglobulin, 
the serum proteins, comprising the other 20%. However, it is now 
known that these are mixtures of many proteins. Free amino 
acids, peptides, and other forms of nitrogen have been found in 
milk (Jennes et al. 1956). 

363 
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4. Lipids 
Fats 
Phospholipids 
Sterols 

5. Enzymes 
Aldolase 
Amylase 
Catalase 
Esterase 
Galactase 
Lipase 

6. Vitamins 

Lactoperoxidase 
Phosphatase 
Protease 
Ribonuclease 
Xanthine oxidase 

The Table 16.1 lists vitamins in fresh milk. 
7. Pigments 

Carotene 
Riboflavin 

8. Minerals 
Table 16.2 shows the often-repeated statement that milk is a 

good source of calcium. In addition, the phosphorus and potassium 
available in this food is shown. 

A number of trace elements (Table 16.3) measured in parts per 
million include aluminum, arsenic, barium, boron, bromine, 
chromium, cobalt, copper, iodine, iron, lead, lithium, manganese, 
molybdenum, rubidium, selenium, silicon, silver, strontium, tin, 

TABLE 16.1 Vitamins in Fresh Milk 

Vitamin Aa 
Carotenoids 
Vitamin Db 
Vitamin E 
Vitamin K 
Vitamin C 
Biotin 
Choline 
Folacin 
myo-Inositol (Total)c 
Niacin 
Pantothenic acid 
Riboflavin 
Thiamin 
Vitamin B6 
Vitamin B12 
p-Aminobenzoic acid 

mg/100 ml 

159 
0.030 
2.21 
0.100 
0.00467 
2.09 
0.003 

13.7 
0.0059 

11.0 
0.09 
0.34 
0.17 
0.04 
0.06 
0.00042 
0.01 

Range 

136-176 
0.025-0.060 

0-10.9 
0.02-0.18 

0.0-0.0160 
1.57-2.75 

0.0012-0.0060 
4.3-28.5 

0.0038-0.0090 
6.0-18.0 

0.03-0.20 
0.26-0.49 
0.08-0.26 
0.02-0.08 
0.02-0.08 

0.00024-0.00074 
0.004-0.015 

Source: Hartman and Dryden (1965). Reproduced with permission of American Dairy 
Science Assoc. 

a Expressed as IU/100 ml (0.048 mg/100 mI). 
b Expressed as IU /100 ml. 
C About three-quarters of it exists as free inositol. 
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TABLE 16.2. Average Values for Milk Salt Constituents 

Constituent 

Calcium 
Magnesium 
Phosphorus 
Sodium 
Potassium 
Chlorine 
Sulfur 
Citric acid 

Source: Webb et at. (1974). 

Content in 
Whole Milk 
(mg/100 mll 

123 
12 
95 
58 

141 
119 

30 
160 

Number of 
Samples 

824 
759 
829 
491 
472 

1579 
80 

307 

titanium, vanadium, and zinc. They are present usually in very 
small amounts. Cobalt is essential for vitamin B12 ; copper is es
sential for the formation of hemoglobin; manganese is an integral 
part of the liver enyzme arginase; molybdenum is a part of the 
enzyme xanthine oxidase; and zinc is a constituent of the enzyme 
carbonic anhydrase. Radionuclides are present in milk usually in 
extremely small traces. 

9. Miscellaneous 
Gases-C02 , N2 , and O2 

Miscellaneous flavor compounds are present according to the 
animal feeds used. 

Carbohydrates 

Whereas lactose is the major carbohydrate in milk, others are pres
ent; for example, free glucose and galactose are components of fresh 
cow's milk. The small amount of data available indicate the presence 
of about 7 mg glucose in 100 ml of milk (Anantakrishnan and Herring
ton 1948; Honer and Tuckey 1953) and about 2 mg galactose in the 
same volume of milk. Also present are phosphate ester of glucose, 
galactose, and lactose in addition to carbohydrate-protein combina
tions that can be hydrolyzed to one or more of the following: mannose, 
galactose, fucose, glucosamine, galactosamine, or neuraminic acid. Oli
gosaccharides have been found in milk, seven of which were investi
gated by Trucco et al. (1954), which on hydrolysis were found to be 
composed of two, three, or four of the following constituents: lactose, 
glucose, galactose, neuraminic acid, mannose, and acetylglucosamine. 

Lactose 

Lactose is a normal component of cow's milk to the extent of 
4.4-5.2%, an average of 4,8% of anhydrous lactose. Ordinarily, it 
amounts to 50-52% of the total solids of skimmed milk. It is found in 
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one of two crystalline forms, alpha hydrate and beta lactose, or as an 
amorphous mixture of a- and f3-lactose (lactose glass). 

Lactose is a disaccharide and it yields D-glucose and D-galactose on 
hydrolysis. It is designated also as 4-0-f3-D-galactopyranosyl-D-gluco
pyranose, and it is found in both the alpha and beta forms (Fig. 16.1). 
Lactose is able to reduce Fehling's solution. 

a-Lactose hydrate crystals are found in a number of different shapes 
depending on the conditions under which crystallization takes place. 
The form of the crystal of f3-anhydride when crystallized from water is 
an uneven-sided diamond, but curved, needle-like prisms when crystal
lized from alcohol. 

The alpha hydrate (anhydrous weight basis) has an optical rotation 
in water of[a] fio = 89.4° and a melting point of201.6°C. When the beta 
form is crystallized from aqueous solutions above 93.5° C the crystals 
formed are anhydrous, have a specific rotation of[ago = 35.0°, and a 
melting point of 252.2°C. 

TABLE 16.3. Trace Elements in Cow's Milk (p.g/liter) 

Aluminum 
Arsenic 
Barium 
Boron 
Bromine 

Element 

Bromine (coastal area) 
Cadmium 
Chromium 
Cobalt 
Copper 
Fluorine 
Iodine 
Iron 
Lead 
Lithium 
Manganese 
Molybdenum 
Nickel 
Rubidium 
Selenium (non-seleniferous area) 
Selenium (seleniferous area) 
Silicon 
Silver 
Strontium 
Tin 
Titanium 
Vanadium 
Zinc 

Source: Webb et al. (1974). 

Cow Receiving 
Normal Ration 

460 
50 

Qualitative 
270 
600 

2800 
26 
15 

0.6 
130 
150 
43 

450 
40 

Qualitative 
22 
73 
27 

2000 
40 

Up to 1270 
1430 

47 
171 

Qualitative 
Qualitative 

0.092 
3900 

Cow Receiving 
Supplement of 

Element in Ration 

810 
450 

660 
Increases 

No Increase 

2.4 
No Increase 
Increases 
Up to 2700 
No Increase 
Increases 

64 
371 

No Increase 
Increases 
Increases 

No Increase 

5100 
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FIG. 16.1. Structural formulas of a-Iactose. Conventional num
bering of carbons indicated by circled numerals. 
From Webb et al. (1974). 
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When either form is dissolved in water there is a gradual shift from 
one form to the other until equilibrium is established. During this 
process, mutarotation takes place with the result that the final rotation 
is [ago = 55.3° at equilibrium. This is a mixture of 37.3% of the alpha 
form and 62.7% of the beta form. 

,8-Lactose has been found to be sweeter than a-lactose. Little advan
tage is obtained, however, by using ,8-lactose for sweetness because the 
small difference is quickly eliminated by mutarotation. 

Lactose is manufactured at present largely from cheese whey. In the 
basic process for the preparation of lactose, whey is treated with lime, 
and then heated and filtered to remove the proteins and calcium phos
phate. The clear solution is concentrated to about 30% solids and re
filtered, to remove any proteins and salts which have further sepa-
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rated. After further concentration, crystallization proceeds and the 
resulting slurry of crystals and syrup is run into perforated basket 
centrifuges that revolve at a speed high enough to separate the crystals 
from the mother liquor. While the centrifugation is in progress, the 
crystals are washed by spraying with water to remove the adhering 
liquor. The resulting crystals can be dried to yield crude lactose, or can 
be purified by dissolving in water, adding activated carbon to decolorize 
the soiution, followed by filtration and concentration, and then re
crystallizing or spray drying to yield the final product. This procedure 
is, of course, subjected to some modifications in commercial practice. 

Milk Proteins 

Milk proteins were formerly thought to be made up of casein and 
whey proteins, lactalbumin and lactoglobulin; it is now known that 
these three fractions are each made up of many individual proteins. 
When using the Kjeldahl procedure for the determination of nitrogen 
in milk proteins, the factor 6.38 is employed to convert the nitrogen 
found to protein because this factor more accurately reflects the nitro
gen content of these milk compounds. Table 16.4 gives the amino acid 
composition of the several fractions of protein of cow's milk. 

Casein. Casein, the largest group of proteins in milk, has been 
shown to contain sulfur (0.78%) and two sulfur-containing amino 
acids-cystine (0.09%) and methionine (0.69%). Cysteine, which also 
contains sulfur, is not present'in casein. 

Phosphorus in casein is considered to be bound in ester linkages with 
the hydroxyl groups of threonine and serine. Work on the ester link
ages indicates that the probable bond is the O-monophosphate ester 
linkage and that phosphorus is bonded the same way in whole casein, 
a-casein, and ,8-casein. 

Much work has been done on the structure of casein; the isolation of 
phosphopeptides and phosphopeptones provides valuable information 
in this regard. Following the partial hydrolysis of a-casein, Hipp et al. 
(1957) separated phosphoserine, phosphoserylglutamic acid, phospho
serylalanine, and phosphoserylphosphoserine by means of ion ex
change chromatography. Relatively large electrophoretically homoge
neous phosphopeptone was isolated from tryptic digests of ,8-casein by 
Peterson et al. (1958). The phosphopeptone had a molecular weight of 
approximately 3000 and comprised 24 amino acid residues of 10 dif
ferent amino acids and five phosphoric acid groups most likely attached 
to the four serine and one threonine residues in the molecule. This 
phosphopeptone seems to account for almost all of the phosphorus of 
,8-casein. Schormiiller et al. (1961) compiled the results of other investi
gations of phosphopeptones prepared from a- and ,8-caseins. 
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Casein Fractions. In processing involving the use of skimmilk, it is 
highly important that the unique properties of the casein-protein com
plex be retained. From the chemical point of view, skimmilk is in the 
class of lyophilic colloids. The reason is that the protein complexes, 
which make up the dispersed phase, do not spontaneously coagulate, 
are in the right size range, and interact with and are stabilized by the 
solvent. Although the protein complex in milk can be separated from 
the liquid phase by centrifugation, it is unaffected by the gravity of the 
earth. 

Casein is not a single protein. The results of research have indicated 
that it is made up of a number of different proteins that can be sepa
rated and have different properties. Casein has been separated into 
three main components, namely asrcasein, f3-casein, and K-casein. Of 
these aSl-casein occurs in the largest amount, about 50%, is the best 
characterized protein present in the casein system, and has a molecular 
weight of 23,600. The molecule is a single-chain polypeptide with 199 
amino acid residues together with 8 phosphate residues present as the 
phosphomonoesters of serine. It has been found that asrcasein is insol
uble under normal conditions of temperature, pH, and ionic strength. 

The protein occurring in the next largest amount is f3-casein, about 
33%. It is a molecule made up of a single chain, has a molecular weight 
of 24,500, and has five phosphoserine residues. The f3-casein molecule 
lacks a secondary structure, which can be explained partially by the 
even distribution of proline. As in the case of asrcasein, f3-casein is 
insoluble at room temperature. Ca2+ occurs at concentrations below 
those found in milk. 

K-Casein is present to the extent of about 15% and differs from the 
other two in that it is soluble over a very broad range of calcium-ion 
concentrations. Because of this calcium solubility, Waugh and von 
Hippel (1956) gave it the role of casein micelle stabilization. In addi
tion, it is the protein ofthe casein group that can most easily be cleaved 
by rennin. It seems that K-casein is important to the micelle structure 
since it stabilizes the calcium-insoluble aSl- and f3-caseins and is the 
principal site for action by rennin. The products formed are called 
para-kappa and macropeptide. K-Casein is the only major component of 
the casein complex that contains cystine. The primary structure of 
K-casein is not well characterized at present. It is, also, the only major 
component of the casein complex that contains carbohydrate. It is, 
therefore, a glycoprotein. All the carbohydrate connected with K-casein 
is bound to the macropeptide. This is the very soluble part when rennin 
hydrolyzes the molecule. 

Casein Micelles. According to Davies and White (1960), the total 
calcium content of skimmilk amounts to 30 mmoleslliter. On the other 
hand, these authors found only ~2.9 mmoles in the serum, prepared 
either by ultrafiltration or by centrifugation of skimmilk. It seems, 
therefore, that 90% or more of the calcium of skimmilk is connected in 
some way with the casein micelles. 
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TABLE 16.5. Average Composition of Warm Skimmilk Protein 

Colloidal casein 
Serum casein 
f3-Lactoglobulin 
a-Lactalbumin 
Bovine serum albumin 
Total immunoglobulins 
Other proteins 

gflOO g Milka 

2.36 
0.26 
0.29 
0.13 
0.03 
0.06 
0.06 

a All values normalized to 3.2 g total protein I 100 g milk. 

% Total Proteina 

74 
8 
9 
4 
1 
2 
2 

Two distinct forms of ions are associated with the casein micelle. One 
of these is an outer system which, according to Boulet et ai. (1970), is 
likely in the form of a charged double layer and also an inner system 
not washed away easily. While it is true that the casein micelle is an 
extremely porous and well-solvated system, and it is not unexpected 
that there would be occlusion of ions within this network, some actual 
complex formation might take place between the colloidal calcium 
phosphate and the casein. While it is not established at the present 
time, it seems that conditions in milk would permit the formation of an 
amorphous-calcium phosphate-caseinate complex. Indications are that 
such a complex is connected with maintaining the structural security 
of the casein micelle. The knowledge of the structure of the casein 
micelle is not complete, and many possible models have been sug
gested. 

The casein micelles, the proteins in the dispersed phase of milk, 
account for 74% of the total protein in the skimmilk. 

Casein micelles can be considered as swollen, microscopic polyelec
trolyte gels containing more than 66% water, of which about one
quarter is bound chemically. Electron microscopy has shown that most 
of the micelle particles are about 1300 A in size. The colloidal disper
sion in milk is very stable at extremes of temperature and concentra
tion. It substantially recovers its normal dispersion after freezing, 
desiccation, or concentration. This is important in processing from the 
point of view of the food technologist. 

Whey Proteins. The bulk of the proteins in whey are in the groups 
known collectively as lactalbumin and lactoglobulin. A water-insoluble 
crystalline protein in salt-free water was prepared from the classical 
lactalbumin fraction (Palmer 1934). Named ~-lactoglobulin, it is the 
most abundant of the whey proteins and is a simple protein made up of 
only amino acids. Unlike casein, ~-lactoglobulin contains free sulfhy
dryl groups in the form of cysteine residues that seem to have a part in 
the formation of "cooked" flavor when milk is heated (Hutton and 
Patton 1952). 
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Present in amounts up to 50% ofthe non-casein protein of skimmilk, 
,B-Iactoglobulin has a monomer molecular weight of 18,000, but in this 
form it is found only below pH 3.5 and above pH 7.5. Between pH 3.5 
and pH 7.5 it exists as a dimer and has a molecular weight of 36,000. 
A rather complete amino acid sequence for this molecule is known 
(Frank and Braunitzer 1967). The denaturation of ,B-Iactoglobulin is 
influenced by the following factors: heat, increased calcium ion concen
tration, and pH above 8.6. 

The other important protein in whey proteins is a-lactalbumin. 
Second in concentration to ,B-Iactoglobulin, it contains no sulfhydryl 
groups, but has a high content of cystine. 

a-Lactalbumin is the best-characterized protein of milk. It comprises 
up to 25% of the whey proteins, and -4% of the total proteins of milk. 
a-Lactalbumin is a rather stable compound, has four disulfide cross
links, and a monomer molecular weight of 14,000. The complete amino 
acid sequence of this compound is known. 

Of the other proteins present in the serum, serum albumin and im
munoglobulin together with enzymes are found in skim milk to the 
extent of about 4% of total milk proteins. 

Solubility. Since solubility of casein refers to the solubility of 
chemically unaltered hydrogen caseinate, this solubility occurs in solu
tions having the same isoelectric point as casein; considered usually pH 
4.6, but possibly altered by neutral salts in solution. Casein solubility 
lh water was found to 0.05 gil at 5°C and 0.11 gil at 25°C (Gordon and 
Whittier 1965). 

Casein solutions rotate the plane of polarized light to the left. A 
solution of casein in an 8.3% solution of orthophosphoric acid showed a 
rotation of -86.6°. 

Milk Lipids 

Milk fat is composed mainly oftriglycerides offatty acids. Table 16.6 
shows the composition of cow's milk lipids. The combined fatty acids in 
milk fat is made up of at least 60 of these acids. Most of them are 
present in rather small amounts. However, a few are present in signifi
cant quantities as shown in Table 16.7. It should be noted that in 
sheep's and goat's milk the capric and caprylic acids are higher. These 
acids have an important role in the flavor of cheese made from the milk 
of these two animals. In goat's milk the amount of capric acid is about 
7.9% versus 3.04% for cow's milk and about 2.7% caprilic acid versus 
1.06% for cow's. The manner in which the fatty acids of milk fat are 
associated in the triglycerides has not been entirely worked out. 

Phospholipids of Milk. Tables 16.8 and 16.9 show the lipid content 
of milk and some milk products, and the classes of phospholipids 
present. 
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TABLE 16.6. Composition of Bovine Milk Lipids 

Class of Lipid 

Triglycerides of fatty acids 
Diglycerides 
Monoglycerides 
Keto acid glycerides (total) 
Ketonogenic glycerides 
Hydroxy acid glycerides (total) 
Lactonogenic glycerides 
Neutral glyceryl ethers 
Neutral plasmalogens 
Free fatty acids 
Phospholipids (total) 
Sphingolipids (less sphingomyelin) 
Sterols 
Squalene 
Carotenoids 
Vitamin Aa 
Vitamin D 
Vitamin E 
Vitamin K 

Source: Webb et al. (1974). 
a Based on the free alcohol. 

RANCIDITY AND OFF-FLAVOR IN MILK 

% Total Milk Lipids 

95-96 
1.26-1.59 

0.016-0.038 
0.85-1.28 
0.03--0.13 
0.60--0.78 
0.06 

0.016-0.020 
0.04 
0.10--0.44 
0.80--1.00 
0.06 
0.22-0.41 

0.007 
0.0007-0.0009 
0.0006-0.0009 

0.00000085-0.0000021 
0.0024 
0.0001 

In the dairy industry rancidity in milk is considered to be the result 
of the presence of free fatty acids, specifically the lower volatile acids, 
that have been hydrolytic ally separated from milk fat by the lipases 
normally present in milk. This causes a flavor change, which is unde
sirable because it affects the salability of milk. 

Another form of deterioration in milk and milk products results from 
autoxidation. The use of inert gas or vacuum packing of dry milks 
and refrigeration for butter is necessary to retard or prevent lipid 
deterioration. Some of the reactions taking place have been discussed 
in Chapter 5. 

The following factors contribute to the development of off-flavor in 
dairy products-oxygen, light, and metals. Of the metals, cupric and 
ferrous ions are particularly active (the cupric ion is the stronger of the 
two), and nickel is somewhat less active. 

Ascorbic acid (vitamin C) also has an effect in the development of 
off-flavors. The oxidation of ascorbic acid in fluid milk has been found 
to be an essential link in the chain of reactions that result in an 
oxidized flavor. This is perhaps caused by the H20 2 released under 
certain conditions during the oxidation of ascorbic acid (Chapon and 
Urion 1960). 
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TABLE 16.7. Acids Found in Large Quantities in Milk 

Fatty Acid 

Saturated 
Butyric acid (tetramoic) 
Caproic acid (hexanoic) 
Caprylic acid (octanoic) 
Capric acid (decanoic) 
Lauric acid (dodecanoic) 
Myristic acid (tetradecanoic) 
Palmitic acid (hexadecanoic) 
Stearic acid (octadecanoic) 

Unsaturated: 
Oleic acid (9:10 octadecanoic) 
Linoleic acid (octadecadienoic) 

Source: Kurtz (1965). 
a Includes cis and trans isomers. 

Amount 

2.79% 
2.34 
1.06 
3.04 
2.87 
8.94 

23.8 
13.2 

29.6a 

2.11 

Saturated and unsaturated aldehydes in extremely small concentra
tions, can cause off-flavors described as follows: cardboard, fishy, oily, 
cucumber, tallowy, shrimp-like, green leaves, nutty, orange oil, and 
paint-like. Patton et al. (1959) found that 2,4-decadienal gives a deep 
fat or oil fried flavor at levels of 0.5 parts per billion. Carbonyls in 
autoxidized dairy products are shown in Table 16.10. 

The development of some off-flavors and browning in dairy products 
is a result of protein-carbohydrate changes. The two main reactants 
involved in the browning of dairy products are lactose and casein, 
although under some conditions the whey proteins are involved. The 
Maillard reaction is the most important. A little browning, however, is 
also accomplished by the caramelization of lactose. The protein-carbo
hydrate changes are responsible for the formation of substances with 
undesirable flavors. This problem develops particularly in concen
trated and dry forms of milk when held for rather long periods in 
storage. 

TABLE 16.8. Phospholipid Content (Percentage) of Milk and Milk Products 

Phospholipids Fat in Phospholipids 
Product in Product Product in Fat 

Whole milk 0.0337 3.88 0.87a 

Skimmilk 0.0169 0.090 17.29 
Cream 0.1816 41.13 0.442 
Buttermilk 0.1819 1.94 9.378 
Butter 0.1872 84.8 0.2207 

Source: Webb et al. (1974). 
a The reported value of 0.0869 appears to be a misprint. 
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TABLE 16.9. Classes of Phospholipids in Milk Fat 

Proportion of Total Phospholipids 

Deutsch Rhodes Smith 
et al. and Lea Koops and Freeman 
(1952) (1958) (1958) (1959) 

Phospholipid Class (mole %) (mole %) (mole %) (wt. %) 

Phosphatidyl choline 33 33 30 32 
Phosphatidyl ethanolamine t38 

29 30 t35 Phosphatidyl serine 10 10 
Phosphoinositides 5 6 Present 
Plasmologens 3.3 3 
Sphingomylein 23 19 25 24 
Cerebrosides 6 
Lysolecithin Present 
Unidentified 3-4 Present 

Source: Kurtz (1965). 

CHEESE AND CHEESE CHEMISTRY 

Milk-Clotting Enzymes 

Until recently, the enzyme used for the commercial manufacture of 
cheese was rennin, the gastric enzyme of the calf in the form of a crude 
extract, powder or paste. There is no longer enough of this enzyme 
available to satisfy the needs of the cheese industry and this has neces
sitated the use of other enzymes to take care of these needs. Rennin is 
still a very desirable enzyme for this purpose, and it is used as the 
standard of evaluation for other milk-clotting enzymes. 

Proteolytic Enzymes. Most of the proteolytic enzymes will clot milk 
if the conditions are right. These enzymes can be obtained from plant 
sources, bacteria, fungi, and animal organs. The plant proteases have 
been rather unsatisfactory because most of them have very strong 
proteolytic properties, with the following undesirable results: reduced 
yields of cheese, pasty-bodies cheese, and bitter flavors. Extracts from 
the flower petals ofCunara cardunculus (cardoon) are used in Portugal 
for the preparation of Serra cheese, which is made from sheep's milk. 
However, when these extracts were used for other kinds of cheese, the 
results were not satisfactory. 

Fungi. Milk-clotting enzymes are produced from Endothia paras i
tica (EP Protease). These enzymes are used in the manufacture of 
Emmentaler (Swiss) cheese. In this process, high cooking temperature 
(51.7°-54.4° C) is used and results in a cheese of high quality. It is likely 
that the enzyme is destroyed during the cooking process, and therefore, 
cannot affect the cheese during storage. 
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TABLE 16.10. Carbonyls Identified in Autoxidized Dairy Products 

Alk-2,4-
Product Methyl Ketone Alkanal Alk-2-enal dienal 

Phospholipids 
of butter C2 to CISa C5 to CI5 Cs, C. 

Butteroil Ca, C5, C7 , C., 
CI1 , Cia, CI5 CI to ClO C. to CI1 C7 

Butteroil C5, C, C2 to C. C5 ttl ClO C7 , ClO 

Fishy, butteroil Ca, C5, C7, C., Ca Ca, C5 C7 

CI1 C5 to ClO C6 , Cg, C. 
Tallow, painty 

butteroil C7 C5 to CIO C5 to ClO C7 

Butteroil Ca, C5, C7, C., CI to Ca C. to CI1 C7 , C. 
CI1 , Cia, CI5 C5 to ClO ClO , CI1 

Skimmilk C2 , C6 C4 to CI1 C6 to Cu 
Nonfat dry-milk Ca, C4 CI, C2 

C6 to CIO 

C12, CI4 
Methylpropanal 

3-methylbutanal 
Dry whole milk Ca, C4 , C5, C6, CI to Ca C5 to Cu 

C7, C., Cu C5 to CIO 

Cia, CI5 CI2 
Washed Cream C7 C5 to C. C5 to C. C7 

Source: Parks (1965). 
a Includes aldehydes released from plasmalogens. 

Mucor pusillus var. Lindt produces a milk-clotting enzyme known as 
MP protease. This enzyme has been used as a rennin substitute in a 
number of cheeses and has given satisfactory results. Some workers 
found bitterness in cheese made with several microbial proteases in
cluding MP protease, but not in all cases. However, other workers 
prepared normal cheese including brick, Cheddar, mozzarella, and Par
mesan with MP protease, and found bitterness in Cheddar only after 14 
mOllths of storage. 

A protease obtained from Mucor miehei and known as MM protease, 
was tested in Europe and has been approved for use in the United 
States. MM protease was found to be completely satisfactory for Em
mentaler. In tests made with Edam, Tilsit, and butter cheeses the 
results showed that the yields and qualities of the experimental and 
control cheeses made with rennet were similar. Sternberg (1971) was 
able to prepare MM protease in crystalline form, indicating that the 
enzyme is not metal-dependent and also that SH groups or serine were 
not associated with the active site. He found the enzyme to have a broad 
stability maximum between pH 4.0 and 6.0. Ottesen and Rickert (1970) 
showed the great stability of MM protease. Over 90% of the activity 
was retained after 8 days of incubation at 38° C and between pH 3.0 and 
6.0. When incubated at pH 6 for 11 hr in 8 M urea, the enzyme lost no 
activity. 



16 MILK AND MILK PRODUCTS 377 

Animal Sources. Porcine Pepsin. This enzyme has been recom
mended as a satisfactory substitute for part of the rennet in making a 
number of varieties of cheese. Earlier it was reported that Cheddar 
cheese made with pepsin developed bitterness, but this has not been 
substantiated. 

The hog stomach mucosa secretes pepsin as a catalytically inactive 
pepsinogen that has a molecular weight of 40,400. Pepsinogen was 
found to be stable in slightly alkaline or neutral solutions. Below pH 
5.0 pepsin catalyzes the conversion of pepsinogen to pepsin. Pepsin is 
a single chain protein (van Vunakis and Herriott 1957), and optical 
rotary dispersion indicates very little helical coiling even though a 
globular particle is produced by folding. It is unlikely that hydrogen 
bonds play an important role in stabilizing the molecule. Three disul
fide bonds are present in pepsin, and at least one of these is not vital 
to enzymatic activity. It is known also that a high number of ionizable 
groups are present in pepsin which contribute electrostatic charges. 

In the cheese-making process, pepsin activity is reduced or elim
inated subsequent to or during the coagulation of the milk. Experi
ments have determined that the bulk or maybe all of the porcine pepsin 
used as a coagulant is inactivated during the manufacture of Cheddar 
cheese. Mikelsen and Ernstrom (1972) found the mixtures of porcine 
pepsin and rennet between pH 5.0 and 6.0 were stable, but above that 
pH pepsin activity was lost. This loss was found to be caused entirely 
by pepsin instability. Below pH 5.0 pepsin destroyed rennin activity. 

Bovine Pepsin. According to Kassel and Meitner (1970), all the 
bovine pepsins are about one-third as active as porcine pepsins on the 
synthetic substrate acetylphenylalanyl diiodotyrosine and about two
thirds as active on hemoglobin substrate. They have milk-clotting ac
tion at pH 5.3. 

According to Green (1972) Cheddar cheese made from bovine and 
swine pepsins were only slightly inferior in quality and intensity of 
Cheddar cheese flavor to the rennet cheeses. The ratios of milk-clotting 
activity to general proteolytic activity were high for rennet and bovine 
pepsin and low for swine pepsins. Bovine mucosa gave low milk
clotting activities compared with calf stomach. 

According to Fox and Walley (1971) the analysis of Cheddar cheese 
produced using equivalent amounts of commercial Hansen's rennet, 
commercial Hansen's half and half (rennet/pig pepsin), and bovine 
pepsin showed no important differences in losses of fat and protein in 
whey, rate and extent of soluble protein formation, or electrophoretic 
patterns of ripened cheese. Development of pH 4.6 soluble nitrogen was 
slower in cheese made from bovine pepsin. Electrolysis of proteolysis 
products showed that bovine pepsin produced a well-resolved peptide 
not produced by either of the other two coagulants. No modification of 
the manufacturing process is necessary. No signs of bitterness were 
detected in the cheeses. 
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As a result of the practice of extracting the stomachs from older 
calves and adult cattle, the use of bovine pepsin as a coagulant has 
increased. 

Rennet and Rennin. As was mentioned earlier, calves' stomachs 
(veIls) are the source of rennin. Crude rennet extract contains active 
rennin together with an inactive precursor known as prorennin. When 
acid is added to the extract, the conversion of prorennin to rennin is 
facilitated, which in turn, produces an extract of maximum activity. 
The pH recommended for this purpose is 5.0. Below this value the 
stability of rennin is poor in the presence of sodium chloride, and yields 
are, therefore, lower. 

Rennin has been prepared in crystalline form, as block-shaped 
crystals or needles. It has been observed that needle-shaped crystals 
change into rectangular plates during storage at -150 C (Foltmann 
1959). Ernstrom (1958) worked out a good method for the preparation 
of these crystals. Crystalline rennin has been shown to be heteroge
neous by a number of methods which included polyacrylamide gel elec
trophoresis (Asato and Rand, 1971). Prorennin is heterogeneous also. 
Two minor and two major rennins and one minor and two major proren
nins are also present. Commercial rennet extracts contain substantial 
amounts of sodium chloride. It is necessary to activate them slowly at 
pH 5.0 to obtain maximum yields (Rand and Ernstrom 1964). These 
workers noted that at pH 5.0 the activation of prorennin was pre
dominantly autocatalytic, especially in the presence of 1. 7 M sodium 
chloride. However, Foltmann (1966) showed that the course of the 
activation at pH 4.7 was not purely autocatalytic. 

During the activation of prorennin, the peptides are split from the 
N-terminal end of prorennin and at the same time the molecular 
weight is reduced from about 36,000 to 31,000. From the structural 
data obtained prorennin must be a single-chain protein which contains 
three disulfide bridges that remain in the rennin pa,lt of the molecule 
after activation. The amino acid sequence in the core of the rennin 
molecule is not known, but that of the N-terminal end is known, as are 
those of the region of each sulfide bridge. Prorennin has been found to 
be stable at room temperature from pH 5.3 to 9.0. The optimum stabil
ity for rennin is between pH 5.3 and pH 6.3 (Foltmann 1959). 

The fact that rennin can be digested by other prot~olytic enzymes is 
very important because of the commercial availability of blends of 
rennin with other milk-clotting enzymes such as porcine pepsin, which 
was found to be most stable at pH 5.5 (Mickelson and Ernstrom 1972). 

An investigation of the rennin clotting of milk under the electron 
microscope was carried out by Hostettler and Imhoff(1951, 1955). They 
noticed that clotting started clumping ofthe nearly spherical caseinate 
particles to form agglomerates, which changed by continued cross
linking into a network of fibrous structures. At the end of the final 
coagulum was an irregular structure of paracaseinate particles in a 
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three-dimensional threadlike network. The milk fat globules and whey 
were within the paracasein structure. 

Coagulation 

Cheese is composed of the casein and usually almost all of the fat, 
insoluble salts, and colloidal materials, along with part of the serum of 
the milk used. This serum contains lactose, whey proteins, soluble 
salts, vitamins, and other milk components. The preparation of cheese 
does not eliminate any of the principal milk solids; they are made 
available in a concentrated form less subject to spoilage. However, the 
proportional interrelationships of all the basic compol'l;ents of milk are 
changed. The coagulation of the milk is affected by the addition of 
rennet, or by the acid formed by bacteria, or by both. A starter, in the 
form of a bacterial culture is usually added. The coagulate of the casein 
brings about curdling, entraping as much as 90% of the fat. The curd 
is then cut into cubes and the excess moisture is expelled by the devel
opment of acid, by the continued action of rennet, by a moderate or high 
degree of heating, by stirring, or, with harder varieties, by pressing the 
curd. The curd is then shaped into forms, the surface is salted if salt has 
not already been added to the curd in the vat, and the cheese is stored 
in curing rooms at controlled temperature and humidity. More than 
400 varieties of cheeses are known, but there are actually only about 
14 distinct types of cheese in existence. The variations in cheese are the 
result of the type and composition of milk used, substances added, and 
the process of manufacturing and curing. 

In cheese making, the coagulum formed by rennet has elasticity, and 
shrinkage takes place with the separation of whey. This shrinking 
proceeds with the development of acidity. When coagulation is pro
duced by the addition of acid alone, the curd is not elastic. It is, how
ever, gelatinous and fragile and tends to shatter more and contract less 
than when formed by rennet. The coagulum from rennet envelops with 
it most of the fat and the insoluble salts ofthe milk; however, when the 
curd is formed by means of acid instead of rennet, the insoluble salts 
become soluble by action of the acid and stay mostly in the whey. About 
one-quarter of the phosphorus is in organic combinations and because 
calcium becomes soluble more quickly than the phosphorus and other 
components ofthe ash, the Ca/P ratio and the percentage of calcium are 
rather low in cheese made under conditions of high acidity during 
drainage, especially if the acid curd is washed. 

Cheddar cheese ordinarily retains about 60-65% of the calcium and 
about 50-60% of the phosphorus from the milk (Irvine et al. 1945A; 
Mattick 1938; McDowall and Dolby 1935). However, higher values for 
calcium and lower for phosphorus have been found. Retention of these 
elements in soft cheeses, cottage, Neufchatel, and cream cheese, is 
considerably smaller, ordinarily 20% for calcium and 37% for phos
phorus (McCammon et al. 1933). Cottage cheese was shown to contain 
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an average of about 0.91% of calcium and 0.18% of phosphorus, but 
variation was noted. Stilton cheese showed 0.20-0.258% of calcium and 
0.247-0.34% of phosphorus (Mattick 1938). 

Hard cheeses contain about 30-40% moisture, while semisoft cheeses 
contain about 39-50% moisture, and soft cheeses from 50-75% mois
ture, although some varieties may be as high as 80%. 

The temperature of cogulation is important and, although tempera
ture may vary for different kinds of cheese, for most optimum tem
perature is between 22° and 35° C. The temperature of coagulation for 
soft cheese is ordinarily lower than that for hard cheese. The milk used 
for Cheddar cheese is treated with rennet, or "set," at 30° or 31°C. The 
amount of rennet added and the temperature used control the forma
tion of acid to yield the necessary type of curd. 

It has been suggested that the control of the development of acidity 
has more influence on the quality of the cheese than any other factor. 
It has been found that acidity can be controlled by using pasteurized 
milk, by varying the proportion of the starter in accordance with the 
characteristics of the milk, and by allowing the milk to ripen for 1 hr 
after the addition of the starter. Wilson et al. (1945) found that a pH 
value between 5.40 and 5.50 at the time of milling the curd is desirable 
for making the best cheese. According to these authors, Cheddar cheese 
of inferior quality is obtained when the hydrogen-ion concentration or 
the titratable acidity is excessive at any given stage during manufac
turing from raw or pasteurized milk. According to Hood and Gibson 
(1948), acid and bitter flavors found frequently in raw milk cheese are 
usually a result of overdevelopment of acidity during the manufactur
ing process. 

Heating or Cooking 

In the manufacture of Swiss cheese, less time is consumed and higher 
heating is used than for Cheddar (between 51° and 54°C for Swiss and 
about 38° C for Cheddar). The heating step accomplishes several 
things: it speeds the expulsion of whey from the curd, alters the texture 
to increase compactness, and reduces the number of openings, in
creases the elasticity, and modifies the bacterial flora. The acidity 
increases only slightly, from pH 6.57 (average) to 6.48 (average), with 
at least part ofthe lowering of the pH caused by physicochemical rather 
than bacterial factors (Frazier et al. 1934). Acidity develops rapidly 
while the cheese cools and drains on the press, primarily from the 
activity of Streptococcus thermophil us (Frazier et al. 1935A.). After a 
few hours, acidity increases from the activity of Lactobacillus bulga
ric us or L. lactis, closely related types (Tittsler et al. 1954). Cheese of 
good quality reaches a range of acidity between pH 5.0 and 5.3, or 
better between pH 5.10 and 5.15, in 1 day (Burkey et al. 1935; Frazier 
et al. 1935B). Since the formation of propionic acid is the primary cause 
of production of the eyes in Swiss cheese, it is necessary that this step 



16 MILK AND MILK PRODUCTS 383 

proceed normally. When the pH is higher than 5.3 at 21 hr, the cheese 
ordinarily develops too many eyes. 

Curing of Cheese 

Curing is the methods of handling-care and treatment from manu
facturing to marketing-including control of temperature, humidity, 
and sanitation. 

Wilson et al. (1941) reported that cheese curd stored from 3 to 4 
months at 10° C prior to low-temperature storage had better quality 
than cheese stored continuously for 6 months at 1°C. They found also, 
that cheese made properly from good quality milk could be cured at 
temperatures up to 10°C with likely development of good flavor, but 
cheese made from milk of poor quality needed a lower curing tempera
ture. Wilson et al. (1945) found that for Cheddar cheese made from 
pasteurized milk, a curing temperature up to 10° C and perhaps some
what higher insured suitable ripening, but a temperature as low as 1°C 
is too low for ripening but suitable for storing ripened cheese and 
retarding the formation of undesirable flavors. 

Cheese Ripening. Ripening of cheese consists of chemical and phys
ical changes which take place in cheese while curing. Proteins, fat, and 
lactose are the important components of milk that show physical and 
chemical changes during the ripening process. Rapid ripening is pro
moted by high moisture content, the flavor is improved by added salt, 
and at the same time biological activity is retarded. The formation of 
biacetyl is assisted by the presence of citric acid. The important chem
ical changes taking place according to Davis (1941) include (1) fermen
tation of lactose to lactic acid, some small amounts of acetic and propi
onic acids, and carbon dioxide, (2) breakdown of proteins, and (3) some 
breakdown of fat with liberation of fatty acids. These changes are 
largely enzymatic. 

The chemical and physical changes taking place in Cheddar cheese 
during ripening cause the cheese to change from a tough and curdy 
state to one soft and mellow. During this process, the insoluble nitroge
nous components undergo change to soluble forms. In the course of this 
progressive proteolysis, the paracasein and the lesser proteins are 
slowly converted to simpler nitrogenous compounds, including prote
oses, peptones, amino acids, and ammonia. 

A considerable amount of work has been done on the flavor of Ched
dar and other cheeses. A number of keto acids and also neutral carbonyl 
compounds were found in Cheddar and other cheeses. It should be noted 
that for each neutral carbonyl, a corresponding intermediate precursor 
in the group of acidic carbonyls is possible. Pyruvic and a-ketoglutaric 
acids were found to be important components of all varieties. 
a-Acetolactic acid, which is the immediate precursor of acetylmethyl
carbinol, was found in all cheeses with the exception of Camembert 
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cheese. Day et al. (1960) identified 10 volatile carbonyls positively, and 
four tentatively, in Cheddar cheese. This completely reproduced mix
ture gave a noticeable but not typical, cheese-like odor. A synthetic 
mixture of carbonyls with acetic, butyric, caproic, capric, and 
3-mercaptopropionic acids yielded a more cheese-like odor. However, 
this aroma was still not complete. Patton et al. (1958) found that of the 
compounds identified in Cheddar cheese aroma, dimethyl sulfide was 
the only one considered to be obviously and directly important to cheese 
aroma, with the possible exception of diacetyl and 3-hydroxybutanone. 
Other workers (Kristoffersen and Gould 1960) found that the concen
trations of ammonia, free amino acids, and free fatty acids in Cheddar 
cheese increased continuously during the ripening process, but the 
concentration of hydrogen sulfide fluctuated. Definite differences have 
been found in the amounts of hydrogen sulfide and free fatty acids in 
commercial Cheddar cheese made from raw milk and Cheddar cheese 
made from pasteurized milk. 

Salt is added to cheese for two main purposes: to control ripening and 
to improve flavor. Experiments have shown that salt has a desiccating 
effect also, increasing firmness especially in rind formation, which in 
turn makes the cheese more stable in handling. However, the amount 
of salt is important. Tustin (1946) found that too little salt in Cheddar 
cheese causes a weak and pasty body, abnormal ripening, and in
creased shrinkage in curing, while too much salt causes a dry, brittle 
body along with cracking of the rind. It has been found that oversalting 
of Swiss cheese causes slow and insufficient formation of the eyes. In 
addition, other defects including discoloration and mold damage are 
possible. The interested student should read the review of the litera
ture relating to the chemical and microbiological aspects of the ripen
ing of Cheddar cheese (Marth 1963). 

FERMENTATION IN MILK 

In the manufacture of cheeses, lactic acid bacteria are extensively 
used as starters to begin and control acid formation, and also to initiate 
the necessary lactic acid fermentation. These bacteria are also bene
ficial in the manufacture of butter. They inhibit the growth of unde
sired organisms and assist in the development of desirable aroma and 
flavor. Lactic acid bacteria work similarly in the manufacture of sour 
cream, margarine, and cultured buttermilk. Whereas other organisms 
may be present, the predominant organisms present in the lactic 
starter are Streptococcus lactis and/ or S. cremoris. They produce large 
amounts of dextrolactic acid together with lesser amounts of acetic 
acid. 

A small amount of biacetyl (0.05 mg or less per 100 g) makes a 
contribution to the characteristic flavor of Cheddar cheese. More biace
tyl than this, however, can cause a flavor defect. Streptococcus lac tis 
and Lactobacillus citrovorum produce diacetyl when present in the 
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same culture. Both diacetyl and larger amounts of acetylmethylcarbi
nol are formed, but neither compound is stable in the culture and tends 
to be reduced to 2,3-butylene glycol. The formation of 2,3-butylene 
glycol is assisted by optimum conditions for the growth of the culture. 

MILK PRODUCTS OTIlER TIlAN CHEESE 

The manufacture of most of the commercial milk products is the 
result of separation of one or more of the components from the milk; one 
of these components is separated and either it or the remaining mix
ture or both may be commercially important. Since this separation is 
not ordinarily complete, most of the products made from milk contain 
some or all of its original components. The cream separator, however, 
leaves the bulk of the fat in the cream and most of the other compounds 
in the skimmed milk. 

Butter 

Butter is the fatty material from whole milk; it must contain not less 
than 80% milk fat. The usual composition is fat, 80.5%; moisture, 
16.5%; curd, 0.7%; and salt, 2.3%. Salt is omitted from unsalted (sweet) 
butter. 

Butter in some form has been made since the dawn of history. The 
basis of butter production is mechanical agitation to destabilize the 
liquid-phase emulsion. The churning is started by agitation together 
with the incorporation of many small air bubbles. Small clumps, which 
are "centered" by liquid fat exuded from the fat globules, are formed 
when partially denuded fat globules collect at the fat/plasma interface. 
The air bubbles collapse when a part of this hydrophobic liquid fat 
spreads over their surface. The monomolecular layer of film fat is 
dispersed in the plasma phase as colloidally dispersed fat particles. 
This accounts for about 25% of the lipids found in buttermilk. The 
gathering together of the fat globules, prompted by the forces of churn
ing and refloatation proceeds until butter granules are produced. A 
considerable amount (about one-half) of the fat-globule membrane ma
terial goes into the buttermilk. 

Continuous buttermaking processes are widely used because of 
greater manufacturing efficiencies. The Cherry-Burrell and Creamery 
Package processes are American processes. The Cherry-Burrell process 
reheats and agitates the first cream to obtain partial destabilization of 
the lipid phase. A reseparation step achieves complete destabilization. 
In the Creamery Package process, homogenization is used to destabi
lize the reseparated cream. In either process the lipid and aqueous 
phases are separated. It is necessary, therefore, to be cautious in the 
remixing step to obtain homogeneity in the final product. A series of 
chill workers are fed the standardized mixture. After this it goes to 
working units where the congealed mixture is given the proper con-
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sistency, which means a complete absence of globular fat in the con
tinuous phase and by large crystals or crystal aggregates. 

Consistency of Butter. The rheological properties of butter include 
texture, structure, firmness, and hardness. Important to obtaining the 
desired qualities are thermal and mechanical treatment of the butter, 
composition of the milkfat, and temperature treatment of the cream. 

Evaporated Milk 

Evaporated milk is prepared by removing part of the water from 
whole milk by the use of vacuum treatment-2 1/10 lb of fresh milk is 
the equivalent of 1 lb of evaporated milk. It must contain no less than 
7.9% milk fat and also not less than 25.9% of milk solids. 

Dry Whole Milk 

Few standards exist for dry whole milk. In the making of this product 
the milk is first evaporated under vacuum so that it is concentrated to 
about one-third of the original. After evaporation, it is spray-or drum
dried. An average composition is 2% moisture, 27.5% fat, and 26.4% 
protein. One pound of this dried product is usually equivalent to 8 lb of 
fresh milk. 

Sweetened Condensed Milk 

Sweetened condensed milk is prepared by adding about 18 lb of sugar 
to 100 lb of milk. The mixture is then concentrated by vacuum. Since 
sugar in this strength is a preservative, the product is canned without 
sterilization. According to Federal standards, this product should con
tain not less than 8.5% milk fat and not less than 28.0% total milk 
solids. 

Malted Milk 

The preparation of malted milk involves concentrating a mixture of 
milk and an extract made from a mash of ground barley malt and 
wheat flour to produce a solid which is ground to powder. Malted milk 
powder contains not less than 7.5% of milk fat nor more than 3.5% 
moisture. An average composition is 2.6% moisture, 8.3% fat, 14.7% 
protein, 70.8% carbohydrate, and 3.6% ash. The carbohydrate is made 
up of 20% lactose, 50.5% maltose and dextrin, and 0.3% fiber. 

Cream 

Cream is a mixture of milk fat with some of the other solids and 
water from the milk. Fat in cream varies from 11.5% in "half and half' 
to 36% in heavy cream. A product made for use in manufacturing is 
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known as plastic cream and contains 80% fat. The designation of the 
cream is by the amount of fat it contains-for example, 18% cream 
contains 18% milk fat. 

Skimmilk 

While there is no Federal standard for skimmilk, the percentage of 
all the components of skim milk except fat are proportionally larger 
than in whole milk from which it is made. A usual composition (Bell 
and Whittier 1965) is water, 90.5%; fat, 0.1%; protein, 3.6%; lactose, 
5.1%; and ash, 0.7%. 

Nonfat Dry Milk 

This product is obtained when water and fat are removed from milk 
and is made up of milk proteins, lactose, and mineral substances, all in 
the same relative proportions as in milk. One pound of nonfat dry milk 
is approximately equal to llibof skimmilk. The average composition 
is moisture, 3.0%; fat, 0.8%; protein, 35.9%; lactose, 52.3%; and ash, 
8.0%. 

Buttermilk 

Two kinds of buttermilk are available: one is the byproduct resulting 
when cream is churned to make butter, and the other is made from 
skimmilk which is acted upon by a culture oflactic acid bacilli (usually 
called cultured buttermilk). These products are, therefore, similar to 
skimmilks except that they contain lactic acid, 0.1% in buttermilk from 
the churning process to 0.9% in some cultured buttermilks. The 
average composition for cultured buttermilk follows: water, 90.5%; fat, 
0.1%; protein, 3.6%; lactose, 4.3%; lactic acid, 0.8%; and ash, 0.7%. 

Frozen Desserts 

This group of products includes ice cream, frozen custard, milk ice, 
and sherbet. Most states require not less than 10% of milk fat in plain 
ice cream, while required milk fat in nut, fruit, or chocolate ice cream 
is 8%. Frozen custard has egg yolk in addition. Total milk solids in ice 
cream are usually 20%. Sherbet contains about 4% milk solids, 30% 
sugar, and some citric acid. Ice milk varies from 2 to 7% milk fat, but 
aside from this it is much like ice cream. 

DETERMINATION OF FAT IN DAIRY PRODUCTS 

Originally the fat content of a sample of milk was determined by 
extraction with ethyl ether with the Soxhlet extractor, a time-
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consuming process. Various modifications of parts of this method were 
tried, principally involving the drying of the sample previous to the 
extraction. After 12.-16 hr, the extracted material was dried and 
weighed. 

The Rose-Gottlieb method of wet ether extraction is employed for fat 
determination and is quite satisfactory. It can be used for milk samples 
or for such products as evaporated milk; however, for evaporated milk, 
water must be added so that satisfactory extraction can be obtained. 
Ammonium hydroxide is added to neutralize the acids and facilitate 
extraction, and then the sample is treated with ethyl alcohol, ethyl 
ether, and petroleum ether. The alcohol facilitates extraction, and the 
petroleum ether is added to cut down the quantity of alcohol and water 
in the ether layer which holds the fat. Originally, the Rohrig tube was 
the equipment used, but this has since been replaced with the Mojon
nier flask, specially shaped, which is more accurate, and can be centri
fuged to break emulsions. 

The Babcock test, devised for rapid commercial fat determinations in 
milk and cream, uses sulfuric acid to destroy interfering substances in 
the sample, while leaving the fat unharmed. The whole is centrifuged, 
the fat is brought up into the calibrated neck ofthe Babcock bottle, and 
the determination is read directly in percentage of fat. 

TOTAL SOLIDS ANALYSIS 

Total solids can be obtained by drying, but conditions must be care
fully controlled if accurate results are to be obtained. The reasons for 
this are varied. (1) If the fat undergoes some hydrolysis, some volatile 
fatty acids could be lost. (2) If heating continues too long, oxidation of 
unsaturated fatty acids could take place which would increase the 
weight. Furthermore, this oxidation could result in the loss of some 
volatile oxidation products. (3) Changes which affect the weight in 
proteins can take place. (4) Finally, lactose heated together with phos
phates can result in a water loss because of interactions between the 
two compounds. For these reasons, the rigid standard conditions for the 
determination of total solids is necessary. 

SUMMARY 

Milk is quite complex in chemical composition and contains a large 
number of substances. 

The disaccharide lactose is the main carbohydrate found in milk. It 
can be manufactured from cheese whey. While ,B-lactose is sweeter 
than a-lactose, it is not advantageous to use it because the small differ
ence is quickly eliminated by mutarotation. 
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Milk proteins are made up of three fractions. However, each of these 
fractions comprises many individual proteins. Casein is the largest 
group of proteins in milk. 

Phosphorus in casein is considered to be bound in ester linkages with 
the hydroxyl groups of threonine and serine. Work on the ester link
ages indicates that the probable bond is the O-monophosphate ester 
linkage and that phosphorus is bonded the same way in whole casein, 
a-casein, and ,8-casein. 

Casein is not a single protein. It is made up of three main compo
nents, asI-casein, ,8-casein, and K-casein. aSI-Casein is found in the 
largest amount. K-Casein is important to the micelle structure since it 
stabilizes the calcium-insoluble aSI- and ,8-caseins and is the principal 
site for action by renin. 

The casein micelles, the proteins in the dispersed phase of milk, 
account for 74% of the total protein in skimmilk. 

Other important proteins are present in whey proteins. These are 
,8-lactoglobulin and a-lactalbumin. 

Milk lipids are composed mainly of triglycerides of fatty acids. The 
combined fatty acids in milk fat is made up of at least 60 of these acids. 
Most ofthem are present in rather small amounts. In sheep's and goat's 
milk capric and caprylic acids are higher than in cow's milk. These 
acids have an important role in the flavor of cheese made from the milk 
of these two animals. 

Hydrolytic and oxidative rancidity in milk is undesirable since 
either effects its salability. The following factors contribute to the de
velopment of off-flavor in dairy products: oxygen, light, and metals. 

The oxidation of ascorbic acid (vitamin C) in fluid milk has been 
found to be an essential link in the chain of reactions which result in 
an oxidized flavor. This may be caused by H20 2 released under certain 
conditions during the oxidation of ascorbic acid. 

Aldehydes, saturated or unsaturated, in extremely small concentra
tions, can cause a variety of off-flavors. 

The Maillard reaction is the most important in the development of 
browning in dairy products. 

Milk-clotting enzymes are very important in the making of cheese. 
Rennin was the enzyme used for this purpose, but now, because of the 
shortage of rennin, other enzymes are being used. 

The coagulation process is important in the manufacture of cheese. 
Cheese is composed of the casein and usually almost all of the fat, 
insoluble salts, and colloidal materials, along with part ofthe serum of 
the milk used. The preparation of cheese does not eliminate any of the 
principal milk solids. 

In cheese making the coagulum formed by rennet has elasticity, and 
shrinkage takes place with the separation of whey. 

Processing procedures vary for different kinds of cheese. 
Curing and cheese ripening are of importance in preparing the 

cheese for market. 
Biacetyl amounting to 0.05 mg or less per 100 g makes a contribution 
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to the characteristic flavor of Cheddar cheese. More of it, however, 
causes a flavor defect. 

A number of dairy products other than cheese are important. 
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Coffee is used extensively as a beverage and is also employed as a 
flavoring material. Its use probably originated in Ethiopia, and from 
there it spread to Egypt and Arabia before the thirteenth century. 
Coffee is said to have been first sold in Amsterdam in 1640. A little 
later it was regularly delivered in Amsterdam, and it had begun to be 
used in England, France, and Italy. It was cultivated in the Western 
Hemisphere in the eighteenth century. 

Coffee is used for its flavor and aroma, as well as for the stimulating 
effects of the caffeine it contains, unless the caffeine has been removed. 
As a beverage it contributes little to nutriton if cream has not been 
added to it. 

The coffee tree belongs to the madder family, the genus Coffea, and 
the species most commonly cultivated is Coffea arabica. Perhaps 90% 
ofthe world production comes from this species, with about 9% ofCoffea 
canephora and about 1% or less Coffea liberica accounting for the 
remaining production. The most common variety of C. canephora is 
robusta, a low-priced coffee used in England, France, Belgium, and 
Portugal as ground coffee; it finds extensive application also in the 
manufacture of decaffeinated coffee. About 85% of the coffee from Af
rica is of this variety. 

The coffee tree grows up to 20 ft high but can be controlled under 
commercial conditions by pruning. The fruits of the coffee tree are 
called cherries and are about the size and color of cranberries. The seed 
is the commercially important part; one to three seeds may be found in 
a single fruit. Generally, the best coffee is grown at high altitudes. 

Coffee is prepared from the fruit by either of two methods. The first 
of these is the so-called washed or wet process, in which the ripe fruit 
is harvested and put through a pulping machine to remove most of the 
soft outer pulp, leaving an exposed, slippery layer of mucilage. The 
mucilage is removed by a water wash, the beans are dried to about 12% 
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moisture, and then the outer layers are removed by hulling. This pro
duces the high quality green coffee of commerce. 

The second method is the dry or natural method. The fruit is left on 
the tree beyond the fully ripe stage, partially dried before harvesting, 
and then collected and dried to about 12% moisture. After this, the 
outer layers are removed by hulling, resulting in the finished product. 
This method is cheaper, but the quality of the coffee is usually not so 
high as that made by the washing process. 

COMPOSITION OF THE GREEN COFFEE BEAN 

Like all natural entities, coffee beans are rather complex in chemical 
composition. The green bean contains a variety of carbohydrates mak
ing up about 60% of its composition, some protein, and some oil, to
gether with organic acids, caffeine, other compounds, and mineral 
substances. Samples of different varieties, as well as those harvested in 
different seasons of the year and areas of production, show some vari
ance in chemical composition. Table 17.1 gives the composition of green 
coffee beans, together with information as to the solubility of the var
ious materials. 

Carbohydrates 

As shown in the Table 17.1, a small amount of reducing sugars is 
present. French workers studying water-soluble oligosaccharides in 
green coffee found sucrose as well as two gal acto sides of sucrose, raffi
nose and stachyose. 

Wolfrom and Patin (1965) found that the green coffee bean contains 
50-60% of polysaccharides. The constituent sugars of these polysaccha
rides are mainly D-mannose, together with L-arabinose, D-galactose, 
and D-glucose. Most of the L-arabinose and D-galactose in the green 
bean are water-soluble arabinogalactan, ratio 2: 5. Dilute acid removes 
the L-arabinose from this polysaccharide, leaving a galactan. Wolfrom 
and Patin (1964) showed in addition that the principal polysaccharide 
found in the green bean is a hard, insoluble (1 ~ 4)-I3-D-mannan. When 
this compound is removed, what remains is a glucan demonstrated to 
be cellulose comprising about 5% of the green coffee bean. 

Thaler and Arneth (1968A) studied polysaccharides in green Arabica 
coffee. Two complexes in raw coffee that amounted to about 3.4% (dry 
weight basis) were separated and found to be composed ofmannoarabi
nogalactans in which galactan was the main constituent. One was 
soluble in cold water, the other only in hot water. In addition, a so
called holocellulose, which contained cellulose together with galactan 
and mannan, was found. A fourth complex made up of galactan, ara
ban, and mannan, of which galactan made up about 70% while mannan 
was present in small amount, was obtained. 
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Nitrogenous Substances 

The protein content of green coffee is about 14%. The following free 
amino acids were reported in green coffee: aspartic acid, 0.33%; serine, 
0.12%; asparagine, 0.3%; glutamic acid, 0.49%; proline, 0.14%; glycine, 
0.02%; alanine, 0.24%; valine, 0.02%; isoleucine, 0.03%; leucine, 0.03%; 
tyrosine, 0.04%; phenylalanine, 0.081%; y-aminobutyric acid, 0.3%; 
lysine, 0.04%; histidine, 0.04%; and arginine, 0.04%. Thaler and Ar
neth (1969) reported the presence also of threonine and methionine, 
and found that the proteins of green coffee vary with the type of coffee. 

TABLE 17.1. Chemical Composition of Green Coffee Beans' 

Percentage of Green Coffee 

Classes and Compound 
Components Water Solubility Total or Group Soluble 

Carbohydrates 60 
Reducing sugars Soluble 1.0 
Sucrose Soluble 7.0 
Pectins Soluble 2.0 

10.0 10 

Starch Easily solublized 10.0 
Pentosans Easily solublized 5.0 

15.0 

Hemicell uloses Hydrolyzable 15.0 
Holocelluloses Non-hydrolyzable fiber 18.0} 
Lignin Non-hydrolyzable fiber 2.0 

20.0 
Oils Insoluble 13 
Protein (N x 6.25) Depends on amount 13 4 

denatured 
Ash as oxide Depends on amount 4 2 

hydrolyzed 
Non-volatile acids 

Chlorogenicb Soluble 7.0 
Oxalic Soluble 0.2 
Malic Soluble 0.3 
Citric Soluble 0.3 
Tartaric Soluble 0.4 

8.2 8 
Trigonelline Soluble 1 1 
Caffeine Soluble 1 1 

(Arabica 1.0, 
Robusta 2.00/0) 

100 26 

Source: Sivetz (1963), with data averaged from Elder (1949), Lockhart (1957), Mabrouk 
and Deatherage (1956), Merritt et ai. (1957); Moores and Heininger (1951), and 
Winton and Winton (1939), and others. 

a Approximate composition based on dry weight. 
b Probably a mixture of chlorogenic, isochlorogenic and neochlorogenic acids. 
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In the surface wax of the green coffee bean Harms and Wurziger 
(1968) found hydroxytryptamides composed of 48% arachidic acid-5-
(hydroxy)-tryptamide, 48% behenic acid-5-(hydroxy)-tryptamide, and 
4% lignoceric acid-5-(hydroxyl)-tryptamide. 

Lipid Material 

Kaufmann and Schickel (1965) found the lipid content of green 
Colombia coffee as follows; phystosterin esters, hydrocarbons, and 
waxes, 2.0%; triglycerides, 81.30%; diterpen-fatty acid esters (wax 
alcohols) 15.90%; free sterols, 0.39%; and diterpenes, 0.15%. 

Among the reported unsaponifiable materials in coffee oil are 
y-sitosterol, stigmasterol, dehydrositosterol, together with the two 
diterpene compounds, cafestol (C2oH2s03) and kahweol. The structure 
of cafestol was worked out by Finnegan and Djerassi (1960). Cafestol is 
the principal component of the unsaponifiable material in coffee oil and 
occurs in the form of fatty acid ester. Kahweol, present in small quan
tity along with cafestol and extracted with it, differs form cafestol 
because it contains two additional double bonds. Kahweol can be ob
tained from cafestol by reduction with nickel or palladium or with 
nascent hydrogen. 

OH 
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Kaufmann and Hamsagar (1962A) found the following fatty acids in 
the saponified lipid material from green Brazilian coffee beans: linoleic 
acid, 39.0%; oleic acid, 17.2%; palmitic acid, 25.3%; stearic acid, 13.1%; 
arachidic acid, 4.2%; and behenic acid, 1.0%. In addition to these, Bar
biroli (1966) has reported myristic, palmitoleic, and linolenic acids. 

Other Compounds 

Corse et al. (1965) showed that isochlorogenic acid of green coffee is 
a mixture of closely related compounds: 4,5-dicaffeoylquinic acid, 
3,4-dicaffeoylquinic acid, 3,5-dicaffeoylquinic acid, and a fourth com
pound which seems to be a part of the mixture, 3 '-methyl ethers of 
3,5-dicaffeoylquinic acid. 

Also present in microgram amounts in green coffee are chlorogenic 
acid, neochlorogenic acid, and scopoletin, ClOH s 04 (7-hydroxy-6-
methoxy coumarin). 

Aflatoxins, which are toxins produced by certain molds when mois
ture is present, have been found in very small quantities in green 
coffee. 

CHANGES DURING ROASTING 

Carbohydrates 

Most of the sucrose in coffee is caramelized during the roasting proc
ess. Feldman et al. (1969) found that among the carbohydrates, sucrose 
and arabinogalactan are decomposed, depending on the degree of roast. 
Also, while soluble mannan markedly increases with the roast, the 
holocellulose's mannose decreases. 

Thaler and Arneth (1969) found that during roasting of Arabica 
coffee, the higher polymer carbohydrates showed thermal losses, par
ticularly at the beginning of the roasting process. Cellulose and araban 
showed decreases, mannan was rendered soluble and became part of 
the water-soluble polysaccharides. Galactan, however, was included in 
the solubilized polysaccharides. 

Nitrogenous Substances 

Thaler and Gaigl (1963), after investigating the effect of roasting on 
the nitrogen compounds in coffee, found that arginine is completely 
destroyed in roasting, and cystine is extensively so. However, some of 
the other amino acids, alanine, glutamic acid, leucine, isoleucine, 
phenylalanine, proline, and valine are increased during roasting. 

Feldman et al. (1969) examined the chemical composition of green 
and roasted coffee and the changes that take place during the roasting 
process. They noted that of the free and combined amino acids, ar
ginine, cystine, lysine, and serine undergo destruction during roasting. 
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Numerous investigators found that nicotinic acid increases in coffee 
during roasting. Barbiroli (1965) reported that when the roasting of 
coffee is done under constant conditions, the transformation oftrigonel
line to nicotinic acid is about the same for different types of coffee (not 
greater than 5-10%). However, not enough of this vitamin (nicotinic 
acid) is formed to satisfy the nutritional needs. Thiamin is destroyed by 
roasting. The small amounts of other vitamins in coffee are too small 
to have any dietary significance. 

ocoo-
N 

O~=O 
OH 

N 
I 

CH, 

Trigonelline Nicotinic acid 

Lipid Material 

According to Kaufmann and Schickel (1965), the lipid material con
tained in coffee decreases during roasting. Colombian beans showed a 
triglyceride decrease from 81.3% of total lipid to 78.75%, while the 
triglyceride of the lipid of decaffeinated Colombian coffee was reduced 
to 76.0% in the same process. Similar decreases were found in the other 
components of the lipid material. 

Kaufmann and Hamsagar (1962B) found that during the roasting 
process a complex change takes place in the diterpene ester. One ofthe 
results is a decrease of about 2% in the unsaponifiable material. Also, 
a simply hydrolytic cleaving takes place with the liberation of diter
pene. 

Other Changes 

Color, Odor, and Flavor Volatiles. During the roasting process 
about 16% of the moisture is lost, and it seems that the development of 
most of the odor, color, and volatile flavor components start after the 
water has been substantially driven off. Many of the volatiles are not 
released until near the end of the roast, making the quality of the 
roast very important. These characteristics are discussed under coffee 
volatiles. 

Little et al. (1958) showed that development of color is rather con
stant during the latter part of the roasting period. 

Acids. Deshusses (1961) determined that about 135-220 mg of 
formic acid per 100 g of coffee forms during roasting. Feldman et al. 
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(1969) showed that volatile, nonvolatile, and phenolic acids decreased 
as the time of roast was increased. During roasting a large percentage 
of chlorogenic acid is destroyed (only 13% is retained), isochlorogenic 
acid is completely destroyed, and neochlorogenic acid showed a 67% 
retention. (Corse et al. 1970). They stated that no compound has been 
isolated from roasted coffee that is definitely derived from chlorogenic 
acid in the roasting process. This contradicts other published reports. 

ROASTED COFFEE 

Roasted coffee contains some unchanged substances as well as some 
formed during roasting, including the volatiles so important to the 
final aroma and flavor of the brewed coffee. Table 17.2 shows the 
general composition of roasted coffee, and the nature of these sub
stances as to solubility. Table 17.3 shows the composition of soluble 

TABLE 17.2. Chemical Composition of Soluble and Insoluble Portions of Roast 
Coffeea • 

Chemical Compound or Class 

Carbohydrates (53%) 
Reducing sugars 
Caramelized sugars 
Hemicellulose (hydrolyzable) 
Fiber (not hydrolyzable) 

Oils 
Proteins (N x 6.25) amino acids are soluble 
Ash (oxide) 
Acids, nonvolatile 

Chlorogenic 
Caffeic 
Quinic 
Oxalic, malic, citric, tartaric 

Acids, volatile 
Trigonelline 
Caffeine (Arabicas 1.0, Robustas 2.0%) 
Phenolics (estimated) 
Volatiles 

Carbon dioxide 
Essense of aroma and flavor 

Total 

Solubles 
(%) 

1-2 
10-17 

1 

1-2 
3 

4.5 
0.5 
0.5 
1.0 
0.35 
1.0 
1.2 
2.0 

trace 
0.04 

27-35 

Insolubles 
(%) 

7-0 
14 
22 
15 
11 

1 

2.0 

73-65 

Source: Sivetz (1963) and data was averaged from Elder (1949), Lockhart (1957), 
Mabrouk and Deatherage (1956), Merritt et at. (1957), Winton and Winton 
(1939) and others. 

a Approximate, dry basis. 
b Among the volatiles may be found acids, amines, sulfides, carbonyls (aldehydes and 

ketones), and other chemical groups. Nonvolatiles may contain carbohydrates, proteins, 
oils phospholipids, acids, minerals and others. 
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materials extracted from roasted coffee, together with similar informa
tion on the grounds that remain. The amounts of soluble materials that 
can be extracted depend on several factors, including the size to which 
the coffee is ground, the length of the extraction period or whether the 
extraction is complete or partial, and the temperature of the water used 
for the extraction. 

Table 17.4 shows the mineral composition of coffee. 

Caffeine 

About 1% caffeine is found in Arabica coffee and about 2% in Robusta 
coffee. Cups of these coffees contain about 100 and 200 mg of caffeine, 
respectively. Caffeine is an alkaloid (a basic nitrogenous plant prod
uct), is white and crystalline, and is soluble in organic solvents other 
than petroleum ether, in which it is insoluble. Slightly soluble in cold 
water,2% at 20°C and 18% at 80°C, caffeine has a slightly bitter flavor 
and no odor. It sublimes at 178°C and is physiologically active as a 
stimulant. 

:\,-.(:-H 

I I H 
H-C G-N(' 

~_~_N)C;-H 
Purine 

H-N-C=() 
I I H 

O=C C-]\'< 
I II #C-H 

H-N-C-N' 
Xanthine (dioxypurinel 

H3C- N- C=O 

I I ~CH3 o=c C-
I II ,C'~H 

H 3G-N-C-N 
Caffeine (trimethylxanthinel 

The structural formulae show the relationship among the three com
pounds, purine, xanthine, and caffeine. Xanthine and caffeine are 
purine bases-xanthine is 2,6-dioxypurine, whereas caffeine is 
1,3,7-trimethylxanthine. Caffeine could be called 1,3,7-trimethyl-~,6-
dioxypurine, since it is a trimethyl derivative of xanthine. Caffeine is 
related to theobromine, the alkaloid found in cacao. Theobromine is a 
dimethyl derivative of xanthine. Some caffeine occurs in cacao along 
with theobromine and is also found in tea. 

The caffeine content of roasted coffee is higher than the caffeine 
content of green coffee, regardless of the fact that a small amount of 
caffeine is lost by sublimation during the roasting process. This higher 
caffeine content is accounted for by the 16% loss of weight in the coffee 
that occurs during the roasting process, a much greater percentage 
than the amount of caffeine lost. Caffeine lost by sublimation accu
mulates in the roaster stacks. 

Very small amounts of carcinogenic substances have been found in 
roasted coffee (Fritz 1968; Grimmer 1968; Grimmer and Hildebrandt 
1966). 

Volatiles 

As has already been mentioned, odor and flavor are developed during 
the roasting of the coffee bean. The quality of the roast is, therefore, 
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TABLE 17.3. Chemical Composition of Coffee Solubles and Spent Grounds 
(Insoluble)" 

Chemical Compound or Class 

Carbohydrates (3-5% reducing sugars) 
Browning complexes 

Oils and fatty acids 
Proteins (amino acids and complexes) 
Ash (oxide) 
Acids, nonvolatile 

Chlorogenic 
Caffeic 
Quinic 
Others 

Trigonelline 
Caffeine 

Arabicas 
Robustas 

Phenols (estimated) 
Volatiles 

Before drying-acids and essence 
After drying 

Total 

Soluble 
(%) 

35.0 
15.0 

0.2 
4.0 

14.0 

13.0 
1.4 
1.4 
3.0 
3.5 

3.5 
7.0 
5.0 

1.1 
Nil 

100.0 

Spent Grounds 
(%) 

65 

18 
15 

Fraction of 1% 

Few tenths % 

Few tenths % 
Few tenths % 
Few tenths % 

Nil 
Nil 

98+ 

Source: Sivetz (1963). Averaged and calculated from data of Elder (1949), Lockhart 
(1957), Mabrouk and Deatherage (1956), Merritt et al. (1957), Winton and Win
ton (1939), and others. 

a Approximate dry basis. 

TABLE 17.4. Estimated Coffee Ash Distribution 

Green Roast Soluble Dry Spent 
Coffee Coffee Powder Grounds 

Dry weight relations, dry basis 1.176 1.000 0.380 0.620 
Percentage ash content, dry basis 4.00 4.71 10.00 1.47 
Weight ash per unit weight roast 

coffee dry basis 0.0471 0.0380 0.0091 

Green, Solubles Ash Grounds Ash 

Mineral Roast Ash Total Soluble Total Grounds 
Oxide (%) (%) (%) (%) (%) 

K2 0 62.5 52.0 75.59 10.5 33.65 
P 2 0 5 13.0 3.0 4.36 10.0 32.05 
CaO 5.0 2.0 2.90 3.0 9.62 
MgO 11.0 8.0 11.63 3.0 9.62 
Fe 2 0 3 1.0 0.4 0.58 0.6 1.92 
Na2 0 0.5 0.4 0.58 0.1 0.32 
Si02 1.0 1.0 3.21 
S03 5.0 2.0 2.90 3.0 9.61 
CI 1.0 1.0 1.46 

100.0 68.8 100.0 31.2 100.0 

Source: Sivetz (1963). 
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very important. Volatiles are the primary factor in the flavor offreshly 
brewed coffee and are difficult to achieve and retain. A considerable 
amount of work has been done on this difficult problem, starting orig
inally with Reichstein and Staudinger (1955). 

There are difficulties in solving this problem (Gianturco et al. 1963). 
(1) The aroma complex lacks chemical stability, and (2) the roasted 
coffee volatile compounds are present in extremely low concentrations, 
80% of which comprise 17 compounds, and 90% of the aroma mixture 
contains 30 compounds. Since more than 300 compounds are known to 
be in the mixture, it can be seen that the largest number are present 
in very small amounts. 

Table 17.5 lists some of the compounds found in coffee aroma; many 
other compounds are also present. The current techniques of gas liquid 
chromatography and mass spectroscopy make identification and deter
mination easier and more accurate. 

Other workers have investigated the composition of coffee aroma. 
Gianturco et al. (1966) listed 85 volatile compounds in roasted coffee, 54 

TABLE 17.5. Analysis of Coffee Aroma Essence a 

Amt. Boiling Relative 
Mol Present Point Flavor 
Wt (%) °C Importanceb 

Acetaldehyde 44 19.9 20.8 1 
Acetone 58 18.7 56.2 2 
Diacetyl 86 7.5 88.0 1 
n-Valeraldehyde 86 7.3 103.0 2 
2-Methylbutyraldehyde 86 6.8 92.0 2 
3-Methylbutyraldehyde 86 5.0 92.5 2 
Methylfuran 82 4.7 63.0 2 
Propionaldehyde 58 4.5 48.8 2 
Methyl formate 60 4.0 32.0 2 
Carbon dioxide 44 3.8 -78.0 
Furan 68 3.2 31.4 1 
Isobutyraldehyde 72 3.0 63.0 1 
Pentadiene (isoprene) 68 3.0 33.0 2 
Methylethyl ketone 72 2.3 79.6 2 
C4 -C 7 paraffins and olefins 2.0 2 
Methyl acetate 74 1.7 57.0 2 
Dimethyl sulfide 62 1.0 37.3 1 
n-Butyraldehyde 72 0.7 74.7 1 
Ethyl formate 74 0.3 54.0 2 
Carbon disulfide 76 0.2 46.0 2 
Methyl alcohol 32 0.2 64.7 3 
Methyl mercaptan 48 0.1 6.0 1 
Thiophene 84 0.1 84.1 

Source: Zlatkis and Sivetz (1960). Reproduced with permission of the Institute of Food 
Technologists. 

a Coffee aroma essence represents about 200 ppm of the roasted coffee bean. 
b I-large; 2-medium; 3-small. These results were obtained by the use of gas chroma-
tography and mass spectrometry. 
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FIG. 17.1. Volatiles from Colombian coffee beans. This profile chromato
gram was obtained under laboratory conditions. The peaks here have not 
been identified. Many compounds are overlapping in each peak. This work 
was done to obtain a general idea of the volatiles evolved in the effluent gas 
during a normal roasting cycle, and no attempt was made to identify com
pounds, or whether variation of conditions would cl1ange it. 
Reproduced with permission of Blaw-Knox Food and Chemical fJquipment, Inc., Jabez-Burns 
Division, one of the White Consolidated Industries. 

of which were newly identified. Stoll et ai. (1967) worked on coffee 
concentrate and identified 202 compounds of which 154 were identified 
for the first time. These same workers and others (Goldmanet ai. 1967) 
studied the pyrazines and pyridines of coffee, Identified 25 compounds, 
and found that about 10 others are present. Figure 17.1 is a chromato
gram of volatiles from Colombian coffee beims. 

Work completed thus far indicates tha~ approximately 50% of the 
volatiles are aldehydes, 20% are ketones, $% are esters, approximately 
7% are heterocyclic, approximately 2% dimethyl sulfide, together with 
smaller amounts of other organic compol/mds and sulfides. Since vola
tile organic compounds containing sulfur have considerable odor, they 
are usually important in such flavors. 

Walter and Weidemann (1969) in a general review of coffee flavor 
compounds say that the number of known compounds that comprise 
coffee flavor has risen to over 300. These are made up of the following 
groups: 22 alcohols, 15 ethers, 30 aldehydes, 64 ketones, 25 diketones, 
30 esters, 26 phenols, 41 sulfur compounds, 58 furan compounds. In 
addition, 3 nitriles, 16 carboxylic acids, 17 aliphatic hydrocarbons, 3 
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alicyclic hydrocarbons, 20 aromatic hydrocarbons, 17 thiophenes, 23 
pyrroles, 5 pyridines, 26 pyrazines, and 5 thiazoles. Also 5-methylquin
oxaline was found. This general review, as well as others listed at the 
end of the chapter should be read by students interested in this subject. 

Like all volatiles from a given product, not all the compounds iso
lated contribute to the same degree to the actual aroma of the cof
fee. Roasted coffees will differ in composition of volatiles for various 
reasons: the location of the plantation, the variety of the coffee, the 
processing history, and, very importantly, the roast. 

Hughes and Smith (1949) showed as the result of varying roasts that 
there was a variation in pyridine up to 200 ppm, in furfural up to 80 
ppm, and in acetaldehyde from 40 to 80 ppm. Hughes and Smith (1949) 
found that with roast weight losses from 14 to 19%, the amount of 
furfural declined to 20 ppm, while the concentration oftotal aldehydes 
rose to 90 ppm. Rhoades (1960) found comparable increases in alde
hydes when darker roasts were studied. His data suggest that the ratio 
of acetyl propionyl to diacetyl constantly increases with roasting tem
peratures over 205 0 C. He found also that of 19 compounds found in 
roasted coffee, 16 were present in the corresponding lots of green coffee, 
but usually in much smaller amounts. 

Of this list of carbonyls and alcohols, only diacetyl, butyraldehyde, 
and valeraldehyde are important contributors to the flavor of coffee. 
The others contribute a general fruity-to-sweet background aroma and 
smooth flavor to the cup of coffee. 

Aldehydes 

Acetaldehyde. A volatile substance, CH3CHO contributes to coffee 
aroma and flavor. This compound has an irritating odor, but in the 
small quantities present it is evidently a necessary part of the coffee 
aroma. According to Sivetz (1963) it can be detected when coffee is 
being ground. Rhoades (1958) states that commercial instant coffees 
are high in acetaldehyde content compared with roast coffee; the con
tent found in instant coffee was 100 ppm. 

Propionaldehyde. CH3CH2CHO has one more carbon atom in the 
chain than acetaldehyde, and about 200 ppm is present in the volatiles 
from roast coffee and to a lesser extent in soluble coffees. It is present 
in coffee odor and flavor, but it is probably not an important factor. 

Butyraldehyde. The two butyraldehydes, normal and iso [CH3CH2-
CH2CHO and (CH3)2CHCHO], seem to be important as components of 
the aroma of coffee. In many natural mixtures the ratio of isobutyralde
hyde to normal is about 5: 1. Taken together, they are present in the 
volatiles of roast coffees to the extent of about 30 ppm, at which level 
Sivetz (1963) notes the odor and taste are detectable. It is his opinion 
that soluble coffee flavor is benefited very much by the retention of a 
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few parts per million of butyraldehyde. Low concentration of these 
aldehydes contribute to the coffee flavor. 

Valeraldehyde. The valeraldehydes, normal (straight chain), iso
valeraldehyde, and 2-methyl isomers, constitute about 20% of the cof
fee essence. 

CH 3-CH 2-CH 2 -CH 2-CHO 
n-Valeraldehyde 

CH 3 CH 2 (CH 3)CHCHO 
2-Methyl butyraldehyde 

Isovaleraldehyde 

The two iso forms are present in approximately equal amounts, about 
60 ppm in roast coffee and something less in soluble coffee. Sivetz 
(1963) considers them part of the coffee flavor. Zlatkis and Sivetz (1960) 
and Rhoades (1960) have found varying amounts of valeraldehydes in 
roast coffee. 

Furfural. Like the other volatiles, furfural is produced during 
roasting. Furfural is formed by acid hydrolysis during the commercial 
distillation of pen to sans, and is generated in coffee during the roasting 
process by the same reaction. Hughes and Smith (1949) found 90 ppm 
at 15.7% roasting loss, 22 ppm at 18.2%, and 11 ppm at 19% roasting 
loss. In addition, they found that after 6 weeks the roast coffee did not 
lose furfural. 

H-C--C-H 
II II 

H-C C-CHO 
"0/ 
Furfural 

Samples of stale roast coffee held for more than 2 years were found to 
contain about 50 ppm offurfural, and soluble coffee contained 100-200 
ppm. 

Ketones 

Acetone. CH 3 COCH 3 comprises approximately 20% of the coffee 
essence. While the aroma of acetone tends to be sweetish and pungent, 
it is said to give smoothness to the coffee when small amounts are 
added. Rhoades (1958) and Zlatkis and Sivetz (1960) found about 50 
ppm of acetone in both roast and instant coffees. Rhoades (1960) and 
Hughes and Smith (1949) found higher concentrations in the darker 
roasted coffees. 

Diacetyl. About 20 ppm CH 3 COCOCH 3 is found in roast coffee, as 
reported by Rhoades (1960) and Zlatkis and Sivetz (1960). Diacetyl has 
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an odor and flavor that is sweet and buttery, and it is considered an 
important component ofthe flavor of coffee. It is used, incidentally, to 
strengthen the butter flavor in such products as baked goods and 
margarine. Hughes and Smith (1949) found that the flavor of diacetyl 
can be noticed at 1-2 ppm in roast coffee. In roast coffee two months old 
about half of the diacetyl is reduced to methylacetylcarbinol. 

Methylacetylcarbinol. CH 3 CHOHCOCH 3 , known also as acetoin, 
is used as a butter flavor at not more than 100 ppm. As might be 
expected, when it is oxidized it forms diacetyl. 

Methyl Ethyl Ketone. This ketone is found in roasted coffee to the 
extent of 10 to 20 ppm, and it possesses an odor similar to that of 
acetone. 

Alcohols 

Methyl Alcohol. A few parts per million of this compound is found 
in roast coffee, as determined by Zlatkis and Sivetz (1960). According 
to Sivetz (1963) it can be tasted at this concentration. 

Esters 

Methyl formate, ethyl formate, and methyl acetate are among those 
esters present in coffee essence. Methyl formate has been reported to be 
10-20 ppm in roast coffee, or about 4% of the coffee essence. Ethyl 
formate amounts to about 2 ppm in roast coffee or about 0.3% of coffee 
essence, and methyl acetate about 2-5% of coffee essence, or 10-20 ppm 
of roast coffee. These esters are of pleasant aroma, and it is considered 
that each contributes a type of dark roast flavor. 

Heterocyclic Compounds 

Furan. Furan (b.p. 32°C) and methyl furan (b.p. 63°C) were found 
by various workers in coffee essence in amounts of 3-5%, which is 
equivalent to 10-20 ppm in roast coffee. The odor of furan is listed as 
being not unpleasant, while methyl furan is a little less pleasant. 
Furfural boils at 162°C and has a sweet, pleasant odor in dilute concen
trations. Furfural has been already mentioned under the aldehydes. 

HC-CH 
II II 

HC CH 
~/ 

o 
Furan 
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Pyrrole. This compound has an NH substituted for the 0 in furan 
(see Chapter 5). It has a boiling point of 131°C, has a strong, nauseat
ing odor, and is present in coffee aroma to the extent of 0.5%, or about 
2 ppm according to Merritt et al. (1957). 

Pyridine. A six-membered heterocyclic compound, pyridine is pro
duced from trigonelline during the roasting of coffee. 

o 
Pyridine 

It was mentioned earlier that trigonelline also yields nicotinic acid 
during the roasting process. Pyridine boils at 115°C, has a repulsive 
odor, a sharp taste, and about 200 ppm is found in roast coffee. Highly 
roasted coffee is noted for its high pyridine content. Pyridine's possible 
involvement in coffee staling is discussed later in this chapter. The 
threshold of pyridine odor is about 3 ppb in air. Research by Goldman 
et al. (1967) on pyrazines and pyridines should be consulted for further 
information. . 

Sulfur Compounds 

Many volatile compounds that have disagreeable odors in concen
trated form lend very pleasing and desirable aromas when the con
centration is very low, and this is often the case with volatile sulfur 
compounds. These compounds occur in coffee aroma in very small 
amounts and probably are derived from proteins containing sulfur. 

Thiophene. Another compound with a five-membered ring, thio
phene is similar in composition to furan, but the oxygen atom is re
placed by sulfur. It boils at 84°C and was found by Zlatkis and Sivetz 
(1960) to be in coffee essence to the extent of about 0.1% or 1 to 2 ppm 
in roast coffee. Although thiophene is a sulfur compound, it does not 
have much odor. 

HC-CH 
II II 

HC CH 
~/ 

S 

Thiophene 

Dimethyl Sulfide. (CH3)2S has a boiling point at 38°C. Zlatkis and 
Sivetz (1960) found 4 ppm in roasted coffee or about 1% of the recovered 
coffee essence. The odor of dimethyl sulfide can be detected in parts-
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per-billion concentrations. This compound is very strong at higher con
centrations, but in the amounts found in coffee aroma it gives a very 
desirable character to the coffee grown in high altitudes like Colombia. 

Methyl Mercaptan. CH 3 SH has a boiling point at 8°C and has a 
very strong odor at rather high concentrations. Methyl mercaptan has 
a threshold of detection in water of about 2 ppb, while that of dimethyl 
sulfide is 12 ppb. Methyl mercaptan occurs in coffee essence at the 0.1% 
level and about 3 ppm in roast coffee. This mercaptan odor is a part of 
coffee aroma and flavor, with the low concentration an important factor 
in its acceptability. 

Hydrogen Sulfide. H 2 S is said to be present in very small amounts 
in roast coffee, but it is of no importance in coffee aroma and flavor. 

Carbon Disulfide. CS 2 has a boiling point of 46 ° C and 3% is present 
in coffee essence, and about 1 ppm is roasted coffee. It seems to add 
something to coffee aroma. 

Ammonia and Volatile Amines 

Volatile amines and ammonia, formed during roasting, especially in 
the dark roasts, have a recognizable odor. Ammonia, methylamine, 
dimethylamine, and trimethylamine are products of coffee roasting. 
Trimethylamine has a fishy odor, wbich can be recognized in dark roast 
coffees. 

Caramelized Sugars 

Caramelized sugars represent about 4% of solubilized substances 
from roast coffee and 14% in soluble coffee. Most of the increased solu
bles yield are carbohydrates from darker roast coffees. Under the con
ditions of roasting the reducing sugars and 8% of the sucrose in the 
green coffee undergo pyrolysis to give some of the desired coffee odors 
and aldehydes. 

Staling 

Staling is a very important phenomenon in coffee storage. As a 
matter of fact many people have become so accustomed to drinking the 
beverage made from stale coffee that they have developed a taste for it. 

At one time it was thought that staling was caused by the develop
ment of rancidity in coffee oil. However, staling is now considered to be 
the result of a reduction in or changes in the composition of the volatile 
compounds in roasted coffee. Many compounds in the essence of coffee 
are easily oxidized, as well as volatile. If a flavorful aromatic substance 
is lost or chemically altered, it is likely that the aroma of the coffee, and 
therefore, the flavor, will be lower in quality. Aldehydes are easily 
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oxidized, and so is dimethyl sulfide Other compounds are also subject 
to change. 

It has been thought possible that the undesirable odor of stale coffee 
is at least partially caused Oy the loss of flavorful volatiles, leaving 
behind pyridine, which in turn, could materially affect the odor of the 
product. As has already been pointed out, the odor threshold of pyridine 
is about 3 ppb in air. 

Moisture content is probably also ililvolved in the staling of coffee. 
Normally fresh-roasted coffees have very little moisture, but some 
vacuum-packed coffees have up to 3% moisture, causing them to stale 
faster after opening for use. A tray spread with ground coffee contain
ing 1% moisture will stale appreciably in 1 hour when exposed to the 
air. 

It has been said that the best vacuum-packed coffee is never so good 
in flavor as the day it was placed in the can. Some staling is caused by 
the small amount of oxygen left in the can, and after it is opened, 
staling continues. It is possible to retard the staling of coffee by storing 
in airtight containers at -1°C or lower. Vacuum pack or nitrogen gas 
pack provide the best practical protection available for coffee if staling 
is to be minimized. 

COFFEE PRODUCTS 

Decaffeinated Coffee 

Because of the stimulating effect of caffeine, coffee is undesirable as 
a beverage at night for many people. Around the beginning of this 
century, a process to remove most of the caffeine was devised in Ger
many, and this process was given patent protection in the United 
States in 1908. According to this patent, the green beans are steamed 
until they contained 21% moisture. The beans are then treated with 
water, and if necessary, with ammonia or acid, and then solvent
extracted with trichloroethylene, choloroform, or benzene. The ex
tracted beans are steamed to get rid of the excess solvent, and then 
dried. 

Many other patents for the decaffeination of coffee have been issued. 
Among them is one issued to General Foods in this country, which uses 
water to extract 98% of the caffeine in an 8 hour extraction time. 
Decaffeinated beans are roasted in the usual fashion. 

The natural flavor of the coffee is modified by the decaffeination 
processes and some ofthe peak flavor notes are lost. For this reason, the 
tendency is to use cheaper coffees. Another advantage of the use of the 
Robusta coffees is that double the amount of caffeine is contained in 
this variety. The caffeine is recovered and sold as a by-product. When 
possible, beans are decaffeinated in the coffee-producing countries. The 
green beans must be extracted wet and shipped dry, and if they are 
decaffeinated before shipment, only one drying is necessary. 
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Instant Coffee 

Instant coffee, also known as soluble coffee, is made up of coffee s()lids 
that are completely soluble in water. Prepared by a process involv
ing the use of percolation with water to extract the ground coffee, the 
solution is then dried by one of several methods. (1) In spray drying, the 
extracted liquid is forced through nozzles into a stream of hot air or 
inert gases, the result of which is almost instantaneous drying. The 
dried material collects in a suitable chamber. (2) Vacuum drying on a 
moving belt yields a dried product in the form of flakes which are very 
soluble, even in cold water. (3) Freeze drying, otherwise known as 
lyophilization, depends on the removal of water by evaporation in a 
high vacuum and at very low temperatures. This method yields a prod
uct which is closer to brewed coffee than the others, but it is expensive 
to produce. Most instant coffee is produced by spray drying. 

Coffee Substitutes 

In some of the coffee-consuming countries, chicory is blended with 
coffee. This reduces the cost of the product, but alters the flavor some
what. In France, this combination is extensively used. Chicory and 
many types of roasted cereals are used as coffee substitutes by them
selves. 

SUMMARY 

Like all natural substances, coffee beans are rather complex in chem
ical composition. The green bean contains about 60% carbohydrates, 
with a high amount of polysaccharides. 

The lipid material of green coffee is quite high in triglycerides. The 
saponified lipid material from green Brazilian coffee beans is quite 
high in linoleic, oleic, palmitic, and stearic acids. 

Changes take place during roasting. Most of the sucrose in coffee is 
caramelized during the roasting process. Mannan increases while the 
holocellulose mannose decreases. 

Nitrogenous substances show some changes as a result of roasting. 
Arginine is completely destroyed during roasting and cystine exten
sively so, lysine and serine also show losses. Thiamine is destroyed 
during roasting, but nicotinic acid is increased, though not enough to 
satisfy nutritional needs. 

Lipid material decreases during roasting. 
During the roasting process 16% of the moisture is lost, and the 

development of the bulk of the odor, color, and volatile flavor compo
nents start after the water is driven off. A large group of volatiles are 
released at the end of the roast. 

About 1% caffeine is found in Arabica coffee and about 2% in 
Robusta. This roughly equals about 100 mg and 200 mg of caffeine in 
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a cup of coffee of each of these varieties, respectively. Caffeine is a 
purine base. 

The number of known compounds that comprise coffee flavor is now 
over 300. About 50% of the volatiles are aldehydes, 20% are ketones, 
8% are esters, and approximately 7% are heterocyclic, 2% dimethylsul
fide, together with smaller amounts of other organic compounds and 
sulfides. Diacetyl, butyraldehyde, and valeraldehyde make important 
contributions to the flavor of coffee. It is thought that acetaldehyde 
contributes to coffee aroma and flavor. Methyl formate, ethyl formate, 
and methyl acetate are present in coffee essence. Some sulfur com
pounds present in coffee essence doubtless make a contribution to its 
quality. 

It is possible that the undesirable odor of stale coffee is at least 
partially caused by the loss of flavorful volatiles. 
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Tea is one of the world's most extensively used beverages. The use of 
tea started many centuries ago in the country of its origin, China. Some 
authorities believe that its use as a beverage goes back more than 5000 
years, although tea leaves may have been used earlier as a drug. 

The plant belongs to the Theaceae family, the genus is Cameillia and 
the species either sinensis or assamica. Some authors use Thea as the 
genus name rather than Camellia. Camellia sinensis is the Chinese 
variety, while Camellia assamica is the Assam variety. A number of 
hybrids of the tea plant are used extensively in commercial production. 
The plant is an evergreen shrub, and it is pruned so that the average 
height is about 3-5 ft to facilitate harvesting. 

The important areas of production are largely in Asia, namely, 
China, India, Sri Lanka, and Japan and Taiwan. Tea is also produced 
extensively in the southwestern part of the Soviet Union. World tea 
production is about 2.4 billion pounds annually. The highest quality of 
tea is grown in high altitude gardens. The part of the plant harvested 
for tea manufacture is the growing shoot tips, including the second or 
third leaf, called the tea flush. 

There are three main classes of tea on the market. The first is black 
tea, the production of which involves a fermentation step. The second 
is Oolong tea, a partially fermented type of tea. The last is green tea 
which is prepared without fermentation. Oolong tea comes largely from 
Taiwan and is said to be made for the American market. Many varia
tions and grades of these classes are known. 

METHODS OF PREPARATION 

Black Tea 

Black tea is produced as the result of four basic steps: withering, 
rolling, fermenting, and firing. 

419 
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Withering. The tea leaves are harvested by plucking from the 
shrubs, and after harvesting are spread on trays to wither. As much as 
30 sq ft of area is needed to wither lIb of fresh tea flushes. Withering 
must be conducted as a slow and even process, or good tea will not be 
obtained. The usual time period is 18 hr, but this may be shorter 
depending on the weather. When the natural conditions are unfavor
able, heat must be applied to speed the withering. Artificial withering 
equipment has been developed for use in the USSR to decrease the 
withering time to 6-8 hr (Bokuchava and Skobeleva 1969). The fresh 
tea leaf contains about 75-80% moisture, and when withering is com
plete, the final moistuer content differs depending on the aera of pro
duction, ranging from 58 to 68%. In northeast India, moisture content 
changes from 77%, the normal moisture content of the fresh leaves, to 
68% during the withering process, about a 9% loss. In this condition the 
flushes can be rolled without undue breaking of the leaves. 

Rolling. Following withering, the leaves are rolled, distorting the 
shape. This twisting of the leaves injures the leaf cells so the juices with 
the enzymes exude. The combination of the flavonols and catechol 
oxidase results in the start of the fermentation process. In short, the 
rolling step replaces respiration, and other normal biochemical proc
esses in the leaf, with fermentation, which is fundamental to the pro
duction of black tea and is, in reality, a process of enzymic oxidation. 
It is not analogous to the anaerobic fermentation that produces alcohol. 

Different methods are used in the rolling process. In India (Assam 
and Darjeeling), rolling is carried on for periods of 30 min. This is 
usually done three times, giving a total roll of Ph hr. At the end of the 
first roll, the finer particles of leaf are separated, and since they are 
sufficiently damaged can be sent to fermentation. Although fermenta
tion starts in the roll process, there is not enough time in this step to 
complete the process, and the next step, fermentation, must be used. 

Fermentation. The fermenting leaves are spread out on suitable 
equipment in the fermentation room at room temperature. The relative 
humidity of the fermentation room is held as near 100% as possible. 
This step usually requires about 3 hr, but in some instances, longer 
time may be required. During this period the leaves change from green 
to a coppery-red color and the odor changes from grassy to that of 
fermented tea. The pigments formed are products of tannin oxidation, 
and are the cause of the color of the prepared tea infusion which is used 
as the beverage. Another result is the change in the taste from bitter 
to pleasant and not so astringent. 

Firing. Firing ends the fermentation because it stops enzyme activ
ity, and so stops the biological processes. It is an important step for this 
reason. In addition, firing reduces the moisture content of the tea to 
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about 3%. The temperature used for this treatment is 82°-93°C, but the 
Russians use a temperature range of 90°-95°C in their process. During 
firing some volatile materials are lost, principally volatile flavoring 
compounds, and leaf proteins are coagulated and become insoluble. 

A special thermal process has been developed in Russia for the manu
facture of black tea (Bokuchava and Skobeleva 1969) that is said to 
shorten the fermentation process and apply the thermal treatment to 
the underfermented tea. This treatment consists of holding the under
fermented tea at a temperature of 50'-65°C for a period of 2-5 hr 
depending on the size and moisture content of the lot being treated. 
This method increases the concentration of extractives, tannin, cate
chins, and other substances. One of the Russian factories using this 
process reported an increase in tannins and catechins of about 25%. 

Russian workers stress the value of so-called vitamin P in tea. They 
contend that tea catechins have high vitamin P activity. This view is 
not accepted in the West. While a protective effect on capillary resis
tance is associated with these compounds and other flavonoids, it is 
thought that it is not a specific physiological function. It is held wiser, 
therefore, not to consider this as vitamin activity. 

After firing, the final sorting and packing occurs and the tea is 
separated into different grades. 

Oolong Tea 

The Oolong teas are semifermented. Mter they are harvested, but 
before they are panned, the leaves are slightly withered, which permits 
a small amount of fermentation. The leaves are spread in bamboo 
baskets and held in the shade for about 5-6 hr at temperatures of about 
28.3 °-29.4 °C. At this point the leaves have changed color and give off 
an aroma akin to apples. The fermentation is stopped by drying for 10 
min in a hot pan at about 204°C. Much agitation is used in this step to 
avoid scorching. The tea is then fired. The first firing lasts about 3 hr; 
the second or last firing lasts from about 5 to 12 hr, at a temperature 
of about 100°C. The longest firing time is used for the highest quality 
teas. 

Green Tea 

Green tea is made by omitting the withering and fermentation steps. 
The plucked leaves are immediately steamed or heated in pans to 
inactivate the enzymes, which hinders blackening. After this they are 
rolled until they are dried. The leaves are then further dried to about 
2% moisture content. Some dried green teas are rotated in a drum 
together with French chalk or soapstone as a polishing material to 
improve the appearance of the product. 
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CHEMICAL COMPONENTS OF TEA 

Table 18.1 gives the general composition of tea and Table 18.2 lists 
the phenolic compounds present in freshly harvested tea flush. Approx
imately 30% of the dry weight is made up of these important com
pounds. 

"Tea tannins" was the term formerly used for the compounds in tea 
that are made up of a number of phenolic substances. These compounds 
belong to four basic groups: flavanols (catechins), flavonols and flavo
nol glycosides, leucoanthocyanins, and depsides. The difference be
tween flavanols (catechins) and flavonols is that the former are reduced 
forms while the flavonols are the oxidized forms. This is illustrated as 
follows with corresponding parts of the catechin and flavone molecules. 

R 

10:: 
R 

Flavone Catechin 

Depsides are formed by interaction between the carboxyl group of a 
phenolic acid with the hydroxy group of another. An example of a 
depside is theogallin (galloylquinic acid) (see also Table 18.2). 

o 
II 

::~q'O COOH 
HO HO OH HO 

Theogallin 

As mentioned before, the flavanols are very important, and their 
structures are as follows. 

OOR OR 

1'-': 

HO~:~Hh 
RO 

OR &OR 
\'-': 

Royyoi/ ~ OR 
~--ocoJi OH 

RO ~ 
OR 

( -)-Epicatechin (-)-Epicatechin gallate 
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TABLE 18.1. Approximate General Analysis of Tea 

Component Fresh Flush Black Teaa 

Black Tea 
Brewb•c 

Protein 
Fiber 
Pigments 
Caffeine 
Polyphenols, simple 
Polyphenols, oxidized 
Amino acids 
Ash 
Carbohydrates 
Volatile compounds 

15C 

30 
5 
4 

30 
o 
4 
5 
7 
0.01 

15 
30 

5 
4 
5 

25 
4 
5 
7 
0.01 

Trace 
0.0 

Trace 
~3.2 

4.5 
15.0 
3.5 
4.5 
4.0 
0.01 

Source: Sanderson (1972). Reproduced with permission of Academic Press, New York. 
a Many of these components have been altered during the black tea manufacturing 
process, and they would not necessarily be recognizable as the component in the fresh 
flush from which they were derived. 

bThese are the substances extracted in a normal 5-min extraction in a teapot. 
cValues are expressed as percentage of whole tea dry weight. 

OH 

CcoH H I 
HOyqo /' .0 I OH 

~ '-OH 
H 

HO 

( -)-Epigallocatechin 

(y0H OH 

H I 
H°'(Y°i:~~ 

Y'1H 
HO 

( +)-Catechin 

OH 

H ~OH 
HOnOi/~OH OH 
~"-OCO n OH 

HO ~ 
OH 

(-)-Epigallocatechin gallate 

(x0H OH 

H I 
H°'(Y°i::H~ OH 

Y'1H 
HO 

( +)-Gallocatechin 

An inspection of the structural formulas shows that those flavanols 
of the tea leaf that are esterified with gallic acid frequently have this 
union in the 3-position. 
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TABLE 18.2. Phenolic Compounds Found in Fresh Tea Flush 

Molecular Molecular 
Formula Weight 

Flavanols 
( -)-Epicatechin C '5H ,40 6 290 
( - )-Epicatechin gallate C 22H'80 ,O 442 
( -)-Epigallocatechin C '5H '407 306 
(-)-Epigallocatechin gallate C 22H'80 11 458 
( + )-Catechin C'5H 140 6 290 
( + )-Gallocatechin C '5H 1407 306 

Flavonols and flavonol glucosides 
Quercetin C,slilO0 7 302 
Kaempferol C'5H lO0 6 286 
Quercetin 3-rhamnoglucoside 

(rutin) C 27H 30O'6 610 
Kaempferol 3-rhamnoglucoside C 27H300'5 594 
Quercetin 3-rhamnodiglucoside C33H40021 772 
Kaempfero13-rhamnodiglucoside C33H40020 756 

Leucoanthocyanins 
Acids and depsides 

Gallic acid C7H 60 5 170 
Chlorogenic acids (4 isomers) C,oli'80 9 354 
p-Coumarylquinic (4 isomers) C '6H ,80s 338 
Theogallin C 14H'50,O 343 
Ellagic acid C 14H 60 8 302 

Total polyphenols 

Amount 
Found in 

Flush 
(% dry wt) 

1-3 
3-6 
3-6 
9-13 
1-2 
3-4 

2-3 
-5 

a 

-1 

25-30 

Source: Adapted from Sanderson (1972). Reproduced with permission of Academic Press, 
New York. 
a Quantitative data not available. 

Kursanov and Brovchenko (1950) showed that (-)-epigallocatechin 
gallate is the flavanol found in the greatest quantity in all parts of the 
tea shoot. Of the various parts of the shoot, the first and second leaves 
are richest in flavanols. With age, the amount of these compounds in 
the leaf decreases. In effect, the quantity of (-)-epigallocatechin gal
late and (-)-epicatechin gallate decline rapidly, but the quantity of 
(-)-epigallocatechin and (-)-epicatechin tends to rise. The net result is 
that two-leaf flushes give higher quality black tea than three-leaf 
flushes. Russian studies have shown that inositol is present in the free 
and bound state in tea leaves. 

Sanderson (1966) found the specific activity of 5-dehydroshikimate 
reductase in crude preparations of tea flush to be 13 to 90 times larger 
than that found in any other organism. This activity, together with the 
quantity of shikimic acid found, indicate an active shikimic acid path
way in the biosynthesis of flavanols in the tea flush. This is in agree
ment with the very high amount of flavonoids (including flavanols) 
present in these tissues. Experimental work by Patschke and Grise-
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bach (1965) indicates that 4,2' ,4' ,6'-tetrahydroxychalcone-2 '-glucoside 
is a precursor of ( - )-epicatechin in tea leaves. Flavanols of tea are 
synthesized in the leaves of the plant, and immature leaves are more 
active in this way than mature leaves (Sanderson and Sivapalan 
1966B; Zaprometov 1958). 

Analytical Procedures 

For methods for the determination of flavanols in tea extracts, con
sult Pierce et al. (1969) and Collier and Mallows (1971). 

Enzymes 

The most important enzyme in the tea flush is catechol oxidase. It 
acts in the oxidation of tea catechins in the fermentation step of the 
manufacture of black tea. Since steam treatment of tea leaves made 
fermentation impossible, it was obvious that this change was brought 
about by an enzyme or enzymes. Srerrangachar (1939, 1943) showed 
this enzyme to be a polyphenol oxidase that contains copper. For more 
information, read these articles, as well as the one by Roberts (1958A). 

Catechol oxidase was long thought to be insoluble in water. Modern 
experimental methods, however, indicate that it is indeed soluble 
(Sanderson 1964A). Wickremasinghe et al. (1967) found that this en
zyme occurs in the epidermis and around the vascular bundles of the 
tea leaf. 

In addition to catechol oxidase, peroxidase, chlorophyllase, pectin 
methyl esterase, peptidase, phosphatases, 5-dehydroshikimate reduc
tase, and leucine transaminase, are present in tea leaves. The function 
of pectin methyl esterase is the demethylation of pectins during tea 
manufacture. Peptidase breaks down the proteins during withering. 
The action of 5-dehydroshikimate reductase is the biosynthesis of tea 
polyphenols and that of leucine transaminase is the biosynthesis of 
terpenes. The function of peroxidase, chlorophyllase, and phosphatases 
is unknown. 

AMINO ACIDS 

A number offree amino acids have been reported in the tissues of the 
fresh tea flush: aspartic acid, glutamic acid, asparagine, alanine, 
J3-alanine, glycine, serine, threonine, lysine, glutamine, histidine, argi
nine, tyrosine, valine, leucine, isoleucine, proline, phenylalanine, and 
tryptophan. In addition to these amino acids, theanine is also found. It 
is present in the largest amount, about 1.2% on the dry weight basis of 
the flushes (Cartwright et al. 1954). It is thought that these amino acids 
are responsible for the formation of tea aroma during the process of 
manufacture. 
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COOH 
I 

HCNH2 
I 

CH2 
I 

CH2 
I 

C 
O'Y 'NRC H 2 5 

Theanine 

Purine Bases 

Caffeine is the most important purine base in tea, about 3-5%. Theo
bromine and theophyllin are present also, but in much smaller quan
tities, 0.17% for theobromine and 0.013% for theophylline in black tea 
(Michl and Haberler 1954). 

o 

CH·V:Jc;CH. 
O""'~'N N 

CH. 
Caffeine 

Carbohydrates 

o 

HN)~NCH. 
~ -~--) 0' N N 

CH. 
Theobromine 

o 

CH'N)~NH 
~NJlN) 

CH, 
Theophylline 

The sugars found in the fresh tea flush are glucose, fructose, and 
sucrose, together with traces of raffinose and stachyose. Pectin, other 
extractable polysaccharides, and crude fiber are also present. There 
has been some disagreement in the literature on the exact compounds 
and quantities occurring in tea. Starch is reported as being present by 
some workers but absent by others. This may be partially caused by 
differences in variety, growing conditions, and methods of determina
tion. 

Japanese workers found that fructose, glucose, arabinose, sucrose, 
maltose, raffinose, and stachyose were present in black tea (Mizuno 
and Kimpyo 1955). Table 18.3 shows Russian data for sugars in black 
tea manufactured by the new Russian technology and by classic tech
nology. From these and other studies, the Russian workers concluded 
that as a result of the processing, the content of sucrose decreases and 
that of the monosaccharides increases. 

Chlorophyll and Carotenoid Pigments 

According to Sanderson (1972), chlorophyll a and b and the carote
noids are the important pigments in the fresh tea flush. Co and Sander-
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TABLE 18.3. Sucrose, Glucose, and Fructose in Tea (% Dry Matter) 

Sugars 

Sucrose 
Glucose 
Fructose 
Total sugar content 

Manufacture of Black Tea 

New Technology 

0.17 
0.46 
0.40 
1.03 

Classic Technology 

0.09 
0.78 
0.48 
1.35 

Source: Bokuchava and Skobeleva (1969). Reproduced with permission of Academic 
Press, New York. 

son (1970) found 1.4 mg of chlorophyll in 1 g, dry weight, of fresh tea 
flush. During the manufacture of black tea, a considerable amount of 
the chlorophyll is changeed to degradation products, specifically pheo
phytin a. However, the commercial sample they used also showed the 
formation ofpheophytin band pheophorbide. The chlorophyll b in their 
fresh tea flush was 481 p.g / g, and the chlorophyll a content was 955 
p.g / g. At the end of the processing, after firing and drying, the amounts 
of chlorophyll b decreased to 315 p.g / g and chlorophyll a to 650 p.g / g. 
At the same time the pheophytin a increased to 234 p.g / g. Russian 
workers showed considerable loss in the yellow pigments during the 
manufacture of black tea (Bokuchava and Skobeleva 1969; Nikolaish
viIi and Adeishvili 1966; see also Sanderson et al. 1971). 

Organic Acids 

The following organic acids have been found in fresh tea flush: oxalic, 
malic, citric, succinic, and isocitric acids. Quinic and shikimic acids 
have been found also. Small amounts of aconitic acid have been found 
in extracts from black tea, formed as a result of the oxidation of thea
flavin gallate, (-)-epigallocatechin gallate, and gallic acid (Roberts 
and Russell 1957). 

Mineral Substances 

A variety of minerals are found in the tea leaf. Copper is extremely 
important because it is a constituent of tea catechol oxidase which is 
vital in the manufacture of black tea. It has been found that approxi
mately 12-18 ppm of copper (dry weight) in the tea leafis necessary to 
produce enough catechol oxidase for the fermentation step to make 
black tea (Child 1955). 

The tea plant is an accumulator of aluminum, but the role of this 
metal in the biochemistry of the plant is not clear (Chenery 1955; Jurd 
1962). 
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Volatiles 

This subject is discussed in the next section. 

CHEMISTRY OF TEA MANUFACTURE 

In studying Table 18.1, one can see that the important chemical 
change in the manufacturing process for black tea is that from simple 
polyphenols to oxidized polyphenols. Other changes may not be ob
vious, but it is easy to see the shift in color ofthe prepared infusions of 
green tea to the reddish-brown of black tea infusions. The fact that no 
protein material is found in the brew made from black tea indicates 
that though initially insoluble, it became so in the process of manufac
ture. 

Withering 

Not too much is known concerning the biochemistry of withering; 
however, there is an increase in the permeability. According to Sander
son (1964C), this increased permeability is important in the mixing of 
the cell contents when the leaves are rolled. In this step the catechol 
oxidase and the tea catechins, which are found in different locations of 
the tea leaf tissue, are brought together so that fermentation can start. 

Fermentation 

This is the most important step that takes place in the manufacture 
of black tea. It allows the catechins of the tea leaf to be oxidized. As a 
result of these reactions, two main fractions of pigments, theaflavins 
and thearubigins, are formed. These fractions are mixtures rather than 
pure compounds. Other compounds are also formed, both colored and 
colorless. To understand the connection between the formation of 
substances that produce the color of the infusion of black tea and the 
oxidation of tea catechins, Roberts (1958A) used a model tea fermenta
tion system. 

It has been shown that all tea catechins are oxidized during the 
fermentation of tea (Dzhemukhadze et al. 1957, 1964). However, ac
cording to Pierce et al. (1969B) the gallocatechins are oxidized in pref
erence to the catechol-catechins. These findings were later confirmed 
(Pierce et al. 1969A). This agrees with Roberts (1957) concerning the 
relative oxidation potentials of these compounds. 

According to Sanderson (1964C), the extent of the oxidation of the 
catechins depends on the fermentation conditions used. It involves also 
the efficiency of the rolling process, as well as the time used for the 
oxidation, the state of the activity of the catechol oxidase found in the 
tea flush, and the catechins' relative oxidation potentials (Robert 1957; 
Sanderson 1964B, C; Takeo 1966). 
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\ It---"-' Theaflovins and Bisflavano/s 

~ 
Theorubigins 

(SI-"- S lA ...... Sn-"- !nso/ubl.) 

FIG. 18.1. Proposed scheme for tea fermentation. Materials present in 
fresh (withered) tea flush are enclosed in rectangles. The amount of any 
of the above materials present in black tea would be dependent on the 
conditions of black tea. 
From Sanderson (1972). Reproduced with permission of Academic Press. 

Figure 18.1 shows a proposed scheme for tea fermentation. It gives a 
graphic representation ofthe changes that take place during the manu
facture of black tea and the origins of the compounds present in the 
finished product. 

Theaflavins. In the mixture of theaflavins, a pure theaflavin has 
been separated. Compounds of theaflavin exist in the mixture also. 

HO 

HO 

OH 

OH 

Theaflavin 

Takino and Imagawa (1964) showed that the pigment formed from 
the two catechins, (-)-epicatechin and (-)-epigallocatechin, was the 
same as the theaflavin extracted from black tea. Theaflavin is formed 
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by the oxidation and dimerization of these two catechins. The struc
tural formula of thea flavin was confirmed by Takino et al. (1964, 1965, 
1966). 

Other investigators have shown that theaflavin gallate A and thea
flavin gallate B are present as components of black tea infusions, and 
their configurations have been determined. 

Berkowitz et al. (1971) found that epitheaflavic acid is formed during 
the process of fermentation of black tea, as illustrated in Fig. 18.2. It 
is a phenolic compound and is bright red in color. Epitheaflavic acid 
undergoes further oxidation in the fermentation process to yield other 
thearubigins when epicatechin is present (Berkowitz et al. 1971) (see 
Fig. 18.3). Roberts (1962) showed that gallic acid is also formed during 
fermentation in the manufacture of black tea. 

Thearubigins. Roberts (1962) assigned the name "thearubigins" to 
all brown pigments found in black tea that have acidic properties. 
Thearubigins are made up of a group of phenolic compounds that are 
heterogeneous in composition. Roberts and Smith (1963) worked out a 
procedure for the assay of tea for these compounds, which is also used 
as a method for their separation. According to these authors thearu
bigins make up about 9-19% of black tea-this is a large percentage of 

Catechol oxidase 

6 H f 0 
H ~ ~ H fJ HO~O.... OH(O)HOW .. ·n 0 I - ~ :7 I "'=J= 

~ ··OR ~ ···OR 

HO H, HO H 

I Epicatechin; R = H >- OH 
II Epicatechin gal/ate; H a 

R = galloyl HO~O ..•.••• V ~ OH 

~ I . - 0 +C02 
OR~ 

HO H .& OH 

OH 

HOOC-Q-OH 

OH 

Gallic acid 
"YJI 

o 

HOOC-Q=O 

OH 

XXIII Epitheaflavic acid; 
R = H 

XXIll 3 -Gal/oyl epitheaflavic 
acid; R = gal/oyl 

FIG. 18.2. Formation of epitheaflavic acids in tea fermentation system. 
Note dependence of gallic acid oxidation on (-)-epicatechin (gallate) oxida
tion, and formation of (3-galloyl)-epitheaflavic acid from oxidized 
(-)-epicatechin (gallate) and oxidized gallic acid. 
From Sanderson (1972). Reproduced with permission of Academic Press. 
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FIG. 18.3. Formation of thearubigins from epitheaflavic 
acids in tea fermentation system. Note dependence of 
epitheaflavic acids transformation on oxidation of tea flav
anols. 
From Sanderson (1972), Reproduced with permission of Academic Press. 

the solids (30-60%) found in an infusion of black tea-and are quite 
largely responsible for its color. 

Roberts (1962) found that during the fermentation of tea, theaflavins 
initially increase, but then eventually decrease. However, the thearu
bigins continue to increase throughout the entire fermentation. Sand
erson et al. (1972) found that thearubigins are formed as a result of the 
oxidation of anyone of the catechins of tea, or a combination of them. 

Sanderson et al. (1972), using model systems, found that different 
thearubigins are formed when different combinations of catechins are 
the starting material. Also, the quantity of thearubigins formed in
creased, but at the same time their solubility lessened with lengthen
ing of the period of oxidation. This decreased solubility is most likely 
the result of an increase in the molecular weights and also the more 
complex composition of the thearubigins which are in turn probably 
caused by oxidative polymerization between the polyphenolic com
pounds present. Considerable work has been done on this problem, but 
much more is left to be accomplished. 

Table 18.4 gives an excellent summary of the phenolic compounds 
that form during tea fermentation. 

The only known enzymic oxidations taking place during the fermen
tation step in the manufacture of black tea are those of the tea cate
chins acted on by catechol oxidase. It is likely that these actions bring 
about the conditions for the subsequent secondary oxidations which 
take place. 

Tea Cream. According to Roberts (1962, 1963) the precipitate that 
forms in brewed tea when it cools, does so naturally, and is known as 
tea cream. It is made up mainly of thearubigins, theaflavins, and caf
feine, present in about 66 : 17: 17 parts, respectively. This precipitation 
causes problems in the making of instant tea. 
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TEA AROMA 

The aromas of green and black tea develop during the manufactur
ing process, and they both, of course, differ from each other and from 
the aroma of the fresh tea flush. The odor of black tea develops during 
the entire production process. A variety of odors can be noticed during 
production, but the usual odor of black tea is achieved as a result of the 
final or firing stage of the process. 

It is only since the advent of gas chromatography and other tech
niques capable of analyzing very small samples that really satisfactory 
results have been possible. However, much remains to be done, particu
larly in regard to the pathways by which these compounds are formed. 
It is now known that about 140 compounds are present in black tea 
aroma, and many more compounds are likely to be found. Further, 
some compounds present in very small quantities may significantly 
influence the aroma of tea. 

Studies were conducted by Yamanishi et al. (1966) on the develop
ment and changes in volatile compounds during the preparation of 
black tea. The withering stage produced the largest increases in the 
following compounds: hexyl alcohol, nerol, and trans-2-hexenoic acid. 
Other compounds to show increases during this period included trans-
2-hexenol, linalool oxide, n-valeraldehyde, capronaldehyde, n-hepta
nal, trans-2-hexenal, trans-2-octenal, benzaldehyde, phenylacetal
dehyde, n-butyric, isovaleric, n-caproic, cis-3-hexenoic, and salicylic 
acids, and a-cresol. The following compounds decreased considerably 
during this period: cis-2-pentenol, linalool, geraniol, benzyl alcohol, 
phenylethanol, and acetic acid. During the fermentation step most of 
the aroma components increased, but increases for the following were 
larger than usual: 1-pentene-3-ol, cis-2-penteneol, benzyl alcohol, 
trans-2-hexeneal, benzaldehyde, n-caproic, cis-3-hexenoic, and salicylic 
acids. As a result of firing, rather large decreases were noticed in most 
alcohols, carbonyl, and phenolic compounds. Acetic, propionic, and iso
butyric acids also showed considerable increases. 

Saijo and Kuwabara (1967 A) found that black tea leaves had more 
aldehydes and acids, whereas the fresh tea leaves from which they were 
made were relatively richer in alcohols . 

. Other workers (Yamanishi et al. 1968) found that Ceylon tea flushes 
grown in high altitudes yielded high quality black teas with larger 
amounts oflinalool, linalool oxides, cis-jasmone, and geraniol than the 
lower quality black teas produced from tea flushes grown in lower 
altitudes. 

For a list of the compounds comprising tea aroma, the student is 
advised to consult Table 13 of Sanderson (1972). 

Flavoring components of manufactured green tea were studied by 
Yamanishi et al. (1966B). The essential oil from manufactured green 
tea was separated into carboxylic, phenolic, carbonyl, and alcoholic 
fractions. The components detected were isobutyl alcohol, butyl alco-
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hoI, 1-penten-3-01, isoamyl alcohol, trans-2-hexenal, amy alcohol, cis-2-
pentenol, hexanol, cis-3-hexenol, trans-2-hexenol, linalool oxide (trans, 
furanoid), linalool oxide (cis, furanoid), linalool, benzaldehyde, linalool 
oxide (cis, pyranoid), nerol, geraniol, benzyl alcohol, phenylethanol, 
and several unidentified compounds. 

Yamanishi et al. (1970) worked on the medium- and high-boiling 
flavor components of green tea. They found the following compounds: 
4-ethylguaiacol, carinenol, nerolidol, 3,7-dimethyl-1,5,7-octatriene-
3-01, 3,5-octadiene-2-one, a-ionone, ,B-ionone, indole, and dibutyl
phthalate. The first six of these compounds, together with linalool, 
acetophenone, and three unidentified compounds seemed to form the 
flavor characteristic of green tea. 

Compounds Concerned with Aroma Development 

A number of substances have been shown or suggested as being 
involved in the formation of compounds in tea aroma. 

Amino Acids. Certain of the amino acids are known to be effective 
in the development of aroma compounds. Valine gives rise to isobutyr
aldehyde, leucine to isovaleraldehyde, isoleucine to 2-methylbutanal, 
methionine to methional, phenylalanine to phenacetaldehyde, glycine 
to formaldehyde, and alanine to acetaldehyde (Co and Sanderson 1970; 
Nakabayashi 1958; Saijo and Takeo 1970B). These aldehydes are pro
duced via the Strecker degradation. Using model systems it has been 
further determined that both tea enzymes and tea catechins are essen
tial for the formation of aldehydes in these reactions, but some other 
oxidizing agents, such as dehydroascorbic acid (Co and Sanderson 
1970), can bring about the development of aldehydes from amino acids 
by the Strecker degradation. 

Carotenes. There is a considerable decrease in the carotenoids of 
the fresh tea flush during its preparation to yield black tea (Sanderson 
etal. 1971). The largest decrease takes place during the first part of the 
fermentation step, and oxidative degradation of ,B-carotene results in 
the formation of f3-ionone together with some other unidentified vola
tile and nonvolatile compounds. The oxidation of tea catechins is es
sential before the breakdown of f3-carotene can take place. It seems 
quite possible that other carotenoids could undergo oxidative degrada
tion to yield volatile compounds that could be a part of the aroma of tea. 

Other Compounds. It is indeed probable that other compounds are 
present in the harvested tea flush, which during processing could pro
duce compounds present in the aroma of black tea. Such things as tea 
lipids could perhaps yield these compounds. In addition, alcohols could 
be oxidized to aldehydes and acids. These are yet to be studied. 
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SUMMARY 

Three main types of tea are produced: black, Oolong, and green teas. 
Black tea is produced as the result of four basic steps: withering, 

rolling, fermenting, and firing. Each of these steps is important for the 
production of good black tea. 

The rolling step injures the leaf cells so that the fermentation step 
can begin. This is brought about by combination of the flavonols and 
the catechol oxidase. This process, therefore, is a process of enzymatic 
oxidation. Fermentation is completed in the fermentation step. Enzy
matic activity is stopped in the firing step. 

Oolong tea is semi-fermented. This is accomplished by a shortened 
withering step. 

A mixture of a number of phenolic compounds are present in tea. The 
four basic groups are flavanols (catechins), flavonols and flavonol gly
cosides, leucoanthocyanins, and depsides. About 30% of the dry weight 
of the fresh tea flush is made up of these important compounds. (-)
Epigallocatechin gallate is the quantitatively important flavanol in all 
parts of the tea shoot. Inositol is present in the free and bound state in 
tea leaves. 

The most important enzyme in the tea flush is catechol oxidase. 
Among the amino acids present, theanine is present in the largest 

amount. 
Caffeine is the most important purine base present in tea, from 3 to 

5%. 
It was shown that the pigment formed from the two catechins, ( -)

epicatechin and (-)-epigallocatechin, is the same as the theaflavin 
extracted from black tea. 

Epitheaflavic acids are formed during the process of fermentation of 
black tea. These compounds are bright red in color. 

Thearubigins, found in black tea, are a group of phenolic compounds 
that are heterogeneous in composition. 

Black tea leaves have more aldehydes and acids, whereas the fresh 
tea leaves from which they were made are relatively richer in alcohols. 

The carotenes and amino acids are concerned with aroma develop
ment. About 140 compounds are present in black tea aroma. 
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Cacao originated in the Americas, probably in the jungles of the 
Orinoco and Amazon valleys. Cultivated by the Aztecs of Mexico and by 
the Mayas of Central America, cacao was being used by them at the 
time of the discovery of America by Columbus and the conquest of 
Mexico by Cortes. Columbus brought some cacao beans back to Europe. 
A beverage called chocolatl made from these beans was consumed in 
large amounts by the Emperor Montezuma. The basic concoction com
prised cakes made from the fluid mass of ground chocolate, to which 
corn and spices as well as vanilla were added. Parts of the cakes were 
beaten with water and the other ingredients were added resulting in a 
final product that had the approximate consistency of honey. The Span
iards were said to have been attracted to it only when it was sweetened. 

The botanical name, Theobroma cacao Linn., is the species most 
usually cultivated for commercial purposes (although a number of 
others are known) and belongs to the Sterculiaceae family. It is be
lieved that T. pentagona was the species cultivated by the Aztecs at the 
time of the conquest. There are two main groups of Theobroma cacao, 
namely, Criollo and Forastero. A third form, Trinitario, is, in reality, 
a hybrid of these two. Forastero is the commercially important group 
at the present time. However, the other two varieties are used also, and 
the beans produced command a higher price because of their flavor 
qualities. Criollo and Trinitario are used in the manufacture of some 
dark eating chocolates. They are of little importance in the manufac
ture of milk chocolate. 

The cacao tree grows to 15--25 ft high and has evergreen leaves. The 
tree takes from 8 to 10 years to reach full development although fruits 
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are produced after about 3 years of growth. The flowers of the tree are 
found on the trunk or the main branches and appear throughout 
the year. They are white or pale pink in color and are odorless. The ripe 
cacao pods (the fruit of the tree) are 6-8 in. long and are made up of a 
rather thick husk in which are found from 20 to 40 seeds surrounded 
by a mucilaginous pulp. The seeds are the cacao beans. The pods take 
between 5 to 6 months to mature and when ripe weigh approximately 
lIb. 

The cacao tree requires a tropical climate, with humidity and warm 
temperature necessary for its successful cultivation. The ideal mean 
temperature is 26.6°C with a range of 18.3°-35°C. Whereas it can be 
grown at almost sea level, the higher quality product is grown at higher 
altitudes. In Sri Lanka choice cacao is grown at an elevation of over 
1400 ft. It is possible, under certain conditions, to grow cacao trees with 
irrigation. 

MANUFACTURE OF COCOA AND CHOCOLATE 

Fermentation 

After the fully mature pods are harvested, the pods are cut open, the 
beans are removed and subjected to fermentation, a curing process. 
Great care is necessary in the fermentation process to get a satisfactory 
product. Cacao fermentation is an art rather than a strict science. 

Fermentation of the separated beans is accomplished by either of two 
methods. These methods were designed to provide the necessary heat 
and to make possible the draining of the sweatings (the liquefaction of 
the adhering pulp) from the beans. Liquefaction occurs mainly during 
the first day of fermentation. During this time the temperature rises 
steadily. It is essential to use sufficient beans so that the heat produced 
by the process is not lost, but raises the temperature above that of the 
ambient temperature. In the first method, used by the small farmers, 
500-600 lb of beans are piled on banana or plantain leaves in the form 
of a flat cone. The top is covered with more of these leaves. The second 
method, the box method, or modifications of it, is used by the large 
plantations. This method is better because it permits a more even 
fermentation. The boxes used are 3-ft cubes, which hold about 500 lbs 
of the beans and have holes or slats in the bottoms to allow the liquefied 
pulp to drain off. The beans are transferred to other boxes of the same 
type every two days to permit aeration and to equalize the tempera
ture. The filling of the boxes must be reasonably uniform, and the 
mixing must be done at regular intervals. It takes about 3 days to 
attain the temperature of 45° C, and when it reaches approximately 
50° C this temperature is maintained until the fermentation _ is fin-
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ished. This temperature is necessary to complete the fermentation. 
Tests showed that all the beans were still alive after 20 hr, but not after 
68 hr. In the interim, both types of beans were found. After approxima
tely 160 hours, the air starts to penetrate the cotyledons and browning, 
which is caused by the action of polyphenol oxidase, begins. These 
changes are normal. 

Roberts (1959) has stated that the fermentation process can be 
classed as an anaerobic phase, while the later drying stage is oxidative. 
Powell (1959) has disputed the need for the first or anaerobic phase; 
however, anaerobic conditions do exist during the time that the pulp is 
undergoing liquefaction. 

Fermentation results in beans that have the required composition to 
permit the preparation of an acceptable cocoa or chocolate. 

Drying 

After fermentation, the beans are dried to about 6--8% moisture 
content. During this process about a 40% loss takes place. This step is 
necessary so that the beans can be stored without mold formation. The 
most satisfactory temperature for this purpose is between 45° and 
60° C, and it can be done either in the sun or artificially. Too rapid 
drying at the beginning of the process is undesirable because sufficient 
oxidation of the tannin components will not take place. Mter the beans 
are dried they are ready for shipment. 

Roasting 

The beans are cleaned before being roasted, during which process 
broken beans, dirt and other foreign matter are removed. The roasting 
process is necessary to develop aroma and flavor, and at the same time 
it reduces the amount of moisture present and loosens the shell for easy 
removal. 

There are a number of different designs for roasters, but all of them 
employ the basic fundamentals necessary for the satisfactory roasting 
of the beans. Higher temperatures are used for roasting beans that are 
to be used in the manufacture of cocoa than for those to be used in the 
production of chocolate. For cocoa, the temperatures used are usually 
from 116° to 121°C, whereas for chocolate production the temperatures 
are from 99° to 104°C. Beans that are to be used mainly for the produc
tion of cocoa butter used in the manufacture of milk chocolate are 
roasted at lower temperatures. In this case, the beans are just warmed 
to loosen the shell. They yield a cocoa butter that has the desired 
mildness essential for this purpose. The time used for roasting, depend
ing on the equipment used and the size of the batch, may be from 15 to 
70 min. 
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Winnowing 

Mter roasting, the shells of the beans are removed using the winnow
ing equipment, which separates the cotyledons (nibs) from the shells 
and the germs. 

CHEMICAL COMPOSITION 

Unfermented Cacao Beans 

Ripe fresh cacao beans contain about 36% moisture and 30% fat. The 
remainder is made up of sugars, starch, and other carbohydrate ma
terial, phenolic compounds, and protein substances, together with the 
purine bases, theobromine and caffeine. 

Most of the cells of the cotyledons are of two types of parenchyma 
cells. The more numerous of these are small cells in which protoplasm 
and fat droplets and starch and aleurone grains are found. Enzymes are 
also present in these cells (Forsyth 1955; Forsyth and Quesnel 1963). 
Scattered among the first type are larger cells, polyphenol storage cells, 
containing all the purine bases and phenols, but no protein or fat, nor 
do they contain enzymes. 

A method to separate these two types of cells was developed by 
Brown (1954) that involves the use of light petroleum in a sedimenta
tion procedure. This method has been helpful in research on the chem
istry of these cells. 

Polyphenols 

The polyphenols of cacao are very important compounds, since they 
are involved in the flavor and color of the finished chocolate and cocoa. 
According to Forsyth and Quesnel (1963), the three important groups 
of phenols present are anthocyanins, leucocyanidins, and catechins, 
and they are present in the following approximate percentages: antho
cyanins, 4%; leucocyanidins, 58%; and catechins, 37%. ( -)-Epicatechin 
comprises over 90% of the catechins. This catechin was first found in 
cacao in 1932 (Freudenberg et al. 1932). Forsyth (1952A, 1955) found 
the other catechins to be ( + )-catechin, ( + )-gallocatechin, and ( - )-epi
gallocatechin. Forsyth and Quesnel (1957) reported that 3-,B-D-galacto
sidyl cyanidin and 3-0:-L-arabinosidyl cyanidin salts are the antho
cyanin pigments present. 

OR 

RO 
OR 

OR 
Anthocyanin structure in cacao. R = arabinose or galactose 
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The anthocyanins of cacao are crystalline, somewhat soluble in 
water, and easily dissolved by methyl and ethyl alcohol. They are 
insoluble in ether, chloroform, petroleum ether, and benzene. Antho
cyanins are purple in neutral aqueous solution. Weak alkaline solu
tions are violet, but turn to green in the presence of strong alkali. Acid 
solutions are pink, but become colorless if they are diluted. It is obvious 
that these color changes, the result of variations in the pH of the 
medium, account for the changes in color in the beans while they are 
undergoing fermentation. 

Griffiths (1958) determined thatp-coumarylquinic acid, also a poly
phenol compound is present in the cotyledons of the cacao bean. 

The polyphenol composition of the storage cells is given in Table 
19.1. Figure 19.1 shows a chromatogram of these various compounds. 

Enzymes and Amino Acids 

The bulk ofthe protein work on cacao beans reported in the literature 
has to do with enzymes. Among the enzymes identified are ,8-galaco
sidase (anthocyanase), a-amylase (diastase), pectinesterase, poly
galacturonidase, cellulase, proteinase, polyphenol oxidase, peroxidase, 
and catalase. Also, an enzyme is known in the unfermented bean which 
is able to split 3-a-lrarabinosidyl cyanidin chloride and 3-,8-n-galacto
sidyl cyanidin chloride to yield sugar and cyanidin. This enzyme is a 
,8-galactosidase (Forsyth and Quesnel 1963). 

The unfermented cotyledons contain the following amino acids: 
aspartic acid, glutamic acid, asparagine, glutamine, alanine, leucine, 
proline, valine, and a-aminobutyric acid (Schormuller and Winter 
1959). 

TABLE 19.1. Composition of Polyphenol Storage Cells and of Dry Cotyledons 

Catechins 
Leucocyanidin 1 
Leucocyanidin 2,3 
Anthocyanins 
Polymeric leucocyanidins 

Total polyphenols 
Theobromine 
Caffeine 
Free sugars 
Cell wall and starch 
Unknownu 

Total 

Polyphenol 
Storage 
Cells (%) 

25.0 
14.0 
7.0 
3.0 

17.5 
66.5 
14.0 
0.5 
1.6 
3.0 

14.4 
100.0 

Dry 
Cotyledons 

(%) 

3.0 
1.7 
0.8 
0.4 
2.1 
8.0 
1.7 
0.1 

Total 
Polyphenol 

(%) 

37.6 
21.0 
10.5 
4.5 

26.3 
99.9 

Source: Forsyth and Quesnel (1963). Reproduced with permission of Wiley (Interscience) 
U Would include glycosidic residues on the polymeric leucocyanidins. 
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FIG. 19.1. Chromatogram of polyphenol compounds from an e~tract of 
Cacao in 80% aqueous methanol containing approximately 1% HCI. Shaded 
areas react with ferricyanide-Fe3+ reagent. Spots with the dashed outline are 
fluorescent. (1) See Fig.19.2. The chromatogram is first run in 2% aqueous 
acetic acid and then in butanol-acetic acid-water (4: 1: 5). Identification: (2) 
Cyanidin-3-galactoside, (3) cyanidin-3-arabinoside, (4) (-)-epigalloca
techin, (5) (+)-gallocatechin, (6) (-)-epicatechin, (7) (+)-catechin, (8) leuco
cyanidin L3 , (9) leucocyanidin L2, (10) leucocyanidin L1 , (11) unknown, (12, 
13) possibly neochlorogenic and chi orogenic acids, (14) p-coumaryl-quinic 
acid. Area in top left corner is polymeric leucocyanidin. 
From Forsyth and Olesnel (1963). Reproduced with permission of John Wiley & Sons. 

Carbohydrates 

Quantitative work on the polyphenol storage cells shows the follow
ing results: sucrose, 1%; galactose and glucose as a unit, 0.3%; and 
arabinose, 0.3%. Starch in the unfermented dry cotyledon is present to 
the extent of 5 to 9%. Stachyose and raffinose have been found in the 
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parenchymatous cells and pectic substances and cellulose have also 
been detected. 

Other Substances 

Theobromine. Cacao is the most important source of theobromine. 
Theobromine is present in the unfermented dry cotyledons, and analyt
ical results show that about 1 to 2% is present. Theobromine is a white 
crystalline powder that has the property of subliming at 2900 C. It is 
sparingly soluble in alcohol and water when cold, but is more soluble 
when the solvent is heated. It is soluble in chloroform, but only slightly 
soluble in benzene, ether, and petroleum ether. Theobromine is a weak 
base, and the aqueous solution has a bitter taste. The structural for
mula is given in Chapter 18. 

Caffeine. Caffeine is also found in the cotyledons, but the quantity 
present is small. 

CHANGES DURING MANUFACTURE OF 
COCOA AND CHOCOLATE 

Changes During Fermentation 

A number of organisms are responsible for changes which occur 
during the fermentation of the cacao. This sequence is as follows: 
yeasts, followed by lactic acid bacteria, followed by acetic acid bacteria, 
followed finally by spore-forming bacilli. The changing conditions dur
ing the fermentation process are instrumental in the determination of 
this sequence. While it is true that the seeds are sterile while they are 
in healthy pods, contamination results when they are withdrawn from 
the pods and placed in piles or boxes. 

The first change to take place in the fermenting pulp is, as one would 
expect, the fermentation by yeasts and the formation of alcohol from 
the sugars. The pulp contains 10-13% sugars, about two-thirds of 
which are monosaccharides; the remainder is sucrose. Bacteria then 
work on the alcohol to produce acetic acid. It is quite likely that other 
reactions, such as pectin breakdown, take place at the same time. The 
fermentation process should not be unnecessarily delayed because 
other organisms could cause undesirable changes, mainly putrefaction. 

Fermentation causes considerable change in the beans. The almost 
neutral sap of the fresh beans gradually becomes acid during fermen
tation, and in the case of the beans with purple anthocyanins in the 
cotyledons (Forastero and hybrid beans), the purple color changes to 
bluish violet and then to red violet with further development of acidity. 
Pure Criollo beans contain no pigments because of the presence of 
colorless leucoanthocyanins. 
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An important and necessary change that takes place during the 
fermentation process is the death of the beans. They lose their ability 
to germinate and lose by diffusion the substances in the polyphenol 
storage cells. Important contributors to this are the development of 
acetic acid and ethanol, together with the accompanying increase in 
temperature. The development of acetic acid is the principal cause of 
the death. The ability to germinate ends when the temperature reaches 
430_44 0 C. At the same time the semipermeability of the cell membrane 
is lost. Water is absorbed, by the dead beans, and this makes possible 
the movement of the polyphenols from the storage cells to the smaller 
cells containing the enzymes. The presence of alcohol and acetic acid 
help to bring about the solution ofthe polyphenolic substances and this 
in turn makes possible the movement of the polyphenols. Water is not 
present in sufficient amounts to bring this about alone. Enzyme action 
is directed principally at sugars, polyphenols, and proteins. 

Chatt (1953) and Forsyth and Quesnel (1963) have noted that if 
germination is permitted, the finished chocolate products will be bitter, 
an undesirable effect. 

Chemical Changes During Fermentation. The fat (cocoa butter) is 
not changed during the curing process. Using paper chromatography, 
Forsyth (1952B) found that the anthocyanins do undergo rapid destruc
tion during the fermentation process. The reduction in quantity of the 
catechins and simple leucocyanidins was likely the result of exuding 
into the testa. It has long been considered that purple-colored cured 
beans are oflower quality. The pH drops when the acid works into the 
bean and the anthocyanin pigments continue to take on the pseudo 
form which is colorless. Also, enzymatic hydrolysis takes place as the 
fermentation progresses. When conditions of fermentation are such 
that complete hydrolysis of the anthocyanins takes place, the finished 
chocolate has good flavor. 

Forsyth et al. (1958) believe that some tanning of the proteins of 
cacao takes place during the curing process. The proteins become water 
insoluble, directly proportional to the accompanying developing insolu
bility of the leucoanthocyanins. The proteins and the leucoanthocya
nins appear to be firmly united. 

Figure 19.2 shows the tannin compounds in the fully cured cacao 
bean. Bracco et al. (1969) found that the amount of catechins sig
nificantly decreased during fermentation. On the other hand, non
catechinic tannins showed only small variations They suggested that a 
ratio of catechins to soluble tannins be used as an index offermentation 
since it decreased regularly during this operation. They found also that 
the ratio of soluble nitrogen to total nitrogen could be used as a fer
mentation index, confirming Rohan and Stewart (1967 A, B, or C?). In 
addition the ratio of glucose and fructose to sucrose correlated with 
fermentation. They concluded that well-fermented cacao from the Ivory 
Coast would show a catechin index of about 0.20, a nitrogen index of 
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FIG. 19.2 Chromatogram of an extract of fully cured cacao in 80% aqueous 
methanol containing approximately 1% HCI. Areas with dashed shading 
react with the ferricyanide-Fe3+ reagent. Areas with dotted shading give 
mauve colors with diazotized p-nitroaniline followed by Na2C03• Spots with a 
dashed outline are fluorescent. The chromatogram is run first in 2% aqueous 
acetic acid and then in butanol-acetic acid-water (4: 1 : 5). Identification: (1) 
Unknown, (6) (-)-epicatechin, (9) leucocyanidin L2, (10) leucocyanidin Lj , (11) 
unknown, (12, 13) possibly neochlorogenic and chlorogenic acids, (14) p
coumaryl-quinic aCid, (15, 16) presumed X substances of Schubiger et al. 
(1957), (17) unknown (also reacts gray-mauve with diazotized p-nitroaniline, 
(18-26) unknown. Spots 17-26 occur in traces in the unfermented bean. 
From Forsyth and Olesnel (1963). Reproduced with permission of John Wiley & Sons. 
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TABLE 19.2. Changes in Soluble and Total Nitrogen of Ghanan and Nigerian Cacao 
Beans During Fermentation 

Nitrogen Content 

Duration of 
of Shell-free Bean Nitrogen index 

Fermentation Soluble Total Soluble N x 100 
(hr) (% by Weight) Total N 

Ghana 

0 0.61 2.38 25.6 
24 0.63 2.38 26.5 
48 0.69 2.05 33.6 
72 0.72 2.09 36.4 
96 0.85 1.80 47.2 

120 0.81 1.70 47.6 
144 0.84 1.79 46.9 

Nigeria 

0 0.56 2.20 25.4 
24 0.66 2.23 29.6 
48 0.76 2.11 36.1 
72 0.98 1.95 50.1 
96 1.01 1.96 51.5 

120 0.84 1.95 43.1 
144 0.78 1.85 42.1 
168 0.81 2.11 38.4 

Source: Rohan and Stewart (1967A). Reproduced with permission of Institute of Food 
Technologists. 

about 33, and a carbohydrate index of about 1.6. Rohan and Stewart 
(1967 A) worked on the changes in soluble and total nitrogen in the 
cacao bean during fermentation. Table 19.2 shows the results of this 
work. 

Holden (1959) studied the enzyme changes in fermenting cacao. He 
found that enzymes were inactivated sooner at the top of the heap than 
in the center. At the top the temperature rose much more rapidly. The 
concentration of enzymes gradually decreased while the beans were 
dying until, after three days of fermentation, little activity could be 
detected. However, Forsyth et al. (1958) reported that the enzymes as 
well as the protein became insoluble in water by phenolic tannin. The 
enzymes in this insoluble condition retain however, a slight amount of 
activity. This remaining action of polyp he no I oxidase is responsible for 
the retarded browning that occurs later in the drying stage. 

Rohan and Stewart (1967 A) showed that, during the fermentation of 
cacao beans, amino acids are formed at a rate similar to that known for 
flavor and aroma production. That these compounds playa likely role 
as precursors of aroma is given support as a result of this investigation. 

Rohan and Stewart (1967B) also noted that during fermentation the 
sucrose is hydrolyzed to glucose and fructose at a rate so as to include 
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these reducing sugars among other substances as precursors of choco
late aroma and flavor (see Table 19.3). 

According to Humphries (1944B) about 40% of the theobromine is 
lost from the cotyledons during fermentation. 

TABLE 19.3. Changes in Sugars of Ghana and Nigerian Cacao Beans During 
Fermentation 

Reducing Sugars Total Sugars 
Reducing Sugars 0 

x 10 
Duration % of Cotyledons % of Cotyledons Total Sugars 

Fermentation 
(hr) Ghana Nigeria Ghana Nigeria Ghana Nigeria 

0 0.12 0.33 1.44 2.20 11.0 14.9 
24 0.24 0.67 1.37 1.98 17.5 33.8 
48 0.62 1.22 1.38 1.79 49.0 68.0 
72 0.90 1.28 1.31 1.72 65.0 74.5 
96 1.04 1.34 1.25 1.57 83.0 85.4 

120 1.22 1.22 1.22 1.40 100 87.1 
144 0.94 1.11 1.01 1.28 93.9 87.1 
168 1.16 1.46 80.0 

Source: Rohan and Stewart (1967B). Reproduced with permission of Institute of Food 
Technologists. 

Changes During Drying 

It is during the drying stage that important formation of brown 
colors typical of chocolate takes place. When fermentation is complete 
the leucocyanidins and the (-)-epicatechin remain either free or in 
combination with peptides. On completion of drying only traces ofthese 
substances can then be detected. These compounds cannot be acted on 
by the polyphenol oxidase because the fermentation proceeds under 
anaerobic conditions. During the drying process, oxygen is available 
and the brown substances can be formed. Griffiths (1957) was able to 
demonstrate that the important substrate for polyphenol oxidase is 
epicatechin. However, the others constribute also. 

The following aromatic acids were found (Quesnel 1965; Quesnel and 
Roberts 1963) in fermented and dried cacao beans: o-hydroxyphenyl
acetic acid, phenylacetic acid, p-hydroxyphenylacetic acid, p-hydroxy
benzoic acid, vanillic acid, protocatechuic acid, syringic acid, p-cou
maric acid, ferulic acid, phloretic acid, and aesculetin. The presence of 
phenylacetic acid, however, was not conclusively proved. 

Bracco et al. (1969) noted that the catechins significantly decreased 
particularly during the period of sun drying of the beans. 

Changes During Roasting 

Table 19.4 gives the results of the analysis of cocoa nibs showing the 
effects of roasting on the general composition. 
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Pinto and Chichester (1966) report that the important changes dur
ing the roasting of cacao beans are the destruction of the reducing 
sugars and amino acids, after which volatile carbonyl compounds are 
formed. Most of the compounds formed during roasting are produced by 
oxidative deamination of free amino acids. These authors further sug
gest that action between the amino acids and the reducing sugars forms 
products of the Amadori rearrangement. As the heating is continued, 
these products decompose to form aldehydes and other compounds from 
the sugars. Tables 19.5 and 19.6 show the changes in amino acids and 
reducing sugars as the result of roasting. 

Rohan (1964) showed that an aqueous methyl alcohol extract of fer
mented cacao beans gave a chocolate odor when heated. A similar 
extract from unfermented beans did not give such an aroma. This 
extract contained amino acids, sugars, and flavonoids. 

Reineccius et al. (1972) determined that pyrazines are generated in 
cacao during roasting in amounts of 142-698 ~/100 g of beans. These 
authors noted that the greatest potential for the generation of pyra
zines was in beans from the countries where traditional fermentation 
was practiced. Those found in the largest amount included tetra
methylpyrazine, trimethylpyrazine, and a group of pyrazines under 
one peak that was a mixture of 2-ethylpyrazine, 2,5-dimethylpyrazine 
and 2,6-dimethylpyrazine. 

/N"" 
HM yH 
HC CH 

"N.f' 
Pyrazine (1,4-Diazine) 

Bailey et al. (1962) pointed out the probable importance of the 
Strecker degradation in the formation of aldehydes. They found iso
valeraldehyde, isobutyraldehyde, propionaldehyde, methyl alcohol, 
acetaldehyde, methyl acetate, n-butyraldehyde, and diacetyl. These 
compounds were found in both unroasted and roasted beans in the 
usual order of relative descending amounts, isovaleraldehyde being in 
the largest amount. Eight more compounds were found in small 
amounts. These compounds were also found in the raw bean volatiles, 
also in smaller amounts. The same components but in different ratios 
were found in the several varieties studied. 

Rohan and Stewart (1967C) found a curious temperature effect in 
connection with the Strecker degradation of amino acids by reducing 
sugars in cacao beans, and to such an extent that it could affect the 
flavor of the final product. A model amino acid reducing sugar system 
was studied and the results support the idea that a relationship exists 
among temperature of the reaction, extent of the degradation of amino 
acid, and the formation of volatile flavors during roasting. A sample of 
Accra cacao beans was roasted under factory conditions using three 
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TABLE 19.5. Amino Acids Present in Unroasted and Roasted Bahia (Good Quality) 
Cacao Beans' 

Roasting Time (min) 

Amino Acid 0 30 45 

Lysine 14.15 12.54 10.50 
Histidine 4.93 4.55 3.43 
Arginine 14.76 12.68 12.39 
Aspartic acid 9.54 10.03 8.38 
Threonine 15.57 13.28 10.41 
Serine 13.10 12.94 11.96 
Glutamic acid 16.76 9.50 6.55 
Proline 15.78 12.38 12.38 
Glycine 8.16 7.77 7.36 
Alanine 32.82 32.38 28.30 
Valine 17.94 17.02 15.37 
Methionine 2.04 1.99 1.94 
Isoleucine 11.97 11.74 9.78 
Leucine 39.01 36.84 30.91 
Tyrosine 13.88 12.13 10.58 
Phenylalanine 26.24 23.87 20.10 
Ammonia 30.08 29.18 37.77 

Source: Pinto and Chichester (1966). Reproduced with permission of Instit1,lte of Food 
Technologists. 

aGiven in mg/g of beans. 

different temperatures of roast, 100°, 140°, and 180°C for 100 min, 80 
min, and 30 min, respectively. The roasted beans were then made into 
plain chocolate using the regular factory method, and after 3 weeks of 
storage were sent out for organoleptic scoring. The beans heated at 
100° C were scored as being weakest in chocolate flavor. However, they 
were described as fruity, something akin to Arriba cocoa. Chocolate 
from beans heated at 180°C was not a great deal better. The highest 
score was given to the chocolate processed at 140° C. It seems, therefore, 
that formation of flavor volatiles during the roasting of cocoa beans is 
related to the temperature of reaction and the extent of amino acid 
degradation. 

TABLE 19.6. Changes in the Reducing Sugars During Roasting of Bahia Cacao Beans 
(Good Quality) 

Roasting Time (min) 

0 15 30 45 

Reducing sugars 
(mg dextrose per 
gm of beans) 17.62 12.22 8.04 3.94 

Source: Pinto and Chichester (1966). Reproduced with permission of Institute of Food 
Technologists. 
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Some of the fermented cacao beans were ground, extracted with 80% 
methanol, and then filtered to get rid of extraneous material. The 
methyl alcohol was removed in a rotary evaporator, and the residue 
was dialyzed. The diffusate was freeze-dried, and the residue developed 
the chocolate aroma on heating at 1400 C. Different samples of the 
residue were heated at various temperatures and analyzed for reducing 
sugars and amino acids, as illustrated in Table 19.7. 

Similar experiments making use of the polycomponent synthetic 
mixture are shown in Table 19.8. The fact that a real chocolate aroma 
was not produced by the synthetic mixture indicates that the problem 
of the production of chocolate flavor is far from solved. 

TABLE 19.7 Destruction of Amino Acids and Reducing Sugars on Heating Aroma
Precu rsor Extract 

Heating 
Conditions Amino Reducing Total 

Acid Sugar Sugar Aroma 
Temp Temp Destruction Destruction Destruction of 
caC) (min) (%) (%) (%) Product 

50 30 6.2 
50 60 8.9 27.0 
50 120 8.9 41.1 

100 30 18.8 27.5 35.8 cocoa 
100 60 29.6 56.6 79.6 cocoa 
100 120 30.9 81.4 22.8 cocoa 
120 30 43.0 84.1 38.9 cocoa 
120 60 54.4 100 79.2 cocoa 
120 120 54.4 93.5 91.2 cocoa 
150 10 58.8 cocoa 
150 30 81.7 cocoa 
150 60 85.8 
150 120 85.1 

Source: Rohan and Stewart (1967C). Reproduced with permission of Institute of Food 
Technologists. 

Keeney (1972) reviewed the various interactions in chocolate flavor 
and noted that the raw beans may have the following flavors: acid-like, 
musty, astringent, bitter, nutty, unclean, and perhaps somewhat 
chocolate-like, depending on the beans. Different batches are not all 
the same. During the roasting process some volatile materials present 
in the raw beans are lost and the final chocolate flavor is developed. 
Roasting reduces the moisture in the beans from 6 to about 1%. 

Conching, which is the mixing or rolling of the chocolate mass, has 
a mellowing effect on chocolate flavor. Basically, this process is me
chanical in nature, and probably involves changes in surface phe
nomena. 
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TABLE 19.8. Destruction of Amino Acids and Reducing Sugars on Heating Polycom
ponent Synthetic Mixture 

Heating 
Conditions 

Amino Acid Reducing Sugar 
Temp Time Destruction Destruction Aroma of 

(OC) (min) (%) (%) Product 

100 30 15.6 17.9 aldehydic 
100 60 17.6 30.1 aldehydic 
100 120 21.1 41.0 aldehydic 
120 15 40.2 aldehydic 
120 30 41.3 31.0 meaty 
120 60 41.5 50.8 burnt chocolate 
120 120 41.2 67.8 burnt chocolate 
150 30 73.0 82.1 burnt chocolate 
150 60 77.0 100 
150 120 79.3 

Source: Rohan and Stewart (1967C). Reproduced with permission of Institute of Food 
Technologists. 

During the roasting process nonenzymatic browning takes place. 
Ammonia nitrogen is higher in beans that have been through the 
fermentation process. 

VOLATILES AND rnOCOLATE FLAVOR 

There is still much work to be done in the area of chocolate flavor. 
The final chocolate flavor is a combination of many compounds, both 
somewhat fixed and volatile. It is decidedly complex. Bainbridge and 
Davies (1912) prepared volatile oil from 2000 g of lightly roasted Ar
riba cocoa beans from the Arriba district of Ecuador. This cacao is not 
well cured. A yield of 24 ml was obtained, was fractionally distilled, 
and the first fractions were found to be rich in esters. The middle 
distilled fractions were rich in d-linalool, probably owing to incomplete 
curing. The esters, when saponified, gave mixtures of amyl alcohol 
with acetic, propionic, octoic, and nonoic acids. 

Since then many volatile compounds, have been isolated. In addition, 
cured beans extracted with chloroform have yielded an odoriferous 
resinous product which chromatographic studies have shown is made 
up of aromatic acids and carbonyl compounds. 

Van Pragg et al. (1968) first reported that "5-methyl-2-phenyl-2-
hexenal possesses a deep, bitter, consistant cocoa note." A table identi
fying compounds in various fractions of cocoa nibs distillate is included 
in their article. Among these compounds are a number of pyrazines, 
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methyl sulfide and other sulfur compounds, alcohols, aldehydes, 
ketones, 5-methyl-2-phenyl-2-hexenal. 

The volatile compounds of roasted cocoa were investigated by van der 
Wal et al. (1971), and they found and identified 181 compounds, of 
which 112 were detected for the first time. The authors prepared a 
synthetic mixture and, although it had a cocoa-like odor, it lacked the 
strong odor of the original. There was no problem distinguishing the 
two. It is quite likely that important compounds are yet to be found. 
Work of this character has been possible only since the advent of gas 
chromatography, infrared and mass spectrometry. Earlier methods 
were not capable of such sensitive precision. According to Keeney 
(1972) more than 300 volatile compounds have been found in roasted 
cocoa beans. 

CHOCOLATE AND COCOA PRODUCTS 

Chocolate is made by grinding the hot nibs to a dark brown fluid 
known as chocolate liquor. There is a large amount of fat, or cocoa 
butter, in chocolate liquor, about 55% of the nib. The cooled and molded 
liquor is sold as unsweetened chocolate. 

Cocoa is made by subjecting the chocolate liquor to pressure in the 
hydraulic press and removing a part of the fat, which is known as prime 
cocoa butter. Another method for the preparation of prime cocoa butter 
from the nibs was described earlier under chocolate manufacture. After 
the cocoa butter has been separated from the chocolate liquor by pres
sure, a hard cake which contains about 22 to 25% cocoa butter remains. 
This is ground and sieved to yield cocoa powder. Cocoa powder results 
in a more satisfactory beverage than chocolate because of the lower fat 
content. The prime cocoa butter is used mainly for the manufacture of 
chocolate products, particularly for milk chocolate, and for pharmaceu
tical purposes. The preparation of cocoa powder was first done by van 
Houten in 1826. 

Alkalized or Dutch Process cocoa was first developed by van Houten 
in 1828. This process involves the use of potassium or sodium carbonate 
to improve the dispersability of the chocolate, the color, and the flavor, 
although the latter improvement has been disputed. Other alkaline 
substances can also be used. The maximum amount permitted for use 
is 2.5-3 parts of potassium carbonate, or equivalent, to 100 parts of nib. 
The variations in color produced are doubtless caused by modification 
of the polyphenolic substances present; the cocoa particles also show 
some swelling. Machinery is now available to alkalize the nibs, dry 
them, and roast them in a continuous process. The color and flavor are 
affected by the temperature of the roast. Low temperatures yield red
dish colors, whereas high roasting temperatures yield dark brown 
colors and strong flavors. Alkalinization temperatures must be 
80°-85°C if good flavors are to be obtained. 
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Definitions 

According to United States law (Food and Drug Admin. 1964) sweet 
chocolate contains not less than 15% by weight of chocolate liquor. This 
is calculated as follows: 

Wt. of chocolate liquor - (Wt. of cacao fat + alkali and seasonings) 
x 2.2 -7- Wt. of finished chocolate x 100 

Bitter sweet chocolate is sweet chocolate which contains not less than 
35% by weight of chocolate liquor. 

Milk chocolate, sweet milk chocolate, and milk chocolate coatings 
are the solid or semiplastic foods made from chocolate liquor (with or 
without the addition of cacao fat) and one or more of the optional dairy 
ingredients, sweetened with one of the optional saccharin ingredients 
or combinations of these. It may be spiced, flavored, or otherwise sea
soned with one or more of the optional permitted ingredients. The 
finished milk chocolate contains not less than 3.66% by weight of milk 
fat, not less than 12% by weight of milk solids, and not less than 10% 
by weight of chocolate liquor. 

It is required by law in Germany that sweet chocolate, milk choco
late, and chocolate coating be labeled with the percentage of chocolate 
liquor contained therein. German milk chocolate contains 28 or 31% 
chocolate liquor, the 28% usually sells for a little lower price. Other 
products in Germany such as cream bitter (43% chocolate liquor) are 
higher in chocolate liquor. Since these products are higher in chocolate 
liquor than the corresponding American products, they have a stronger 
chocolate flavor and are less sweet. Mandatory labeling of chocolate 
products as to chocolate liquor content in the United States would be 
desirable. 

Analytical Procedures 

Methods for the analysis of the cacao bean and its products are given 
in Official Methods of Analysis (AOAC 1980). 

SUMMARY 

Cacao beans are removed from the pods after harvest and are sub
jected to a fermentation process. This prepares them for drying and 
roasting to produce the cocoa and chocolate of commerce. 

The compounds found in unfermented cacao beans affect the final 
product. Polyphenols of cacao are very important compounds. They are 
involved in the flavor and color of the finished product. The three 
important groups of phenols present are anthocyanins, leucocanidins, 
and catechins. It is known that ( - )-epicatechin comprises over 90% of 
the catechins. Two anthocyanin pigments, 3-,8-D-galactosidyl cyanidin 
and 3-a-L-arabinosidyl cyanidin are present. They are purple in neutral 
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aqueous solution and change to different colors with changes in the pH. 
This accounts for the changes in the color of the beans during fermen
tation. 

Most of the protein work reported on cacao beans has to do with 
enzymes, a number of which have been identified. 

Theobromine is the important purine base present. Some caffeine is 
present in the bean also. 

An important change during fermentation is the loss of the ability of 
the beans to germinate. This is caused by the development of acetic acid 
in the beans. 

Amino acids increase during fermentation, supporting the idea that 
amino acids are involved in the production of aroma. 

During the drying stage, the formation of brown colors typical of 
chocolate are formed. This is because the leucocyanidins and the 
( - )-epicatechin are acted on by polyphenol oxidase in the presence of 
oxygen. During fermentation an anaerobic condition exists. 

During the roasting of cacao beans, destruction of reducing sugars 
and amino acids takes place after which volatile carbonyl compounds 
are formed. 

An aqueous methyl alcoholic extract of fermented cacao beans yields 
a chocolate odor when heated. A similar extract from unfermented 
beans gives no such odor. 

Formation of flavor volatiles during roasting of cacao beans is related 
to the temperature of reaction and the extent of amino acid degrada
tion. 

More than 300 volatile compounds have been found in roasted cacao 
beans. 
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Knowledge of animal muscle and the process by which it is converted 
to food has developed considerably. Much of this progress has resulted 
from the great strides that have been made in the basic understanding 
of proteins. Basic work of this character has already been discussed in 
Chapter 6 on proteins. The electron miscroscope has been instrumental 
in the understanding of the structure of muscles. Along with proteins, 
fats in meat are important from the nutritional as well as functional 
standpoint. 

MUSCLE COMPOSITION 

Structure of Muscle Fiber 

Skeletal muscle is made up of long, cross-striated muscle fibers. The 
fiber includes the myofibrils, the sarcoplasmic matrix together with 
some small structural elements including the sarcoplasmic reticulum, 
the mitochondria, and the nucleus. The myofibrils, much smaller units 
that make up the fiber, can be seen at a magnification of x2000. 
Electron microscopic study has shown the sarcoplasmic reticulum to be 
made up of a series of minute tubes, which may be involved in chemical 
control of the function of the muscle. The skeletal muscle mitochondria 
have a fine membranous internal structure. Each fiber is surrounded 
by a sheath known as the sarcolemma, which is composed of a double 
membrane. The sarcoplasm is a liquid that surrounds the myofibrils. 

Accounting for approximately 80% of the fiber volume, the partially 
crystallized protein gel of myofibrils is the contractile substance. The 
protein concentration is between 15 and 20%. Because the protein of 
the myofibrils lacks homogeneity, an optical effect of cross-striation
an alternating sequence of anisotropic (A) and isotropic (I) bands
occurs (Fig. 20.1) (DuPraw 1968). The A-band is made up of thick 
filaments, which are parallel and arranged in an hexagonal system. 

463 
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'--___ A bond 
'----- I bond 

'-----Z line 

FIG. 20.1. A dissected skeletal muscle fiber, showing cylindrical myofibrils 
surrounded by mitoch.ondria and enclosed in a sarcolemma. Individual myo
fibrils are organized as a series of sarcomeres 2-3 JLm in length. A nucleus 
is seen in a typical position just beneath the sarcolemma. In the right part of 
the fiber, the sarcoplasmic reticulum surrounding the single fibrils, is not 
removed. Band and Z line designations are added. 
From DuPraw (1968). Reproduced with permission of Academic Press. 

The I-band comprises thin filaments which are bisected by the Z-lines. 
The thick filaments and the muscle protein myosin are identical and 
account for about 38% of the total muscle protein. The thin filaments 
contain largely F-actin (about 14%) and also tropomyosin. These pro
teins are involved in muscular contraction and so are called "contrac
tile proteins." Figures 20.2 and 20.3 further illustrate these structures 
(Hamm 1970).1 

Red and White Muscle Fibers. Muscles, according to Dubowitz 
(1966) are divided into two fiber types: type I, rich in dehydr.ogenases 
and poor in phosphorylase, and type II, the reverse. Fibers of inter
mediate activity also exist. These are also known as red (Type I) and 
white (Type II) fibers . It has been shown by enzymes studies that other 
fibers also exist. ' . 

The existence of red and white muscle fibers has long been known. As 
a rule, red fibers are smaller than white fibers. Myoglobin, the prin
cipal muscle pigment, is present in larger quantities in red than in 

1 This discussion is a very brief reSume and shows the complexity of skeletal muscle 
comprising the meat of commerce. It does not pretend to be complete and for further 
information the interested student is advised to consult several of the books on meat 
science. 
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Sarcomere 

FIG. 20.2. Sarcomere model indicating probable loca
tion of several proteines. 
Courtesy of E. J. Briskey. 

white muscle. More soluble protein is found in white muscle than in 
red. Red fibers, unlike white fibers, are rich in mitochondria. Mitochon
dria are formed structures that contain insoluble enzymes involved in 
respiration and oxidative phosphorylation. George and Naik (1958) 
think that high mitochondrial content, high fat content, together with 
high lipase activity, the presence of myoglobin, and larger surface area 
of the narrow red fibers, combine to make a good oxidative system. Red 
muscle is for aerobic metabolism, while white muscle is for glycolytic 

Q 0 

(b) 

FIG. 20.3. Six thin actin fliaments are arranged around 
one thick myosin filament. Both kinds of filaments are con
nected by cross-linkages. (a) The double-stranded beaded 
structure of actin, the pitch of the spiral being about 350 A, 
and the six staggered rows of feet on the myosin filament. 

- (b) The alignment of one actin filament, opposite each row 
of feet, in cross section. 
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metabolism. The fact that red and white muscles are considerably 
different in their biochemical activities has been shown by their enzy
matic reactions, and the concept that red muscle is high in oxidative 
enzyme activity but low in glycolytic activity is still accepted. A great 
deal of experimental evidence shows that citric acid cycle activity is 
higher in red muscle than in white. Recent work employing succinic 
dehydrogenase (SDH) and phosphorylase, the former showing aerobic 
metabolism, the latter showing anaerobic metabolism, found the SDH 
activity of red muscle to be twice as large as that of the white. At the 
same time the phosphorylase activity of the white muscle was found to 
be three times greater than that of the red muscle. RNA concentration 
was found to be higher and more active in red muscle than in white. 

Ashmore, et al. (1972) worked on muscles from the chick, made up 
mainly of oR, f3R, or aW fibers and compared them in connection with 
whole muscle succinic dehydrogenase (SDH) activity, mitochondrial 
protein yield, mitochondrial SDH activity, and the oxidation of 
a-glyceral phosphate and f3-hydroxybutyrate by the isolated mitochon
dria. They found that total SDH activity, which is higher in oR than in 
f3R, is basically the result of higher specific activity of SDH of the 
mitochondria than to more mitochondria. They concluded that oR and 
f3R fibers are basically not the same and that studies involving "red" 
muscles must take into consideration the varying amounts of oR and 
f3R fibers. 

EI-Badawi and Hamm (1970) made a study of pork and beef muscle 
and found a very significant positive correlation between SDH activity 
and myoglobin content. 

Beatty and Bocek (1970) have tabulated enzyme activities of mam
malian red and white muscle. Their paper gives a very complete review 
of the biochemistry of red and white muscle. 

Glycogen synthetase activity is higher in red than in white muscle. 
Glycolytic enzyme activities in general are higher in white muscle than 
in red. The exception to this is hexokinase, and it has been suggested 
that this is because hexokinase is not solely a glycolytic enzyme. 

Laboratory investigations have shown that larger amounts of pro
tein are synthesized in red muscle than in white. It has been shown also 
that in mammalian red muscle the duration of contraction is longer 
than in white muscle. 

Importance of Red and White Muscle to Meat Science. Mammalian 
skeletal muscle is a heterogeneous mixture of red and white fibers. The 
red and white fiber composition of muscle is influential in the interpre
tation of biochemical studies on the use of muscles as food (Cassens and 
Cooper 1971). 

Beecher et al. (1965) made the first study on pig muscle with this in 
mind. They used a number of different muscles; those having the small
est to the largest content of red fibers. The following factors were 
studied: SDH activity, myoglobin content, fat content, pH fall postmor-
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tem, glycogen and lactate levels, and postrigor sarcomere length. Those 
muscles that were made up of more than 40% red fibers were considered 
red muscles; those with less than 30% red fibers were rated as white 
muscles. This study was continued using red and white parts of the 
semitendinosus muscle of the pig (Beecher et al. 1965). It was found 
that the myoglobin level percentage of red fibers and SDH activity 
were two times larger in the red part, but the quantities of ADP and Pi 
(inorganic phosphate) were similar in both. Amounts of iron and zinc 
were larger in the red part, but calcium, nickel, boron, and potassium 
were about the same in both. Sodium was lower and phosphorus, sarco
plasmic nitrogen, and lipid were higher in the white. 

In general, a high content of myoglobin is related to high succinic 
dehydrogenase activity. It seems therefore that myoglobin insures high 
oxygen tension for the muscular oxidase system. On the other hand, 
muscles with low myoglobin content but high succinic dehydrogenase 
activity could have superior muscle circulatory systems. 

At the time of death the lactic acid concentrations were about the 
same in all muscles. However, values determined after 24 hr tended to 
be a little higher in white muscles. 

The light part of the semitendinosus muscle was found to contain 
more lipid and more sarcoplasmic nitrogen than was found in the dark 
part. 

From these data it can be inferred that the white and red portions 
within the semitendinosus muscle have properties of a physical and 
chemical nature that are not far from those of uniform white and 
uniform red muscles. A third paper in this group (Beecher et al. 1968) 
continued this study on postmortem metabolism in red and white mus
cle. 

According to Beatty and Bocek (1970), in the present state of knowl
edge it is advisable to correlate function with results obtained by histo
chemical and biochemical means only in a general way as far as red and 
white muscle are concerned. However, the scientific evidence obtained 
strongly supports the idea that red muscles (or predominately red) have 
higher rates of oxidative metabolism and are best able to carryon 
continued activity and the extended process of energy production. Sud
den spurts of activity are best taken care of when white muscle pre
dominates because its glycolytic activity is higher. 

Meat Proteins 

The proteins in meat contribute a great deal to the maintenance of 
life and health. A number of workers have contributed to the knowl
edge of meat proteins, including Szent-Gyorgyi (1951). 

According to Bendall (1964), meat proteins, because of the special 
functions they have in the animal, must have rather unusual proper
ties. The proteins must be able to contract and relax rapidly. In addi
tion, these proteins must have a complex system of enzymes to furnish 
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the needed energy. Further, they must have the network of connective 
tissue to hold them in place to sustain the tension of their movements, 
and a nervous system and a supply of blood as well. 

Proteins of the Skeletal Muscle. The myofibrillar proteins are 
actin, myosin, tropomyosin, troponin A, troponin B, a-actinin, and 
/3-actinin. a-Actinin has two components, which have been extensively 
studied because they are important in muscular contraction; recent 
work has shown that they undergo changes during postmortem stor
age. One of these is the alteration of the actin-myosin interaction, 
which results in a considerable increase in the activity in Mg2+-modi
fied actinomyosin adenosine triphosphatase. 

According to Seifer and Gallop (1966) the myofibril proteins of the 
skeletal muscle of the rabbit consist of 21% actin, 54% myosin, 15% 
tropomyosin B, and 10% other proteins including such compounds as 
a-actinin and /3-actinin. 

When the water-soluble sarcoplasmic proteins are removed from the 
muscle tissue by extraction with a salt solution of low ionic strength, 
the contractile proteins of the myofibrils and the stroma proteins of the 
connective tissue remain behind. When myofibrils and stroma proteins 
are extracted by salt solutions of high ionic strength, the result is a 
viscous solution which contains the myosin and actin, as well as acto
myosin, a complex of actin and myosin. It is possible to separate pure 
myosin by step-wise lowering the ionic strength. 

The compounds present in the largest amounts in skeletal muscle are 
water (about 75%) and protein (about 20%). The remaining 5% is made 
up offat, carbohydrate, non-protein aqueous extractives, and minerals. 
Of the protein fraction about 65% comprises myosin and actin. Myosin 
is the bulk of this fraction, and it falls under the classification of 
globulins, since it is soluble in aqueous salt solution. If this solution is 
heated or diluted, a gel is formed. 

Soluble in salt solution, actin is able to combine with myosin to form 
actomyosin. The actomyosin complex serves as the contractile material 
in muscle. Connective tissue comprises about 10-15% of the protein 
fraction; the other proteins present include albumins, globulins, and 
respiratory proteins. 

Myosin. This protein was shown by Singer and Barron (1944) to be 
a sulfhydryl enzyme, adenosine triphosphatase (ATPase), which can be 
denatured rather easily by heat and by freeze-drying. 

Myosin has a molecular weight of about 500,000 and is a thread
shaped molecule, with a head and a tail as illustrated in Fig. 20.4. This 
value for the molecular weight represents a fair average based on 
published information, rather than an exact figure, since variation 
exists in the values available (Dreizen et al. 1966; Frederiksen and 
Holtzer 1968; Keilley and Harrington 1960). Myosin behaves as an 
enzyme (ATPase), and it is able to break down adenosine triphosphate 
(ATP) to adenosine diphosphate and inorganic phosphate (PJ. In this 
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Sensitive region 

Myosin filoment 

3. 

FIG. 20.4. Myosin molecule and portion of thick filament. 
Courtesy of E. J. Briskey. 

action, the terminal phosphate is split off, and energy is released. Of 
vast importance in muscular contraction, this enzyme action is stimu
lated by calcium ions but inhibited by magnesium. Actin in the pres
ence of myosin alters this ATPase activity. Under these circumstances, 
magnesium ions present in low ionic strength no longer inhibit but 
strongly activate this activity, with the result that the final effect is 
stronger than that with calcium ions. In this case, actinomyosin 
ATPase takes the place of myosin ATPase. 

Actually, myosin as ordinarily prepared is made up of two proteins, 
true myosin and actin (Bendall 1964; Schramm and Webber 1942). It 
is possible by means of proteolytic enzymes (trypsin and chymotrypsin) 
to split myosin itself into heavy meromyosin (H-meromyosin, HMM) 
with a molecular weight of about 380,000 and light meromyosin 
(rrmeromyosin, LMM) with a molecular weight of about 120,000. Of 
these two fragments, only HMM possesses enzyme activity, which 
means that only this part is able to bind with actin. Aside from contrac
tibility these two compounds have all the properties of the original 
myosin. Light meromyosin retains the solubility properties of the orig
inal myosin. Figures 20.4 and 20.5 show the structures of actin and 
myosin. Figure 20.6 shows the changes in the position of filaments 
during extension and contraction. 

Actin. It was found that actin was a major component of muscle as a 
result of the discovery that certain extracts of muscle that contained 
myosin were unable to hold their gel-like consistency when they were 
treated with ATP, but others were not so affected. Actin has a molecu
lar weight of about 60,000 and occurs in two forms. One is clear in 
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G-Actin (A TP) F-Actin (ADP) 

o 
~--- 350 A ---~ 

o O.IM KC/ ~ 

50,000 mol. wt. Sev. million 
n (G-ATP) --------~ (G-ADP)n + nPi 

FIG. 20.5. Characteristics of G- and F-actin. 
Courtesy of Nature. 

solution and is known as globular or G-actin. In this form it has been 
found to be made up of separate beads (Fig. 20.5). It can be polymerized 
into the F -form which is fibrous, when neutral salts are added. This 
takes place simultaneously with enzymatic splitting of ATP to ADP 
and Pi' In the F -form the beads arrange side by side and two such 
strings are wound together as a double helix. Polymerized F -actin is 
generally held to be linear aggregate of G-actin units; there are, 
however, some irregularities in this explanation. Only F-actin can 
interact with myosin to form a colloidal system, the condition of which 
is strongly affected by A TP. 

Actomyosin. Actomyosin results when solutions ofF-actin and myo
sin are mixed together. This solution is highly viscous. When ATP or 
Pi is added to this solution, a drop in viscosity results because of the 
dissociation of the actomyosin into myosin and actin. As mentioned 
earlier, the actomyosin complex, under the right conditions, is contrac
tile. The addition of ATP under specific conditions to actomyosin in the 
gel form causes the protein system to contract. Actomyosin does not 
exist in resting muscle. It comprises about 80% of the structural protein 
that can be extracted from contracted muscle. Very small amounts of 
actin will cause solutions of myosin to contract. 

When actin and myosin are together in the presence of A TP and Mg 
they contract and remain so while they hydrolyze the ATP until it is 
used up. When the A TP no longer exists in the system, a stable complex 
forms between actin and myosin, actomyosin. This is a state of rigor. 
Actin and myosin are dissociated when in a state of rest. This can be 
maintained under special physiological conditions involving pH and 
ionic strength, and the presence ofthe two proteins, troponin and tropo
myosin. Relaxation necessitates a combination of troponin and tropo
myosin. Also, they have been shown to bind to actin and not to myosin. 
The binding of ATP to myosin is not inhibited by tropomyosin or tropo
nino Of the contractile proteins, myosin has the only available binding 
site for ATP. Most of the muscle protein used as food is actomyosin 
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which has been formed during rigor by the polymerization of actin and 
myosin. The probability is that tropomyosin regulates the interaction 
between myosin and actin in the presence of ATP in molecular contrac
tion. 

It is possible to produce a cycle of contraction, rigor, relaxation, and 
rigor and then contraction again artificially by the addition of ATP. 

Tropomyosin and Troponin. Tropomyosin accounts for about 
10-12% of the total myofibrillar proteins. While it is very close to 
myosin in amino acid composition, its molecular weight amounts to 
about only 50,000. Its aqueous solution is very viscous, but this viscos
ity is effectively decreased by the addition of a little salt. Tropomyosin 
is highly a-helical, does not seem to have any enzyme activity, and in 
solution fails to combine with actin or myosin. It is resistant to denatu
ration. 

Tropomyosin B is a protein complex of tropomyosin and troponin. 
Troponin, is very important physiologically: it is Ca2+ receptive and is 
involved in the Ca2+ sensitivity of the actomyosin system together with 
tropomyosin. The troponin- tropomyosin complex is considered effec
tive in triggering the action of Ca2+ on muscular contraction. 

Fatty Acids as a Source of Energy. Striated muscle burns fatty acids 
by preference. The availability of fatty acids to muscle and the general 
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FIG. 20.6. Schematic diagram of contraction of skeletal muscle showing 
some completed cross-bridges at various lengths. 
Courtesy of E J. Briskey. 
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pathways used are known, as well as the medium through which they 
are carried to the muscle for use (Havel 1970). In the skeletal muscles, 
which contain both red and white fibers, the necessary function of 
making available additional ATP is provided by glycogenolysis. ATP is 
an energy source also. It is needed for continued activity when the work 
loads are high, in such situations where the fatty acid uptake is insuf
ficient to cover the need. 

Connective Tissue. Collagen and elastin are the two main proteins 
of connective tissue, the former being quantitatively the more impor
tant. Another protein, reticulin, is often mentioned, but it is so similar 
to collagen that many authors regard them as identical. For this rea
son, it will not be discussed further. Collagen is found extensively in 
animals. It is important in the tendons that attach the muscle to bone. 
Extensive work on collagen and elastin has been done by Piez (1966) 
and Partridge (1962, 1966). It should be noted that the texture of 
connective tissue tends to render it as undesirable in muscle tissue 
used as food. 

Collagen. White connective tissue contains as its major component 
the protein collagen. The exact molecular weight of the collagen mole
cule is not known, but it is close to 300,000. The molecule is represented 
as a cylinder and has an extimated length of 2990 A and a diameter of 
about 14 A (1 A = 0.0001 JAm). Most of the molecule is made up ofthree 
strands and each of these is a modified polyproline helix, which has a 
repeat distance of approximately 3 A with three amino acids for each 
repeat. These strands are wound together like a rope. Most of this is in 
the triple helical formation; however, a small part at the end is put 
together differently. 

Several varieties of intermolecular cross linkages have been found in 
collagens from all tissues. These various bands determine the physical 
properties of collagen and the cross linkages are the basis of the 
strength of the collagen fibril. 

Collagen is characterized chemically by large amounts of proline and 
hydroxyproline. In addition to these, about 33% of the amino acid 
residues is made up of glycine. Many of these molecules are set parallel 
and quarter-staggered, which gives the banded appearance charac
teristic of native collagen at 640 A intervals. When collagen is dena
tured, soluble collagen breaks up into its three constituent polypeptide 
chains, or strongly bound aggregates of them. . 

Bailey (1972) noted that collagen could account for the toughness of 
meat. Actin and myosin have a metabolic turnover time of about 12 
days. The turnover time for collagen, however, is very long, which, in 
turn, gives the cross links opportunity to accumulate and to become 
stabilized. This could account for the developing toughness of meat 
wi th increasing age of the animal. 
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The total amount of collagen in the meat of animals does not of 
necessity correlate with the age of the animals. However, as an animal 
gets older an increase in the cross links between the collagen molecules 
does occur, and the solubility in salt solution decreases. This is ex
plained by this alteration in the collagen, which in turn, is responsible 
for the increase in toughness. Another thought to explain the effects of 
collagen on increasing toughness of the meat with advancing age of the 
animal was suggested by Cormier et al. (1971). Collagen is closely 
associated with polysaccharides of the connective tissue. The decrease 
of polysaccharides with advancing age may be a principal factor in the 
increased insolubility of collagen. The polysaccharides could playa 
vital role in plasticizing the collagen fibers, which in turn, could ex
plain their contribution to meat tenderness. 

Satterlee (1971) studied the activity of porcine pancreatic collage
nase on connective tissue and found that both porcine and bovine pan
creas extracts had collagenolytic activity of pH 5.5 and 37° C. This 
capacity to break down connective tissue was caused by a combination 
of collagenolytic and elastolytic activity. 

As the temperature increases, so does the degree of solubility of 
collagen. According to various workers, collagen A shortens at about 
60° C and is converted to collagen B. When collagen B is heated in 
water, swelling and softening results. Finally, it is converted into gela
tin, but only after heating a long time at 100° C. This conversion takes 
place rapidly if the collagen is heated under pressure at temperatures 
ranging from 115° to 125° C. Ritchey et al. (1963) made a study of the 
conversion of collagen to gelatin during cooking. Gelatin is a very 
unusual protein. Proline and hydroxyproline make up over 30% of 
gelatin protein. The unusual properties of gelatin make it important in 
household and laboratory uses. 

Elastin. Elastin, the protein found in animal connective tissue in 
small amounts, tends to be rubbery. Fairly large amounts of elastin are 
found in the muscles of the rump of beef animals, but in other muscles 
it is present in rather small quantities. In order to have the necessary 
rubbery properties, the protein chains are coiled in random fashion for 
most of their length. They are kinetically free and at intervals they are 
cross-linked by bonds that are thermally stable. The net result is 
rubber-like elasticity. Chemical proof exists for the presence of co
valent cross links in elastin. Elastin must be in an environment con
taining about 40% water for its rubbery qualities to be evident. It is 
likely that a tendency to form an a-helix with internal hydrogen bonds 
is reduced or prevented by the amino acid sequence. This protein con
tains a fair amount of proline among its amino acids. Two previously 
unknown amino acids have been shown to be present in elastin
desmosine and isodesmosine. The presence of desmosine cross links 
renders elastin's solubility very low. 
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Desmosine (proposed partial structure) 

Both desmosine and isodesmosine are tetracarboxylic-tetraamino 
acids. They also contain quaternary pyridinium rings, but reversible 
oxidation-reduction reactions do not take place. This is different from 
derivatives of nicotinic acid. The pyridine nucleus of these two amino 
acids is destroyed as a result of mild oxidation with alkaline ferricya
nide, releasing lysine as well as some other ninhydrin-reacting com
pounds. 

Neither collagen or elastin contain all of the essential amino acids, 
and so are not complete in nutritive value. However, they are excellent 
sources of some amino acids. The undesirable feature of these proteins 
is that they impart toughness to the muscle. 

Sarcoplasm. The intracellular fluid of muscle is known as sarco
plasm, and it is from this fluid that the sarcoplasmic proteins are 
obtained. Most of the soluble proteins contained in sarcoplasm are 
enzymes, one of which, glyceraldehyde phosphate dehydrogenase 
(GAPDH), is found in rather large amounts in muscles such as longis
simus dorsi. Others are also present in rather large amounts; however, 
it is most likely that many hundreds of these enzymes exist in very 
small quantities. Among those in larger amounts are enolase, triose 
phosphate isomerase, phosphoglucose isomerase, creatine kinase, aldo
lase, phosphoglucomutase, and pyruvate kinase. 

Meat Pigments 

The color of meat is of importance commercially because the pur
chaser so often judges the quality of the cut by the appearance. 

According to Fox (1966) "the chemistry of the color of meat is the 
chemistry of the heme pigments, myoglobin and hemoglobin, which, 
insofar as meat color is concerned, are identical in their reactions."2 
Myoglobin is the principal source, although not the entire, source of the 

2Used with permission of the American Chemical Society. 
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color of meat. Hemoglobin comprises 20-30% of the meat pigment 
present and sometimes more. While it is indeed true that reactions of 
these two pigments are identical in most of the cases, several important 
reactions proceed at different rates, including denaturation, reaction 
with nitrite, and autoxidation. It is for this reason that the amounts 
and reactions of myoglobin and hemoglobin must be considered if color 
changes or intensity in meat are to be correlated with pigment concen
tration. 

Figure 20.7 shows the heme pigment reactions of meat and meat 
products. 

Myoglobin. The myoglobin molecule is similar to that of hemo
globin of blood, except that it contains only one heme group and hemo
globin contains four. In the older literature, one finds myoglobin writ
ten as muscle hemoglobin. This has been discarded, and in all modern 
literature the term myoglobin is used (Theorell 1932). Ginger et al. 
(1954) found, as one might suspect, that myoglobin is higher in beef 
than in pork. In beef versus light-colored pork, the ratio is 4.7 to l. In 
dark-colored pork muscle the ratio was found ot be 2.6 to l. Lewis and 
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FIG. 20.7. Heme pigment reactions of meat and meat products. ChMb, 
cholemyoglobin (oxidized porphyrin ring); 02Mb, oxymyoglobin (Fe2+); MMb, 
metmyoglobin (Fe3+); Mb, myoglobin (Fe2+); MMb·N02, metmyoglobin ni
trite; NOMMb, nitrosylmetmyoglobin; NOMb, nitrosylmyoglobin; NMMb, nitri
metmyoglobin; NMb, nitrimyoglobin, the latter two being reaction products of 
nitrous acid and the heme portion of the molecule; R, reductants; 0, Strong 
oxidizing conditions. 
From Fox (1966). Reproduced with permission of the American Chemical Society. 
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Schewigert (1955) determined that beef myoglobin in crystalline form 
is electrophoretically heterogeneous. 

CH 3C=CCH= Cli 2 

HC-~ /t=CH 
II l\ I 

CH3C-C : C=CCH 3 
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Heme (Ferroprotoporphyrin) 

Heme can combine with globin at near neutral pH to yield hemoglobin. 

CHANGES IN MUSCLE AFTER SLAUGHTER AND 
DURING PROCESSING 

Color 

Myoglobin and Hemoglobin. Myoglobin is important in the color of 
fresh meats, but it is also responsible for the color of cured meats when 
it is combined with nitric oxide. The nitric oxide red pigment changes 
during storage to brown and gray colors. Heat and/or light speed this 
change (Ramsbottom et al. 1951; Watts 1954). 

Shenk et al. (1934) found that over 90% of the pigments in fresh 
meats is myoglobin. 

Both myoglobin and hemoglobin are able to combine with oxygen, 
nitric oxide, and carbon monoxide, and these combinations are reversi
ble. The resulting compounds are bright red oxymyo(or hemo)-globin, 
nitric oxide myo(hemo)globin, and carbon monoxide myo(hemo)globin. 
The iron in these compounds stays in the ferrous state. The correspond
ing brown met-pigments are formed in each case when the compound 
loses an electron and oxidation is the result. The oxy and nitric oxide 
compounds must dissociate to myoglobin before the oxidation to the 
brown ferric compound can take place. Fresh meat pigments dissociate 
more rapidly at lower than atmospheric oxygen tensions and would 
brown more rapidly under these conditions. 

The affinity of myoglobin for oxygen is much greater than that of 
hemoglobin. Kiese and Kaeske (1942) found that on exposure to atmo
spheric oxygen, myoglobin oxidizes 14 to 16 times as quickly as hemo
globin to form the brown ferric compound. 

The bright red color of fresh meat is the result of oxygenated heme 
pigments at the surface, which are exposed to the oxygen of the air; the 
purplish red of the interior is caused by the reduced pigments. Brown, 
gray, and green discolorations of meat are abnormal. Two kinds of 
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oxidative changes are the principle cause of the formation of these 
off-colors. The brown oxidation products, metmyoglobin and methemo
globin, are the ones usually found. They are produced by oxidation of 
the iron from the ferrous to the ferric condition (Brooks 1938). The 
second is the result of the action of oxygen on the heme structure. 
Ascorbic acid, useful under some conditions in meats, can reduce met
hemoglobin. 

Sometimes an objectionable green color appears in meat, caused by 
pigments that are the result of transformations in the heme pigments 
(Brooks 1938). In these instances the prophyrin ring is acted on, and 
frequently the point of attack is the a-methene bridge. The result is 
destruction of the double bond at this point which, in turn, breaks the 
succession of the series of conjugated double bonds that make up the 
porphyrin ring, and destroys the resonance structure. The ring is not 
necessarily broken at this point because other green compounds are 
known with the porphyrin rings intact. In addition, green verdohemes 
can be formed by splitting out the a-methene carbon atom with the 
resulting opening ofthe prophyrin ring. It is possible for other methene 
bridges to be acted upon in the same way and so form pyrrole frag
ments. 

The development of green colors in meat can also result from the 
generation of H 2S or H 20 2• Under these conditions it is likely that 
bacteria are involved. In the case of fresh meat, the formation of H 20 2 

would not be a problem because ofthe presence of catalase inthe meat, 
because catalase decomposes H 20 2• In the case of cured meats, no cata
lase is present and in the presence of H20 2 , rapid greening results. 

Nitric acid myoglobin and the corresponding hemo compound form in 
meat during the curing process. They retain their bright red colors on 
heat denaturation, accounting for the fact that corned beef and other 
cured meats are red colored during and after cooking. 

According to Greenberg et al. (1943), the nitrite in the curing me
dium reacts with oxyhemoglobin to form methemoglobin as shown in 
the following reaction. 

N02- + 2Hb02 ~ N03- + Hb2 0 + O2 

When the globin is denatured, even partially, the bonds connecting 
the heme with the globin are weakened. Under these conditions the 
heme is no longer able to combine reversibly with oxygen to form the 
bright red oxy compound. In place of this it is rapidly oxidized to the 
ferric form which is brown. The red color of the cured meat pigment, 
nitric oxide myo(hemo)globin, is not destroyed, even though the dena
turation of the globin is complete and irreversible. 

Color and Meat Packaging. The limited color stability offresh meat 
limits central meat-packing operations. This, in turn, raises the cost of 
handling of meat. If it were possible to increase the color stability of 
fresh meat, a savings could be passed on to the consumer. 
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pH 

Bate-Smith and Bendall (1956) found it essential to have high levels 
of creatine phosphate and ATP in the muscles initially to slow the rate 
decline in the pH of muscle after death. If meat of top quality is to be 
produced, the rate of destruction of ATP in the muscle must be kept to 
a minimum, or the resynthesis of A TP must be sufficient to meet the 
needs. In addition, a satisfactory balance of creatine phosphate must be 
maintained. 

Another point to be considered in connection with pH change in the 
muscle is the nutritional condition of the animal, since the amount of 
glycogen in the muscle is instrumental in effecting the amount of 
postmortem change in the pH. 

Meat with a high final pH completely loses its commercial accept
ability for several reasons. Among them are reduced penetration to 
salts in curing, dryness, apparent toughness, and the cosmetic effect of 
dark cutting meat which is objectionable to many. However, Penny 
et al. (1964) found that a superior freeze-dried product results when 
meat of high ultimate pH is used. 

Rigor Mortis 

It has been suggested that the important factor in turning muscle 
into a cut of meat to be used as food is the degradation of ATP that takes 
place during the period starting with death of the animal to the disap
pearance of rigor mortis. This indicates the end of post-morten glyco
lysis due to the exhaustion of the A TP. 

It is generally agreed that the important chemical changes which 
take place between the time of death and the start of rigor mortis are 
connected with a lowering of glycogen content, pH, ATP, and creatine 
phosphate, together with larger amounts of lactic acid, ammonia, and 
decomposition products of ATP, and finally with the formation of acto
myosin which results in a tough, inflexible muscle. 

The extreme changes that take place in meat while it passes into 
rigor mortis are the well-known stiffening and loss of extensibility, the 
increase in acidity caused by the formation of lactic acid by means of 
the anaerobic glycolytic cycle, and finally the loss of water-holding 
capacity. Rigor mortis results from the formation of cross links between 
the actin and myosin filaments of the myofibril while at the same time 
the ATP supply of the muscle is exhausted after death. This gives an 
inextensible and rigid structure caused by the shortening of the muscle 
and accounts for the rigidity of rigor. According to Stromer and Goll 
(1967) the myofibrils of the beef muscle are super contracted after 24 hr. 

Szent-Gyorgyi (1951, 1960) found originally that an actomyosin 
thread shortens when put in contact with A TP. Immediately he saw the 
connection between this and the contraction of muscle. During contrac
tion, the hydrolyzed A TP is restored by the Lohman reaction, in which 
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phosphocreatine (CP) phosphorylates the ADP and releases creatine 
(C), according to the following reaction. 

ADP + CP~ATP + C 

According to Marsh (1966), if bound calcium is contained in the 
contractile protein of muscle actomyosin, then in the presence of A TP 
the muscle contracts. On the other hand, it relaxes with ATP if part of 
the calcium is removed. The relaxing factor controls the amount of 
calcium in actomyosin. This is done by regulating the amount of Ca2+ 
available. Research on the relaxing factor could lead to a more com
plete understanding of rigor mortis. 

Bendall (1951) agrees with the idea that rigor mortis and muscular 
contraction are the result of the same mechanism. There is no general 
agreement concerning the chemical changes involved in the resolution 
of rigor mortis. While a great deal of work on muscle has been done 
with the rabbit, Marsh (1954) did work with beef muscle on the onset 
of rigor mortis. He found that the results were similar to those obtained 
with rabbit muscle. 

The most apparent change obvious on visual inspection is that of 
color of porcine muscle. In this case the change is from relatively dark 
red to a rather lighter grayish pink. Rigor morits and other post mor
tem changes are due mainly to glycolytic chemical changes. This 
amounts to the change of glycogen to lactic acid, and it can be noted by 
monitoring the decrease in pH. High temperature and low pH occur
ring together soon after death can be the cause of the loss of color and 
extensive lowering of water-binding capacity. 

Briskey (1964) published a good review on the status and associated 
studies of pale, soft, exudative (PSE) porcine musculature. He noted 
that the muscles of living hogs are moderately dark in color, the ap
pearance is dry, and the texture is firm. As the animal is prepared for 
processing and is processed, many biochemical, physical, and 
physiological changes take place that have an important affect on the 
muscles. If these changes occur within 0.5-1.5 hr at an elevated tem
perature and produce acidic conditions, the final result is muscles with 
pale color, soft texture, and an excessively exudative appearance. This 
condition is highly undesirable since it results in significant economic 
losses. Excessively rapid rates of glycolysis and low pH values at rather 
high body temperatures are connected with the production of this con
dition. Briskey stated that muscles that were normal at death, but had 
pH values significantly lower 40 min after death, developed the unde
sirable PSE condition. The pH values of the muscles had reached in 
many instances 5.0 or lower while the muscle temperatures held to 36° 
to 41°C. 

Some pigs are known to be susceptible to stress, and postmortem 
glycolysis of their muscle goes on very rapidly, resulting in pale, soft, 
and exudative muscle, which is undesirable for use as food. Cooper et 
al. (1969) found that many of the red fibers in stress-susceptible 
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animals were not really red fibers. Such fibers had phosphorylase and 
adenosine triphosphatase activity as well as positive tests for the oxida
tive enzyme reactions, and were therefore, intermediate fibers. Cas
sens et ai. (1969) found a large fiber, neither red nor white, in pig 
muscle. They occur in less than 1% of the fibers, but frequently in 
muscles of stress-susceptible animals. They give a negative reaction for 
phosphorylase and a positive for adenosine triphosphatase. 

Gunther and Schweiger (1966) investigated the feeding of sucrose to 
animals after exhaustive transportation. A rest of a few hours after 
long distance transport, followed by sucrose feeding, restored the ex
hausted animals not only to normal glycolysis but to normal water
holding capacity and consistency of the muscle. The sucrose feeding 
decreased the pH values and increased lactate levels in the muscles 
investigated. By this procedure some characteristics of the quality of 
the meat were improved. 

A number of authors found that fat, protein, and moisture contents 
of normal and PSE muscles are not consistently different. Much work 
remains to be done on this problem. 

Tenderness 

When muscle tissue is cooked immediately after death of the animal 
but before rigor mortis starts, it is tender because the important pro
teins of the myofibrils, actin and myosin, are not connected. Mter the 
start of rigor mortis, the length of the sarcomere decreases, the muscle 
becomes inextensible, and it is tough when cooked. During the process 
of aging the length of the sarcomere increases, the muscle becomes 
pliable again, and increasingly tender on cooking. 

It would seem, on the face of it, that the improvement in tenderness 
connected with aging could be caused by changes in one or a combina
tion of the following: (1) connective tissue changes, (2) dissolution of 
actomyosin, (3) an increase in the hydration of the proteins, (4) proteo
lysis. 

It is quite probable that the most important factor in tender
nes&-toughness in meat is the degree of cross-linking in the actomyo
sin. This is a much more important factor than the amount of collagen 
and contraction during rigor. 

Muscle Proteins 

Muscle protein is very important in a number of processed foods. In 
a wiener, which contains a considerable amount of water-soluble and 
salt-soluble proteins, the resulting texture is materially affected by 
these proteins. The temperature, rate, and extent of postmortem de
crease in pH influence the characteristics of the muscle proteins and 
those of the food products into which they are made. As the pH falls, the 
adenosine triphosphatase activity, the solubility of the salt-soluble pro-
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tein, as well as the solubility of the water-soluble protein, and the heat 
gelling properties are reduced. 

Two especially important properties of muscle proteins from a prac
tical standpoint are (1) water-holding capacity and (2) fat-emulsifying 
capacity. 

Water-Holding Capacity. Water-holding capacity is intimately 
related to tenderness, color, and taste and is affected by the treatment 
of the animal before slaughter. Also, it influences the quality of meat 
during most of the processing operations. These include storage, aging, 
grinding, curing, salting, heating, drying, freezing, and thawing. The 
binding of water within the muscle is brought about by the muscle 
proteins. Tenderness, texture, and other factors including shrinkage on 
cooking are connected with the condition of hydration of muscle pro
teins. 

Bound Water. Although meat contains about 75% water, only 
about 4-5% of it is tightly bound (bound water) to the muscle proteins. 
The changes in the water-holding capacity that take place during stor
age and processing are affected by the immobilization of the physico
chemically free water within the microstructure of the tissue. The 
myosin and actin of the myofibrillar proteins are responsible for bind
ing hydration water and for immobilization of free water in meat. 

Within the protein network there exists a continuous transition from 
the bound water to the unbound or loose water. The free or unbound 
water within the tissue is affected by the spatial molecular arrange
ment of the myofibrillar proteins. If the network of proteins is tight
ened (that is, by drying or freezing, in rigor mortis, protein denatura
tion by heating, effect of cations), the bound water decreases and the 
amount of unbound water increases. Loosening of the protein structure 
by salting or aging has the opposite effect. The attraction or repulsion 
between the charged groups of adjacent protein molecules or by linking 
or loosening the cross linkages between the peptide chains may cause 
such structural changes. The water-holding capacity is strongly in
fluenced by pH and by ions of such salts as NaCl. It is possible to 
explain this by changes in the electrical charges of the myofibrillar 
proteins. 

The salts dissolved in the sarcoplasma decidedly influence the water
holding capacity of meat. Approximately half of the water-holding 
capaci ty of beef muscle is caused by the effect of the sarcoplasmic ions 
on myofibrillar proteins; this effect can occur during storage and thaw
ing with a resulting loss of meat juice. 

Fat-Emulsifying Capacity. The second item of practical importance, 
fat-emulsifying capacity, is essential to the preparation of meat emul
sions. The meat emulsion is a muscle-fat-water system in which some 
of the muscle protein dissolves, especially when salt is present. Under 
these conditions the protein exerts an emulsifying effect by forming a 
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thin layer around the fat droplets. In a sausage mixture the sarco
plasmic proteins are likely to have a dominating effect because more of 
them will be in solution than myofibrillar proteins. However, the emul
sifying ability of muscle proteins decreases as in the following order: 
G-actin, myosin, actomyosin, sarcoplasmic proteins, F -actin. 

Oxidation and Rancidity 

A discussion of oxidative rancidity in fats is given in Chapter 5 and 
will not be repeated here. However, oxidative rancidity in meats is 
important because it limits the salability of meat so affected. 

According to Gunstone and Hilditch (1945) the methylene group 
between two double bonded carbon atoms is considerably more active 
to oxidative assault than carbon atoms adjacent to a single double 
bond. As a result, linoleic acid with one active methylene group can 
oxidize 10-12 times as quickly as oleic acid, while linolenic acid with 
two labile carbon atoms is able to oxidize at twice the speed of linoleic 
acid. Hydroperoxides, which are intermediates, are formed and they 
are unstable and break down, giving rise to a number of products, some 
of which are the cause of the developing rancidity. The start of rancid
ity is controlled by the varying amounts of a-tocopherol, a natural 
antioxidant. 

While it is known that pork fat contains more unsaturated fatty acids 
than lamb or beef fats, actual amounts found depend on the diet of the 
animal. This is particularly true for hogs than for the other two species. 
Hogs have a tendency to the deposition of fats from the diet. When 
added to the diet, tocopherol tends to be deposited in the animal fat, but 
not in amounts large enough to improve effectively the storage life of 
the meat because much of the tocopherol administered is eliminated 
rather than being deposited in the fat. 

Although unsaturated fats and heme pigments in meat are oxidized 
separately, a coupled reaction involving both of these can in turn, speed 
color loss and rancidity. This is a catalytic effect. Robinson (1924) 
studied the activity of hemes as catalysts on the uptake of oxygen by 
linseed oil. She found that hemin, hemoglobin, and methemoglobin, 
when used in equivalent concentrations, had approximately the same 
effect in speeding the reaction. 

The destruction of porphyrin takes place during its extended reaction 
with unsaturated fats. These unsaturated acids were more unsaturated 
than oleic acid. Inorganic iron was released and color faded. It is only 
in heterogeneous systems that this reaction has been found to occur, 
and it has been concluded that enzymes are not involved in this reac
tion. It is likely that this reaction is involved in the deterioration of 
ground meats held in freezing storage. Dark meat of turkey becomes 
rancid considerably faster than the white meat (Klose et al. 1950). 

If muscle extracts or meat are heated so as to coagulate the myoglo-
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bin or hemoglobin, the catalytic effect, as far as the activity on the 
oxidation of fat is concerned, is destroyed. 

According to Lea (1937) increasing pH within the range normally 
found in meat lowers the rancidity of muscle extracts. 

The main cause of deterioration in quality of meat and meat products 
is lipid oxidation, and this can take place in the stored triglycerides or 
in the phospholipids of the tissues. The essential prooxidants involved 
in tissue lipid oxidation are the ferric heme pigments. Lipid and pig
ment oxidation are closely related, and lipid oxidation is thought to be 
promoted by ferric hemes. 

Fresh meat as well as many processed meat products are subject to 
lipid oxidation. Oxidative deterioration can take place in raw meat 
during storage under refrigeration, and during frozen storage as well. 

Phospholipids are susceptible because oftheir high content of un sat
urated fatty acids. The phospholipids of beef contain fatty acids, 19% of 
which have four or more double bonds. Phosphatidylethanolamine of 
pork belly muscle was found to contain rather high amounts of linoleic 
and arachidonic acids. This may account for the development of oxida
tive deterioration in this material. Hornstein et al. (1961) found that 
extracts containing total lipid and phospholipids prepared from beef 
and pork developed rancid odors faster when exposed to air than did 
corresponding samples of neutral fat. This suggests that the phosphlip
ids assist in the development of poor flavor, especially in very lean 
meat. Lipid oxidation takes place very slowly if the pigment of the meat 
is in the pink cured ferrous form. The pigment is converted to the brown 
ferric form during storage of cured meat and this, in turn speeds the 
oxidation. 

EI-Gharbawi and Dugan (1965) showed that the lipids extracted 
from freeze-dried raw beef undergo oxidation in two stages: (1) the 
phospholipids are oxidized first, and (2) then the neutral fats are oxi
dized. They found, in addition, that the loss of unsaturated fatty acids 
was greater in the phospholipids than in the neutral fat. 

Muscles that have pH values in the upper normal range (normal pH 
of meat is 5.2 to 6.6) fade least on freezer storage. The reason is that at 
the highest pH values the reaction between unsaturated fat and myo
globin is inhibited. The oxidation of the fresh meat pigments is accel
erated if the pH values are in the lower part of the range. In general, 
pork to be cured by conventional methods is in the lower end of the pH 
range. 

Salt has an accelerating action on the development of rancidity, as 
has been noted by various investigators. The condition needed to bring 
this about is the contact of the salt with the fat over an extended 
surface. Copper and iron also have been shown by a number of workers 
to have an accelerating effect on the oxidation of fats or foods contain
ing fats. Although other metals can do this, copper and iron are the 
most likely to contaminate foods. Smoke renders fleshy foods less 
suceptible to rancidity. 
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Action of Light 

In the presence of oxygen, light speeds all oxidative changes in 
meats. Also, discoloration by light is brought about in cured meats 
more readily than in fresh (Ramsbottom 1951). It takes several days for 
lighting used in display cases to bring about any noticeable discolora
tion in fresh meats, but cured meats show evidence of fading in about 
an hour under the same conditions. Ultraviolet light, which can dena
ture proteins, discolors fresh meat pigments to which it is exposed. 

Antioxidants 

In order to prevent the development of rancidity, a number of com
pounds are used. Most of them are phenolic compounds. Those which 
have approval for use in lard include gum guaiac, 0.1%; butylated 
hydroxy-anisole (BRA), 0.02%; propyl gallate, 0.01%; and the natu
rally occurring tocopherols, 0.03%. These compounds lengthen the in
duction period in the process of oxidation offats, probably by absorbing 
the activating energy of the peroxides in the fat. This, of course, would 
break the chain reactions that result in the oxidation of anitoxidants 
(Filer et ai. 1944; Lowey et ai. 1969; Mahan and Chapman 1953). 

Another group of so-called "synergistic" antioxidants improve the 
shelf-life of animal fats in combination with antioxidants, although 
they have no effect as protectants when used alone with fats. Com
pounds that improve the ability of the phenolic antioxidants to retard 
rancidity include phosphoric acid, 0.005%; citric acid, 0.005%; thiodi
propionic acid, 0.01%, and esters of this acid, and lecithin in any quan
tity. Aside from the use of lecithin, these are patented processes. The 
action of these compounds is not entirely clear. A number of other 
compounds have also been found to possess this property. 

Ascorbic acid when added to meats show irregularities in any action 
against rancidity. When the content of tocopherol is low, ascorbic acid 
is able to speed the oxidation offat. Also, it is able to have an inhibitory 
action on fat oxidation in the presence ofpolyphosphate or other metal 
chelating agents. (see Scarborough and Watts 1949 and Lehmann and 
Watts 1951). 

The use of antioxidants with cooked meats that are to be dehydrated 
or frozen works quite well. The storage life of such products can be 
lengthened effectively. 

Effects of Heat on Meat Products 

Great changes in the muscle proteins result from the heating of 
meat. These changes are particularly important because heat treat
ment (cooking) usually precedes use. Changes in the myofibrillar pro
teins cause shrinkage of the tissue and release of juice (Rogers et ai. 
1967). There is a decrease in the solubility of myofibrils and sarco
plasmic proteins with increasing duration and temperature of heating. 
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The changes that take place in the heating of meat are most profound 
in the muscles themselves. The adenosine triphosphate activity ofmyo
sin is destroyed by heating for short periods of time at 37°C. However, 
the tissue changes that take place between 40° and 60°C are more 
unusual. From the food scientist's point of view it is of greater impor
tance to study the muscle tissue rather than the individually separated 
muscles. This is because of the different behavior under some condi
tions of the separates muscles as compared with that in the tissues. The 
pH of muscle tissue rises during heating (Hamm and Detherage 1960). 
According to Hamm (1966) this could be caused by hydrogen bonding 
or charge changes, or perhaps both, taking place in the myofibrillar 
proteins. Also, Hamm (1936A) believes that the isoelectric point of 
actomyosin is related approximately to the pH at which the water
holding capacity is minimal; this is 5.0 in the native muscle. The 
likelihood is that shrinkage of tissues and release of juice by heating up 
to 40°C are caused by some unfolding of the peptide chains. Hamm and 
Deatherage (1960) found that "acid stable" cross linkages are formed 
only at temperatures above 50°C. Rising temperature increases the 
formation of protein network linked by such bonds. 

During the heating and denaturing of muscle tissue, unfolding of the 
peptide helix appears to be closely connected with coagulation. The 
unfolding is complete above 70°C. Many other changes take place dur
ing this process. One of these is the release of reactive sulfhydryl 
groups which are concealed inside the folded structure of the protein. 
Proteins migrating in an electric field with the greatest velocity 
(anodic and cathodic) are the most quickly denatured (Grau and Lee 
1963). 

The formation of H2S seems to be the most important result of the 
destruction of sulfhydryl groups (Hamm 1961). Hydrogen sulfide starts 
to form from myofibrils at around 80°C with an exponential increase as 
the temperature goes up. Also as the heating time increases, so does the 
formation of H2S. Most of the H2S formed during heating comes from 
the structural proteins, and not from cysteine or glutathione, which 
are water-soluble substances. This amounts to 18.9 ± 0.4 p.g from a 
gram of protein. This is substantially the quantity from heating the 
myofibrils. 

The physical and chemical changes in muscle occur in distinct steps 
during heating. 

From 20° to 30°C. The colloidal chemical properties and the ion
binding muscle proteins show no alteration in this range of tempera
ture. At 30°C however, the enzyme activity (ATPase) of myosin is 
reduced. 

From 30° to 50°C. The alterations in the myofibrillar proteins in
clude an affect on the rigidity and water-holding capacity of the muscle, 
the pH, and ability of muscle proteins to bind Ca2+ and Mg2+. These 



486 BASIC FOOD CHEMISTRY 

changes are twofold: (1) the peptide chains unfold and (2) rather unsta
ble cross linkages develop that bring about a tighter structural net
work at the isoelectric pH. The enzyme activity (ATPase) is lost and 
denaturation of a little of the sarcoplasmic proteins takes place also. 
Most of these changes take place between 40° and 50°C. 

From 50° to 55°C. The myofibrillar proteins rearrange and this 
results in a slowing of the water-holding capacity changes, pH, and 
protein bound Ca2+ and Mg2+. The building of new cross linkages is 
started; these cannot be split by weak acid or base. Sarcoplasmic pro
teins continue to be denatured. 

From 55° to 80°C. The bulk of the changes which started between 
40° and 50°C continue, but the amount of these changes is less. When 
the temperature of 65°C has been reached, coagulation has taken place 
in the bulk of the globular and myofibrillar proteins. Temperatures in 
the neighborhood of 63°C shrink the collagen and at higher tempera
tures it may be converted, in part, to gelatin. 

Above 80°C. The oxidation of the sulfhydryl groups of actomyosin 
resulting in the formation of disulfide bonds starts between 70° and 
90°C, and continues with rising temperature. As the temperature goes 
above 90°C, hydrogen sulfide separates from the sulfhydryl groups of 
actomyosin. Continued heating to 120°C produces more changes in the 
muscle proteins with a decrease in protein-bound Ca2+ and Mg2+. The 
flavor of canned meat has been found to correlate significantly with 
H2S and other volatile sulfur compounds that have formed. At about 
90°C, Maillard reactions begin and continue with length of heating 
time and increasing temperature. The browning of meat has been 
found to be caused principally by the reaction between carbohydrates 
of muscle and the amino acid groups. According to Bowers et al. (1968) 
browning increases with the amount of reducing sugar in meat. An 
increase in tenderness results from the conversion of collagen to gela
tin. Elastin cannot be denatured by heat and remains in its original 
native form after cooking. 

While normal methods of cooking may have some influence on the 
digestibility of meat proteins, they do not greatly change the amino 
acid content of meat. 

EFFECT OF IONIZING RADIATION 

Irradiation studies on meat and meat products got started about the 
time of World War II. Such treatment has been found to increase stor
age life. Changes in proteins are caused by ionizing radiation and are 
controlled by the dose of the radiation and by the nature of the proteins. 
Treatment with a dose of 5 Mrad (about the dose necessary for mi-
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crobial sterilization) results in a definite loss of water-holding capacity. 
Since many enzyme proteins are relatively stable against radiation, 
they require more than 5 Mrad before they are inactivated. There can 
be an effect on the decomposition of the amino acids, but the damage 
was found to be very small (Johnson and Moser 1967). 

Meat Tenderizers 

Proteolytic enzymes have been used for a long time to increase the 
tenderness of meat. Papain is the enzyme most often used, but others 
are effective also. Among these are the proteolytic enzymes, ficin and 
bromelain. Ficin and Bromelain are of plant origin and can hydrolyze 
the peptide bonds of meat proteins. Such tenderizers are being used 
commercially, and they are used either singly or in mixtures of one or 
more. 

Smith et al. (1973) found that antemortem injection of proteolytic 
enzyme into bullocks resulted in a significant increase in tenderness of 
the flesh and yielded steaks that were more comparable with those 
from the carcasses of steers. 

Meat Flavor 

Much attention has been focused on efforts to understand the flavors 
formed in meat as a result of the various ways of preparation. Much 
better methods of investigation now are available. In this work, com
pounds formed are identified and the importance of each in the final 
flavor is evaluated. 

Jones (1969) studied the natural flavors ofribomononucleotides and 
their breakdown products in meat and fish flavors, both alone and in 
mixtures. While attention has been given to the flavor-enhancing prop
erties of some of these compounds, evidence is available that nucleo
tide derivatives are active in flavor-precursing systems. The taste and 
flavor can be affected in several ways by nucleotides and their break
down products. They are precursors of the odor of flesh food, and in 
some concentrations in muscle they have tastes of their own, although 
these may be subject to some alteration, and in addition they have the 
ability to enhance flavors. Concentrations of 5'-ribomononucleotides 
and their break-down products, especially hypoxanthine, can be used 
as indices of freshness and quality. 

Malbrouk et al. (1969A, B) identified several polar lipids in the non
aqueous beef flavor components. These included phosphatidylcholine, 
lysophosphatidylcholine, phosphatidylethanolamine, phosphatidyl
serine, sphingomyelin, and phosphatidylinositol. In addition, sulfatide 
was identified tentatively. These authors found that the dry substance 
of aqueous meat extract prepared from lyophilized meat following 
removal of petroleum ether extractable lipids accounted for 6.5% of the 
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fresh weight. Finally, fractions separated from this with high meaty 
aroma amounted to 1.1% based on fresh weight. 

Sink and Smith (1972) studied the increase in carbonyls during the 
aging of beef. This was done because of the importance of these com
pounds in flavor. Longissimus dorsi muscle was held at 3°C and dra
matic increases in total carbonyls and also in monocarbonyls were 
obtained. Methyl ketones made up the largest group of monocarbonyls 
and increased five-fold after 14 days of storage. Flavor significance, 
however, was not reported. 

Cho and Bratzler (1970) investigated the use of sodium nitrite in 
curing pickle for pork and its effect on the flavor of the finished product. 
The use of this compound resulted in a product with a greater "cured 
pork" flavor than when it was omitted from the pickling solution. In all 
cases, NaCI was used in this solution. Smoking the final product did not 
mask this effect. 

VolatHe Flavors 

The study of the volatile flavors of meat has made much progress 
because of the advances made in analytical techniques, specifically gas 
chromatography and mass spectroscopy. The idea that beef flavor was 
the result of the combination of carbonyls, H 2S-NH3, prevalent until 
about 1966, does not provide the answer. 

Hirai et ai. (1973) in a study of the compounds present in the volatile 
flavor from boiled beef, isolated 54 compounds, no one of which had a 
typical aroma of boiled beef, suggesting that boiled beef aroma is a very 
complex mixture of compounds. In this investigation it was found that 
three unsaturated alcohols were present. These included 1-octen-3-ol, 
1-penten-3-ol, and 2-hexen-1-ol, which had previously been found in 
other materials. Among the carbonyls, diacetyl and acetoin have pre
viously been reported as components of meat flavor. These were found 
by Harai et ai. (1973) in relatively large amounts. Because acetoin can 
easily be converted to diacetyl in the presence of air, the rather large 
amount of acetoin shown to be present could be a good source of diace
tyl. Two heterocyclic compounds, 2,5-dimethyl-1,3,4-trithiolane, with 
sulfure in the molecule, and 2,4,5-trimethyl-3-oxazoline, with nitrogen, 
were found earlier to be components of volatiles of boiled beef. 
However, their odor in the pure form was not characteristic of that of 
boiled beef either. In addition, two furane compounds, 2-methyltetra
hydrofuran-3 ·one and 2-pentylfuran, that had been isolated from other 
substances previously, and of two heterocyclic compounds which con
tained sulfur were found. One of these that had a spicy meat odor was 
thiophen-2-carboxaldehyde; the other was 5-thiomethylfurfural. 

Tonsbeeketai. (1971, 1968) made a study of the compounds occurring 
in beef broth. They isolated 2-acetyl-2-thiazoline, 4-hydroxy-5-
methyl-3(2H)-furanone and its 2,5-methyl homolog from beef broth. 
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2-Acetyl-2-thiazoline 4-Hydroxy-2,5-dimethyl-3(2H)-furanone) 

Tonsbeek et al. (1969) studied further the natural precursors of 
4-hydroxyl-5-methyl-3(2H)-furanone. They found that the precursors 
of this compound are ribose-5-phosphate, and pyrrolidone carboxylic 
acid or taurine or both. It was shown by Peer and van den Ouweland 
(1968) that 4-hydroxy-5-methyl-3-(2H)-furanone can be prepared from 
n-ribose-5-phosphate in concentrated buffer systems at pH 5.5. 
However, in a diluted solution such as beef broth, this reaction requires 
the presence of the compounds containing nitrogen, pyrrolidone carbo
xylic acid, or taurine. 

Brinkman et al. (1972) analyzed the volatiles of the headspace of beef 
broth, and found the following: 3-methyl-butanol, benzaldehyde, and 
3,5-dimethyl-1,2,4-trithiolane (cis and trans). All have been found pre
viously as components of beef flavor. In addition, 2,3-pentanedione, 
methional, 1-methylthioethanethiol, and 2,4,6-trimethylperhydro-
1,3,5-dithiazine (thialdine) were not previously known as beef flavor 
components. 1-Methylthioethanethiol, which has an odor of fresh 
onions, had not been previously described in the literature. Evidence 
indicates that the trithiolanes and the thialdine are formed largely 
during the isolation procedure. 

Schutte and Koenders (1972) set forth systematic reactions for the 
formation of the flavor compound 1-methylthioethanethiol in beef 
broth from components known to be present in beef. It was found that 
1-methylthioethanethiol is produced when ethanal, methanethiol, and 
hydrogen sulfide are heated in aqueous solution at pH 6. These im
mediate precursors are generated in turn and under the same condi
tions from alanine, methionine, and cysteine in the presence of a 
Strecker degradation agent such as pyruvaldehyde. The formation of 
methanethiol from methional, the initial degradation product of me
thionine, was found to be the weakest link in the reaction sequence; for 
this reason, it was studied in some detail. 

Liebich et al. (1972) studied the volatile components of roast beef by 
gas-liquid chromatography and mass spectrometry. They found that 
alkanals, alk-2-enals, and alka-2,4-dienals are the major volatile com
ponents. Also, 3-hydroxy-2-butanone and y-butyrolactone were present 
in high concentration. Other classes of components include 
2-n-alkylfurans, 2-alkanones, 3-alkanones, 2,3-alkadiones, pyrazines, 
primary and secondary alcohols, acids, y- and o..lactones, alkanes, aro
matic compounds, sulfur compound, and acetylpyrrole. It was also 
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found that the main site of the aldehydes is the fat. Tables of com
pounds found are listed in the article. 

Watanabe and Sato (1971) studied some of the flavor components of 
shallow fried veal, specifically the alkyl-substituted pyrazines and pyr
idines. Of these, nine alkyl-substituted pyrazines and two alkyl
substituted pyridines were found, together with four that were not 
identified. They noted the possibility of a reaction between sugars and 
amino acids to produce a specific flavor in beef. They identified methyl
pyrazine, 2-ethylpyridine, 2,5-dimethylpyrazine, 2,6-dimethylpyra
zine, 2,3-dimethylpyrazine, 2-ethyl-5-methylpyrazine, trim ethyl
pyrazine, 2,5-dimethyl-3-ethylpyrazine, tetramethyl-pyrazine, 2,6-
diethyl-3-methylpyrazine, and 2-pentylpyradine. These authors had 
previously identified four of these compounds in beef fat flavor. 

Persson and von Sydow (1973A, B) made a study of the aroma, of 
canned beef. The headspace gas contained a number ofvolatiles-95 of 
these were identified and were made up of 21 sulfur compounds, 12 
aldehydes, 16 ketones, 8 alcohols, and 11 furans. Among these, 
ethylene sulfide, propylene sulfide, 2-methyl furan, and some thio
phene derivatives had not been previously reported in beef aroma, but 
some had been found in chicken aroma. Of the new compounds, 
ethylene sulfide and some of the furans could perhaps be of importance 
in the aroma. Another compound, 2-methyl butanal, which had been 
reported previously and found in this investigation, could also be one 
of the more important compounds. Another previously reported com
pound, 3,5-dimethyl-1,2,4-trithiolane was present in the head space 
gas, but only in very low concentration (0.84-5.00 ppb v Iv) and there
fore probably not too important. 

The following sulfur compounds were identified in the headspace of 
canned beef: hydrogen sulfide, methyl mercaptan, ethyl mercaptan, 
dimethyl sulfide, methyl ethyl sulfide, ethylene sulfide, dimethyl disul
fide, thiophene, 2-methyl thiophene, and 3,5-dimethyl-1,2,4-
trithiolane. The first four compounds of this list were reported in the 
following concentrations (in ppb) 1100, 1800, 190, and 600. 

Hydrogen sulfide was found to be present in amounts up to 6000 
times the threshold of value, (CH3hS up to 700 times, methyl mercap
tan up to 2200 times, and ethyl mercaptan up to 300 times. Of the 
ketones, only 2,3-butanedione and 2,3-pentanedione contributed to the 
aroma. 

Simulated Meats 

Interest is developing in products that can take the place of meat in 
the diet. These products are made from vegetable proteins textured to 
resemble meat. Soybeans are an important raw material used for this 
purpose. Derivatives of soybeans have been used in the Orient for 
hundreds of years. 
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The techniques necessary for the spinning of the protein were made 
practical in the early thirties. The proteins are extracted with weak 
alkali, and after refining, yield a bland material which is about 96% 
pure. This is dispersed, and then spun into fibers by forcing through 
spinerettes, into a coagulating bath in which the fibers are formed. 
Treatment can be varied so as to produce the filament desired. The 
fibers are formed into bundles, these bundles are tied together, treated 
with a binding agent such as egg albumin, and then flavored and 
colored and treated to resemble existing products. If a product such as 
bacon is desired, smoking can be done (Thulin and Kuramoto 1967; 
Lockmiller 1972). 

Simulated meats can be made to contain a minimum of 50% protein, 
which can include the essential amino acids, vitamins, and minerals. 
These products are a good source of protein in such cases where the use 
of meat must be avoided. Soy protein in particularly valuable because 
of its nutritional value, as well as its economy. 

Sausage Production 

Sausage manufacture has a long history and considerable research 
has gone into the improvement of sausage products. Meat emulsions 
are very important in their preparation. 

Hansen (1960) discussed the fundamental structure of sausages and 
the emulsion formation in them. Sausages are made up of very finely 
comminuted meat components which are thoroughly dispersed in an 
emulsion of fat and water. Water and salt-soluble proteins from the 
meat make up a protein matrix that surrounds the emulsified fat glob
ules. These proteins are able to form a rather solid membrane since 
they are denatured on contact with the fat. The relationship between 
the concentration of protein and capacity for emulsification is curvi
linear. Swift et al. (1961) showed that during emulsification, 84% of the 
original protein is taken out of solution. This further substantiates the 
idea that the emulsion is made up of globules of fat enveloped by a 
matrix of protein. 

In the preparation of meat for sausage, temperature of chopping is 
very important. Temperatures for this operation should not exceed 
30°C, usually they are somewhat lower. An inverse linear relationship 
exists between the emulsifying ability of the protein and the tempera
ture attained during emulsification. This linear relationship was 
shown by Swift et al. (1961) to be between the temperature limit of 
15°-45°C. 

Separation offat from sausage has not been completely explained. In 
experiments on batches of sausage it was found that fat separation 
occurred during cooking only when the beef was incompletely commi
nuted.· More work must be done on this phase of the work (Sulzbacher 
1973). 
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The article by Saffle (1968) goes into considerable detail on the sub
ject of meat emulsions and is suggested reading for interested students. 

Modern American practice in sausage making is based on the use of 
frozen beef. However, grinding immediately after slaughter is done in 
Germany frequently. Work done in Hamm's Laboratory shows chem
ical changes that take place in the meat as a result of this treatment. 

Beeffor sausage manufacture is frequently ground and salted imme
diately after slaughter (Hamm and van Hoof 1971). This makes avail
able the high water-holding capacity of the tissue before the start of 
rigor mortis. The beef must be salted to avoid the breakdown of large 
amounts of ATP and glycogen. In the experimental work, the effect of 
grinding on the rate of biochemical changes that occur in the tissue 
postmortem were followed. These included changes in ATP, ADP, 
AMP, IMP (inosine monophosphate), glycogen, inosine, glucose 
6-phosphate, lactate, and pH during the first 72 hr at +4°C. Results 
were obtained on intact muscle as well, for comparative purposes. 

While grinding of longissismus dorsi muscle within an hour after 
death of the animal shows an acceleration of glycolysis, the final 
amounts of glycogen, lactate, and pH after 24 or 72 hr were the same 
in both the minced and the intact muscle. After 12 hr postmortem the 
ground sample had more glucose 6-phosphate than did the intact mus
cle. During storage of either intact or ground muscle, 55-7fHo of the 
glycogen used was converted to lactate. An accelerated hydrolysis of 
ATP and ADP resulted from the grinding of the pre-rigor muscle, 
which speeded the increase in the concentration of IMP. Mter 72 hr, 
however, the same amount ofIMP was found in both samples, and the 
ATP in both samples was entirely hydrolyzed. 

This work indicates that when beef is ground before the start of rigor 
mortis there is a more rapid conversion of ATP to IMP and hypoxan
thine and of glycogen to lactate. As soon as ATP is used up, a maximum 
concentration ofIMP is attained. A faster increase in the concentration 
of hypoxanthine takes place in the ground muscle than in the intact. 
Inosine behaves in just the opposite manner. 

Analysis of Meat and Meat Products 

Information on the analysis of meat and meat products can be found 
in Chapter 24 of Official Methods of Analysis (AOAC) (1980). 

SUMMARY 

The structure of muscle fiber is of importance in meat. Muscles are 
divided into two fiber types. Type I is red muscle fibers and type II is 
white. Red muscle is rich in dehydrogenases and poor in phosphorylase 
while white muscle is the reverse. Myoglobin, the principal muscle 
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pigment, is present in larger amounts in the red muscle. More soluble 
protein is found in white muscle. 

Red muscle is for aerobic metabolism, while white muscle is for 
glycolytic metabolism. Succinic acid dehydrogenase activity in red 
muscle is twice as large as in which muscle. The phosphorylase activity 
of white muscle was found to be three times that of the red muscle. 

The scientific evidence strongly supports the idea that red muscles 
(or predominantly red) have higher rates of oxidative metabolism and 
are best able to carryon continued activity and long drawn out produc
tion of energy. Sudden spurts of activity are best taken care of when 
white muscle predominates because glycolytic activity is higher. 

The proteins of meat are very important from the point of view of the 
food value of meat. 

The myofibrillar proteins are actin, myosin, tropomyosin, troponin 
A, troponin B, a-actinin, and f3-actinin. a-Actinin contains two compo
nents which are important in muscular contraction. 

The compounds present in the largest amount are water (about 75%) 
and protein (about 20%). Of this protein fraction about 65% comprises 
myosin and actin. Myosin behaves as an enzyme, and it is able to break 
down adenosine triphosphate. 

Actomyosin results when solutions ofF-actin and myosin are mixed 
together. This solution is highly viscous. When ATP or P 1 is added to 
this solution viscosity decreases because of the dissociation of the acto
myosin into myosin and actin. Actomyosin, under the right conditions, 
is contractile. It does not exist in resting muscle. 

Most of the muscle protein used as food is actomyosin. It is formed 
during rigor by the polymerization of actin and myosin. 

Straited muscle burns fatty acids by preference as a source of energy. 
ATP is an energy source also and is used when fatty acid is insufficient 
to cover the need. 

Collagen and elastin are the two main proteins of connective tissue. 
The former is quantitatively more important. The texture of connective 
tissue tends to render it undesirable in muscle tissue used as food. 
Collagen could account for the toughness of meat. 

The polysaccharides could playa vital role in plasticizing the colla
gen fibers, which in turn, could explain their contribution to meat 
tenderness. 

Elastin, the protein found in animal connective tissue in small 
amounts, tends to be rubbery. Fairly large amounts of elastin are found 
in the muscles of the rump of beef animals, but in other muscles it is 
present in rather small amounts. Elastin must be in an environment 
containing about 40% of H20 for its rubbery qualities to be effective. 

The undesirable feature of both collagen and elastin is that they 
impart toughness to the muscle. 

Myoglobin is the principal source of color in meat, but hemoglobin 
may make up 2IJ-30% of it. Myoglobin contains only one heme group 
while hemoglobin contains four. 
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The role of myoglobin in the color of fresh meats is significant. Also, 
it forms the color of cured meats when it is combined with nitric oxide. 
The nitric oxide red pigment can change during storage to brown and 
gray colors. 

Heme is the prosthetic group of both myoglobin and hemoglobin. The 
affinity of myoglobin for xoygen is much greater than that of hemoglo
bin. The bright red color offresh meat is the result of oxygenated heme 
pigments at the surface which are exposed to the oxygen of the air. The 
purplish red of the interior is caused by the reduced pigments. Brown, 
gray, and green are the three abnormal discolorations of meat. 

In the red color of cured meat, the pigment, nitric oxide myo
(hemo)globin is not destroyed, even though the denaturation of the 
globin is complete and irreversible. 

It has been found to be essential to have high levels of creatine 
phosphate and ATP in the muscles initially in order to obtain a slow 
rate of decline in the pH of muscle after death. If top quality of meat is 
to be produced, the rate of destruction of ATP in the muscle must be 
kept to a minimum. Meat with high final pH is undesirable because of 
reduced penetration of salts in curing, dryness, and the cosmetic effect 
of dark cutting meat, which is undesirable. 

Important chemical changes take place between the time of death 
and the start of rigor mortis. 

The contraction of muscle is a very important phenomenon. Rigor 
mortis and muscular contraction are the result of the same mechanism. 

Rigor mortis and other post mortem changes are mainly due to glyco
lytic chemical changes. This amounts to the change of glycogen to lactic 
acid. This is determined by monitoring the decrease in pH. High tem
perature and low pH occurring together soon after death can cause the 
loss of color and extensive lowering of water-binding capacity. 

, If bound calcium is contained in the contractile protein of muscle 
actomyosin, in the presence of ATP the muscle contracts. It relaxes 
with ATP if some of the calcium is removed. 

Pale, soft, exudative muscle is not desirable in pork because it results 
in significant economic losses. 

It is quite probable that the most important factor for tenderness-
toughness in meat is the degree of cross linking in the actomyosin. 

Two very important properties of muscle proteins from a practical 
standpoint are (1) water-holding capacity and (2) fat-emulsifying 
capacity. Tenderness, texture, and shrinkage on cooking are connected 
with the condition of hydration of muscle proteins. The water-holding 
capacity is strongly influenced by pH and by ions of salts such as N aCl. 

The second item of practical importance, fat-emulsifying capacity, is 
essential to the preparation of meat emulsions. The meat emulsion is 
a muscle-fat-water system in which some of the muscle protein dis
solves, especially when salt is present. The protein exerts an emulsify
ing effect by forming a thin layer around the fat droplets. This is 
important in the manufacture of sausage. 
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Oxidative rancidity in meats is important because it limits the sala
bility of meat so affected. 

Although unsaturated fats and heme pigments in meat are oxidized 
separately, a coupled reaction which involves both of these entitles, can 
in turn, speed color loss and rancidity. This is a catalytic effect. The 
activity ofhemes as catalysts on the uptake of oxygen by linseed oil was 
studied. It was found that hemin, hemoglobin, and methemoglobin 
when used in equivalent concentrations had approximately the same 
effect in speeding the reaction. 

The destruction of porphyrin takes place during the period of its 
extended reaction with unsaturated fats. It is likely that this reaction 
is involved in the deterioration of ground meats held in frozen storage. 

Phospholipids are susceptible to oxidation because of their high con
tent of unsaturated fatty acids. 

In the presence of oxygen, light speeds all oxidative changes in 
meats. 

To prevent the development of rancidity, a number of compounds, 
mostly phenols, are used. 

During the heating and denaturing of muscle tissue, unfolding of the 
peptide helix appears to be closely connected with coagulation. Unfold
ing is complete above 70°C. Proteins that migrate with the greatest 
velocity in an electric field are the most quickly denatured. 

One of the changes taking place during heating is the release of 
sulfhydryl groups. H 2S forms from myofibrils at around 80°C with 
exponential increase as the temperature goes up. Most of this comes 
from the structural proteins rather than from cysteine or glutathione. 

Work has been done on the volatile flavors of meat, as well as on 
other forms of meat flavor. 
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RIPENING AND POSTIIARVEST CHANGES 

21 

Changes that occur in fruits and vegetables during the ripening 
process and after harvest influence their uSe as foods. Following har
vest, the sources of nutrients and water that supplied the growing 
entities are no longer available. But life processes go on: respiration 
continues with the uptake of oxygen and loss of carbon dioxide and 
water. Deterioration accompanies the use of the reserves of respirable 
materials accumulated during photosynthesis that are no longer re
plenished. Under these conditions, while new compounds are formed by 
the continuation of anabolism, the major metabolic activity in this 
situation is catabolism. Fruit ripening is basically a process of aging. 
The ripening process is accompanied by developing senescence and 
then deterioration. The speed with which the reserve materials are 
used depends on the rate of respiration. In some species, change after 
harvest takes place much faster than in others. Apples will hold much 
longer in proper storage than strawberries, raspberries, or peaches. 
Also, deterioration by the growth of microorganisms in fruits and vege
tables held in storage is a prominent factor. 

Respiration 

Respiration is carried on by all living organisms and is the key 
activity of the life process. It is basically the transformation of potential 
energy into kinetic energy and is exothermic-heat is evolved. Respi
ration makes use of oxygen and eliminates carbon dioxide released as 
a result of the oxidation of the carbohydrates present in the plant 
material. Adenosine triphosphate (ATP) is formed and is stored in the 
cells as available energy. If respiration takes place under anaerobic 
conditions or in the presence of very limited amounts of oxygen, break-
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down of the carbohydrates is not complete, and smaller amounts of ATP 
are produced. The carbon dioxide and oxygen are the beginning and 
end substances and in no way indicate the very complex reactions 
connected with this vital process. 

Mitochondria. Mitochondria are considered to be vital components 
of the protoplast. They appear as small rods, filaments, or granules in 
the cytoplasm of most plant and animal cells. Mitochondria are com
posed primarily of protein and lipid. 

Much experimental work has been done on the function ofmitochon
dria. They are involved fundamentally in the oxidation of pyruvate 
through the tricarboxylic acid cycle. Also, inorganic phosphate is con
verted to adenosine diphosphate (ADP) and ATP. Mitochondria are 
active also in the uptake of oxygen. This activity probably constitutes 
an important part of the respiration of cells, since the oxygen uptake is 
proportional to that of the intact cells. 

Lyons and Raison (1970) found that mitochondria from plant tissue 
that is sensitive to chilling respire at a significantly lower rate below 
lOoC than mitochondria from tissue resistant to chilling. This is con
sistent with the idea that lower temperatures have an effect on some 
physical property of the mitochondrial membranes. Membrane lipids 
may be involved. 

Pathways of Respiration. From the biochemical point of view, two 
pathways are operational in plant respiration, and therefore, in the 
ripening process. These are the Embden-Meyerhof-Parnas (EMP) 
glycolytic-tricarboxylic acid (TCA) cycle, and the pentose pathway. 
The pentose pathway is a shunt that takes the place of the EMP. The 
stage of maturity influences the activity of each pathway in ripening. 
In many plants the larger amount of the respiration takes place via the 
glycolytic- tricarboxylic acid cycle pathway. In pepper fruits 28-36% of 
the glucose respires via the pentose pathway (Doyle and Wang 1958), 
while the remainder followed the glycolytic-tricarboxylic acid path
way. 

Embden-Meyerhof-Pamas Glycolytic-Tricarboxylic Acid Path
way. This pathway starts with the breakdown of oligosaccharides 
and polysaccharides to hexose and hexose phosphates as a result of the 
activity of hydrolases and phosphorylases. 

Polysaccharides and oligosaccharides -
hexoses and hexose phosphates 

Glucose forms glucose 6-phosphate: 

Glucose + ATP hex~~,~ase, glucose 6-phosphate + ADP + H+ (1) 



21 FRUITS AND VEGETABLES 507 

The glucose 6-phosphate undergoes the following reaction: 
Glucose 6-phosphate (70%) phosphoglucoisomeras'l 

fructose 6-phosphate (30%) (2) 

The fructose 6-phosphate, in turn, reacts with ATP. 

Fructose 6-phosphate + ATP phosphofructokinas~ 

fructose 1,6-diphosphate + ADP + H+ (3) 

(HOhOPOH~£H 
6 H HO 2 

H eH,OPO(OH). 
1 

OH H 

Fructose 1,6-diphosphate 

The next stage of the EMP pathway is the glycolysis stage. The first 
reaction is the conversion of fructose 1,6-diphosphate to dihydroxy
acetone phosphate. The second is that of dihydroxyacetone phosphate 
to D-glyceraldehyde 3-phosphate. 

Fructose 1,6-dephosphate ~ 
triosephosphate 

dihydroxyacetone phosphate ... isomerase .. 

D-glyceraldehyde 3-phosphate (4) 

D-Glyceraldehyde 3-phosphate is in turn converted into phosphoenol 
pyruvic acid in four steps using four enzymes. Phosphoenol pyruvic 
acid is converted to pyruvic acid by reacting with ADP. 

pyruvate 

Phosphoenol pyruvic acid + ADP ~;s: l (5) 

COOH COOH 

6-0P03H2 + ADP ~ ~O +ATP 
II I 

CH2 CH3 
Phosphoenol pyruvic acid Pyruvic Acid 

Pyruvate is then converted to acetyl coenzyme A and carbon dioxide. 
Mter this, it acts on oxaloacetate in the tricarboxylic acid cycle (see 
Fig. 21.1). Organic acids in the tricarboxylic (Krebs citric acid) cycle 
are found in fruits and vegetables. 

Pentose Pathway. An alternative to the EMP glycolytic pathway 
for the degradation of the hexose sugars to yield pyruvate is the pentose 



508 BASIC FOOD CHEMISTRY 

*COOH 
I 

*CH, 

H 0 *COOH 
'I H 0 7 *CH, ' 

*?OOH b-coo~ 
*CH II 

I ' CH 
I HO-C-COOH COOH 

I 

I 
H-C-COOH 

I 
H-C-OH 

Pyruvate 

tcoASH 

2H j -co, 

* 
*CH3COSCoA 
Acetyl 
Coenzyme A 

COOH 
I 
c=o 
I 
CH, 
I 
COOH 

CH, 
I 
COOH 

Citrate 

cis-aconitate 

bOOH \-co, 

Isocitrate \- 2H 

*COOH 
I 

*CH, 
I 
CH, 
I 

O=C 
I 

,,-Ketoglutarate COOH 

t coASH 
2H 

CO, 

*COOH 
I 

*CH, 
I 
CH, 

Oxaloacetate I 
\ O=C 

2H~ Succinyl-SCoA ~-COA 

H_~~~H :7T; 

CH, 
I 
COOH ~H'O ?OOH 1/2*?OOH 

Malate CH 1/2*CH, 
II I 

HC ---r-- 1/2*CH, 
I I I 
COOH 2H 1/2*COOH 

Fumarate Succinate 

FIG_ 21.1. Tricarboxylic acid (Krebs citric acid) cycle. 

pathway. The necessary intermediates and the enzymes required are 
present in the plants. This pathway does not involve the enzyme aldo
lase. In the glycolytic system, DPN is necessary; in the pentose path
way, TPN is present. 

In this pathway, glucose 6-phosphate in the presence of triphospho
pyridine nucleotide is converted to 6-phosphogluconate plus TPNH. 
The 6-phosphogluconate in the presence of TPN is converted to 
ribulose-5-phosphate with the release of CO 2 and the formation of 
TPNH. Ribulose-5-phosphate is converted to ribose-5-phosphate, and 
in another reaction ribulose-5-phosphate is converted to xylulose-5-
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phosphate. Specific enzymes bring these reactions about. Carbon atoms 
are transferred from xylulose-5-phosphate to ribose-5-phosphate. The 
result is the formation of sedoheptulose phosphate and 3-phospho
glyceraldehyde. Finally, fructose 6-phosphate is formed. It is probable 
that the triose phosphate that is produced is alternatively converted 
into pyruvate as a result of the glycotic sequence and then to acetyl 
coenzyme A (CoA) and into the tricarboxylic acid cycle, as does the 
EMP sequence. In other words, the pentose pathway is another path for 
the breakdown of hexoses to trioses. 

Faust et al. (1966) studied the skins of harvested apples over a period 
offour months to determine the respiratory pathways during aging. It 
was found that increasing senescence resulted in an increase in the use 
of the pentose pathway. The evolution of CO 2 from the pentose pathway 
in senescent apples was directly proportional to the uptake of O2 , 

Change in cell permeability was indicated by the increase in glucose 
uptake as the tissue aged. 

Respiration Climacteric. Kidd and West (1925, 1930) found a very 
large increase in the rate of respiration after harvest of apples stored 
at 22.5°C. They called this the "climacteric rise." (Fig. 21.3). This large 
increase in CO2 output, or respiration climacteric, shown by many 
fruits is a sudden activity. It indicates the point during which growth 
and development stop and breakdown and senescence begin. The cli
macteric in fruits may bring about color changes. Bananas change from 
green to yellow as a result of chlorophyll destruction, while xantho
phyll and carotene change very little. Similar changes take place in 
some varieties of apples and pears, while plums change to red. The 
breakdown of the cholorphyll allows the yellow pigments that were 
previously masked to appear, and the formation of other pigments as a 
result of synthesis. Other changes occur also: starch changes to sugars, 
softening ensues as a result of changes in the pectic substances, and 
proteins are modified. In addition, flavor volatiles are synthesized and 
changes can take place in the acid composition. In some fruits, wax is 
deposited on the skin during this phase. 

The respiration climacteric may be very small or totally absent in 
some kinds of fruit. Also, some fruits may show a climacteric under 
certain conditions and not others. A climacteric has been shown for 
apples that have been left on the tree during ripening. The output of 
carbon dioxide was stable as long as the fruit remained on the tree; the 
postclimacteric decline in release of carbon dioxide took place after 
harvest (Hulme 1954; Kidd and West 1945; Romani and Ku 1966). In 
just the opposite manner, the avocado does not show a climacteric rise 
in respiration until it has been separated from the tree (Biale 1960B); 
the avocado tree probably furnishes a factor that controls this phe
nomenon. 

According to Biale (1960A, B) fruits can be classfied based on which 
show a climacteric and which do not. Among those that have a climac-



510 BASIC FOOD CHEMISTRY 

90 

4: 

.......... 
60 0) 

~ 

0 .-. 
.......... 

0 
U -E 30 

o ~ ____ ~ ______ ~ ______ -J 

o 30 60 90 

DA YS IN STORA GE 

FIG. 21.2. Respiration climacteric in apples. 

teric are apples, bananas, peaches, pears, and plums. Some of those 
which seem to be without a climacteric are citrus fruits, cherries, 
grapes, and strawberries. Fruits without a climacteric, usually ripen 
on the tree or vine. Small quantities of ethylene seem to have some 
effect on these two kinds of respiratory activity. This effect will be fully 
discussed later. The existence of non-climacteric fruits has been dis
puted (Pratt and Goeschl 1964). While citrus fruits have been classed 
as non-climacteric, some experiments have shown that if they are har
vested before ripeness is reached, a climacteric rise in respiration is 
found to occur (Aharoni 1968). 

Sacher (1966) made a study of the changes in free space in banana 
tissue during the respiratory climacteric. As free space increased 
(about 44 hr before the start of the climacteric), so did the proportion 
of cells which became entirely permeable to the ambient solution. It 
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was concluded that the beginning of permeability changes marks the 
start of senescence. 

Marks et al. (1957) demonstrated that the maximum phosphoryla
tion occurred at the maximum of climacteric respiration. Oxidative 
phosphorylation is now known to continue throughout the ripening 
process in fruits. Using 32p tracer methods Marks et al. (1957) found 
that phosphate esterification takes place both in preclimacteric tomato 
fruits and during the postclimacteric senescent period. Also, inhibition 
of the formation of high energy phosphate esters results in failure ofthe 
fruit to ripen normally. This was the case for tomatoes treated with 
DNP (2,4-dinitrophenol). Energy is necessary, therefore, to complete 
the ripening process. Phosphorylative capacity is no longer observed 
when ripening is complete. 

Coupling of oxidation by mitochondria can be retarded by such re
agents as DNP. This compound has the ability to cut down the need of 
respiratory oxidation for coupled phosphorylation. 

Esterification of phosphate proceeds considerably faster in climac
teric than in preclimacteric tissue (Young and Biale 1967). The ratio of 
ADP to ATP substantially decreases as ripening advances. Neither 
uncoupling nor acceptor control accounts for the start of the rise in 
respiration, but permeability changes during the climacteric are im
portant in the metabolism of fruit during this period. 

Chalmers and Rowan (1971) obtained results which indicate that 
phosphofructokinase is stimulated by the increase in concentration of 
orthophosphate in the cytoplasm of the fruit, which contributes to the 
respiration climacteric. Ordinarily, the rate of respiration depends on 
the presence of such phosphate acceptors as ADP, and an increase in 
the amount of such substances could account for the climacteric rise in 
respiration in the ripening process. 

It has been suggested that fructose 1,6-diphosphate increases in con
centration in the banana which results in the respiration climacteric 
(Barker and Solomos 1962). Barker (1968) found that glucose 
6-phosphate, fructose diphosphate, 3-phosphoglycerate, and phospho
enolpyruvate, which are present in apple tissue, were substantially 
unchanged as a result of the climacteric rise in respiration. He con
cluded that the climacteric rise in respiration in apples seems to have 
a mechanism that is different from that in bananas. 

Neal and Hulme (1958) noted that when malate is added to peel disks 
of Bramley's Seedling apples that are beyond the high point of their 
climacteric rise in respiration, the result is a strong increase in the 
evolution of carbon dioxide. Furthermore, a corresponding increase in 
the uptake of O2 does not take place. They also discovered that malate 
decarboxylation, connected with the start of the respiration climacteric 
in fruit, goes on actively after the climacteric peak is attained. It was 
suggested that this decarboxylation, although not restricted to malate 
(even though malate is responsible for the greatest amount of this 
effect), could cause the development of the respiration climacteric. In 
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preclimacteric fruits the malate effect is small. The authors believed it 
to be the beginning of senescence. 

Flood et al. (1960) found that the malate effect has the greatest 
activity in the epidermal and hypodermal tissues of the apple. 

The activity of four hydrolytic enzymes in connection with the rate 
of respiration during the climacteric was studied by Rhodes and Wool
torton (1967). The enzymes were chlorophyllase, lipase, ribonuclease, 
and acid phosphatase. During the buildup of the respiration climacteric 
in apples stored at 12°C, the activities oflipase, acid phosphatase, and 
ribonuclease reached a peak approximately coinciding with the height 
of the respiration activity and then declining as the rate of respiration 
fell. The authors determined that acid phosphatase and ribonuclease 
were present in the soluble protein fractions. The activity of chloro
phyllase increased before the start of the respiration rise, and con
tinued after the peak of activity. 

Kato and Chachin (1970) found that when mature green tomatoes 
were irradiated with gamma rays at 250 krad, the ripening was 
delayed about two days as compared with unirradiated fruit. When 
1000 krad was used, a climacteric rise did not take place and the fruit 
did not ripen normally. 

Ethylene and Ripening. Gane (1934) was the first to discover that 
plants produced ethylene (C 2H 4 ). Very small amounts of this gas 
(approximately 1 ppm) are known to act as a stimulant to respiratory 
activity, and in this activity ethylene influences ripening. According to 
Biale and Young (1962) climacteric fruits are affected by ethylene in 
the preclimacteric stage. Non-climacteric fruits after harvest show 
stimulation by ethylene in all stages of ripeness. 

Burg and Burg (1962) concluded as a result of experimental data that 
ethylene is a ripening hormone; they consider it the cause of ripening 
and not the effect. Their results show that many fruits produce small 
amounts of ethylene. Ethylene is the only such compound known to be 
produced in plants and is present in all plant cells. However, the action 
of ethylene as a hormone has been disputed (Fidler and North 1971). 

Pathways for the Formation of Ethylene. Lieberman and Mapson 
(1964) were the first to report that methionine could be a starting 
material for ethylene production. This was discovered while studying 
a system containing ascorbate, linolenic acid, and copper. It was re
ported that when tissues are supplied with methionine more ethylene 
was formed than in the controls. Somewhere along the pathway for the 
conversion of methionine to ethylene, oxygen is also necessary (Baur et 
al. 1971). However, the method of participation is not yet clearly un
derstood. It is possible that an intermediate that depends on oxygen is 
formed. Hansen (1942) first showed that oxidative metabolism is in
volved in the formation of ethylene in pears. This was found also by 
Burg and Thimann (1961) in apple tissue. 

Burg and Clagett (1967) found that methionine metabolism is a 
major pathway to the formation of ethylene in vegetative tissues, as 
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well as in sections of apple and banana fruits. C-1 of the methionine 
gives rise to CO2 , while C-3-C-4 give rise to ethylene. The methyl 
carbon, the sulfur, and the C-2 ofthe molecule remain in the tissue and 
are metabolized widely. 

CH 3SCH 2CH 2CH(NH 2)COOH 
L-Methionine 

It is now generally recognized that methionine is the precursor of 
ethylene in plants. Other pathways have been suggested (Baur and 
Yang 1969; Burg and Burg 1965; Jacobsen and Wang 1965) that may 
produce some ethylene under specified conditions. 

Recently, Wardale (1973) studied the effect of phenolic compounds in 
the tomato on the synthesis of ethylene. It is apparent from this and 
other work that phenolic compounds are involved in the conversion of 
methionine to ethylene. In Wardale's work, the ethylene was produced 
from 4-methylmercaptan-2-oxobutyric acid with peroxidase in the pres
ence of phenolic substances. The effective phenolic compounds present 
in the tomato fruit were naringenin andp-coumaric acid. Other pheno
lic compounds present included caffeic, ferulic, chlorogenic and sinapic 
acids. Chlorogenic acid makes up 75% of the phenolic compounds preset 
in the mature green fruit; in ripe fruit it comprises only 35% of the total 
phenols present. 

?' I _ OH H0W-O-'I '\ 

~ 
HOOC-CH=CH-( l-OH 

HO 0 

Naringenin p-Coumaric acid 

At the beginning of the climacteric, a large increase in naringenin 
takes place in the skin. As the concentration of naringenin increases in 
the skin, so does the formation of ethylene. The phenol compounds 
present in the skin other than p-coumaric acid and naringenin were 
found to inhibit the formation of ethylene. 

When ripening starts in the apple, the increase in lip oxidase activity 
occurs first, then the release of ethylene, which precedes the respira
tion climacteric. This increase in the activity of respiration takes place 
in the presence of a rapid buildup offree and esterified fatty acids. After 
this, free acids start to disappear and then esterified fatty acids are lost. 
The respiratory changes during ripening have no effect on the metab
olism of triterpenoid components found in the skin. 

Ethylene Production. The mechanism necessary for the production 
of ethylene is available in the fruit from the beginning. According to 
Abeles (1972) ethylene is produced in all the cells, particularly in 
higher plants. Ethylene is formed in the fruits and so does not have to 
be transported from other parts of the plant. 
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Ethylene to about 0.01 ppm can be found in any plant tissue. The 
physiological threshold for ripening is about 0.1 ppm of ethylene. 
However, some fruits cannot start ripening until it is removed from the 
tree. In such cases something supplied by the tree inhibits the start of 
ripening, and harvest is necessary to trigger the effect. 

Pratt and Goeschl (1969) report that a significant rise (50- to 
100-fold) in the rate offormation of ethylene takes place previous to the 
increase in the rate of respiration. Burg and Burg (1965) showed that 
ripening can be delayed by removing ethylene from tissues of fruit in 
the preclimacteric stage. 

The use of ethylene with mature but preclimacteric fruits triggers 
the formation of ethylene in the fruit, and increases it in such fruits. In 
non-climacteric but mature fruits the small peak forms but drops off 
again when the ethylene is removed. 

Biale et al. (1954) found that fruits with a higher climacteric showed 
moderately high to high rates of ethylene production. Mango was the 
only expection. 

Ethylene production has been reported to cease under anaerobic con
ditions. The evolution of ethylene after the start of ripening is much 
larger than the amount necessary to initiate the process of ripening of 
the same fruit (Reid and Pratt 1970). The respiratory climacteric could 
be the result of high concentrations of ethylene found in most fruits 
during the ripening process. The work of Huelin and Barker (1939) was 
repeated with potatoes but using higher temperatures, and· the result 
was significant increases in respiration. The increases were in the 
order of magnitude as found in climacteric fruits and of that of oranges 
treated with ethylene. These results lend support to the idea that the 
primary cause of the climacteric in fruits is ethylene. 

Ethylene is best used in concentrations of 100-1000 ppm in order to 
speed the rate and uniformity of ripening. This results in a final con
centration of ethylene in the fruit of 0.1 ppm or higher. 

Wang and Mellenthin (1972) found that fully mature Anjou pears 
had an internal concentration of ethylene amounting to 0.94 JLI/liter 
when taken out of cold storage. This level of ethylene later dropped, but 
it remained above the level necessary for fruit softening. Later when 
the climacteric developed, the ethylene had increased to 0.46 JLI !liter. 
During the climacteric the ethylene content within the fruit rose 
rapidly. In 11 days, it reached a peak of 40.66 JLI/liter. It seems, there
fore, that the mechanism responsible for the respiration climacteric 
must be stimulated by a substantially high level of ethylene. This high 
concentration of ethylene appears to be necessary for the completion of 
the climacteric. Other work seems to indicate that maturation is con
nected with an increase in the sensitivity to ethylene together with the 
development of the mechanism which brings about ripening. Low tem
peratures seem to effect the biosynthesis of ethylene in the pear. 

McMurchie et al. (1972) used propylene on green bananas instead of 
ethylene and the result was respiration typical of the climacteric pat
tern. The rise in respiration was evident approximately 10 hr after the 
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start of the treatment. Propylene-treated fruit ripened normally. An 
endogenous production of ethylene was not discovered until more than 
3 hr after the respiratory increase. In normally ripened fruit, however, 
endogenous production of ethylene and respiration started to increase 
slowly at least 18 hr before the start of the high climacteric rise in 
respiration. A rapid rise in ethylene production took place at the same 
time. There are a number of compounds besides propylene which will 
do this, but most of them are not related chemically. 

Ethylene is not often used commercially because the need usually is 
to delay ripening, rather than to advance it. However, ethylene is 
useful and at times must be employed. 

Chemical Changes During Ripening 

Carbohydrates and Acids. Carbohydrates contribute the major 
amount of energy needed for-respiration. During the climacteric, poly
saccharides such as sta]"ch change to sugars and, together with acid, 
form carbon dioxide during respiration. The sugars of apples and pears 
consist mainly of fructose, with smaller amounts of other sugars pres
ent. 

De Fekete and Cardini (1964) studied the mechanism of sucros&
starch transfer in the endosperm of sweet corn. Endosperm prepara
tions are able to incorporate radioactivity from [14C]sucrose in the 
starch granule when ADP or UDP (uridine diphosphate) are present. In 
order to transfer (14 C] glucose from glucose I-phosphate to the granule 
Mg2+ and ATP must be present. Two possible sequences for the incorpo
ration of glucose into the starch granule are suggested: 

Sucrose ~ ADP-glucose (or UDP-glucose) ~ starch 
Sucrose ~ UDP-glucose ~ glucose I-phosphate ~ ADP-glucose ~ 

starch 
According to Pressey (1970) two enzymes are involved in the syn

thesis of sucrose in potatoes. These are sucrose synthetase and sucrose 
phosphate synthetase. Sugars increased rapidly when the potatoes 
were held in cold storage. The sugars produced varied with the variety 
of potato. 

Yamaguchi et al. (1967) found that when 14C02 was injected into the 
cavity of green pepper fruits, most of it disappeared within 1 hr. As 
much as 70% of the labeled CO 2 reappeared as label in sugars including 
raffinose. When ripe fruits so treated were held in the dark for 7 hr, 
approximately 16% of the injected 14C was incorporated. Most of it was 
found in malic acid, smaller amounts in citric acid, with traces in the 
amino acid fraction. This suggests that previous to the ripe stage CO2 

is synthesized into sugars. When ripeness is reached the CO 2 goes into 
acids, although in lesser quantities. 

Citrus fruits are usually ripened on the trees and in the mature state 
contain no starch. Therefore, the sugars present are probably derived 
from pectins and hemicelluloses, and also from the fruit acid, since the 
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amount of acid in oranges and grapefruits decreases in quantity during 
the ripening process. 

Postharvest apples decrease in titratable acid as ripening progresses. 
The acid predmoninantly found in mature apple is malic acid. 
However, in earlier stages L-quinic acid is found. Quinic acid is found 
in the young fruits of the Bartlett pear and in green peaches. 

HOOC-CH 2-CHOH-COOH 
L-Malic acid 

Krishnamurthy et al. (1971) studied the changes that take place in 
oxo acids and free amino acids in the mango during the respiratory 
climacteric. The acids included in the study were a-oxoglutaric, oxalo
acetic, pyruvic, aspartic, glutamic, and y-aminobutyric. Accumulation 
of oxaloacetate did not take place during ripening process. The 
amounts of aspartate and glutamate increased for approximately three 
days after harvest, but at the maximum point of the climacteric their 
concentration was reduced. During this same period, 8-aminobutyrate 
increased in amount. 

Pectic Substances. Changes in pectic substances affect the texture 
of fruits. After the harvest of apples, protopectin decreases rather 
rapidly; at the same time pectin increases. After that, and for a period 
of time those two forms of pectin remain rather constant in quantity. 
At the end of the life of the fruit, a final decrease in pectin content takes 
place. Similar changes occur in the pear, but more rapidly. 

Pectinesterase and polygalacturonase are the two pectin enzymes 
found in fruits. it is likely that a few other enzymes are involved. The 
ripening process in fruits involves changes in the pectic substances. 
These changes include loss of methyl groups from the carboxyl groups, 
deacetylation, and shortening of the chain length ofthe polymer, which 
may be the cause of the softening of the tissue as ripening proceeds. 

Work on Fuerte avocados and Bartlett pears (McCready and Mc
Comb 1954) showed that polygalacturonase is not active in the unripe 
fruits. On the other hand, the activity of this enzyme is high in the 
corresponding ripe fruits. It is quite likely that this enzyme is active in 
cutting down the size of the molecules of pectin in the ripened fruit. 
McClendon et al. (1959) found a very large increase (10 times) in the 
content of galacturonic acid of apples during the process of ripening. It 
is likely that much more was formed at this time, but it was in turn 
metabolized, and therefore, disappeared. 

Protein. Only small amounts of protein are found in ripe fruits. A 
minor increase in the quantity of protein material present takes place 
in apples, tomatoes, and avocados during the climacteric. 

In a study ofthe intact Bartlett pear, Frenkel et al. (1968) found that 
protein synthesis is necessary for normal ripening. These authors 
determined that the enzymes needed for ripening are indeed the 
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proteins synthesized during the early ripening process. In order to 
determine the relationship between protein synthesis and ripening, 
cycloheximide was used to infilter the fruits. Cycloheximide forcefully 
inhibits synthesis of protein. The ripening process was stopped when 
cycloheximide was infiltrated in fruits in their early climacteric stage. 
However, at later stages it was increasingly less effective. When fruits 
in the early climacteric stage were treated with cycloheximide a major 
reduction in the synthesis of ethylene, softening of flesh, and degrada
tion of chlorophyll resulted, indicating that a positive relationship be
tween ripening and the synthesis of proteins exists. However, protein 
synthesis should not be considered an explanation of the climacteric 
rise as has been suggested by earlier workers. In addition, it was found 
that the inhibition of ripening by cycloheximide was not voided by 
ethylene. 

Hulme et al. (1968) showed that enzyme systems develop in apple 
peel during the progress of the respiration climacteric involving the 
whole fruit. They include incorporation of acetate into lipid, evolution 
of ethylene, amino acid incorporation into protein, and finally the 
malate effect, which is the decarboxylation of added malate. Although 
the formation of ethylene has been thought to be the first step in the 
sequence of events leading to the climacteric, these authors believe 
that, as a result of their experiments, an increase in the lipid turnover 
takes place before the increase in the production of ethylene. 

The following enzymes were found (Krishnamurthy 1971) to follow 
the respiratory pattern of the fruit: malic enzyme (L-malate), malate 
dehydrogenase (oxaloacetate-decarboxylating) (NADP+ ) (1.1.1.40), 
and acetyl ornithine aminotransferase (2.6.1.11). On the other hand, 
glutamate decarboxylase (4.1.1.15) gradually increased in activity. 

Pigments. According to Milleret al. (1940), in lighter colored citrus 
fruits (i.e., lemons and grapefruit), carotenoid compounds tend to de
crease with ripening. In oranges, however, they tend to increase. 

Knee (1971C) found that total chlorophyll decreased whereas total 
carotenoids increased during the respiration climacteric in apples. 

The problem of the development of yellow color in vegetables held in 
storage is largely the result of cholorphyll degradation. 

In work on Hungarian yellow wax peppers Schanderl and Lynn 
(1966) studied compounds that appeared at progressive stages of ripen
ing. The stages of ripeness used for analysis were whitish yellow, dark 
green, olive orange, and the final stage of bright orange. Chlorophylls 
a and b, as well as at least five other pink fluorescent compounds, 
appeared at various stages of ripening. The ripe red pepper contained 
no pink fluorescent compounds. Pheophytin first appeared in the sec
ond stage of ripeness, but this and other green compounds disappeared 
when the final ripe stage was reached. In this last stage, only two 
fluorescent compounds remained, but their composition was not clear. 

Although much has been accomplished on changes in chemical com
position during ripening, much more remains to be done. 
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STORAGE 

A primary objective when storing fruits and vegetables is to retard 
deterioration by reducing respiration. This is achieved by lowering the 
temperature. A 10°C decrease in temperature cuts the respiration rate 
approximately in half, and extends the storage life of the fruits or 
vegetables. Changing the composition of the surrounding atmosphere 
is known as controlled-atmosphere storage (CA). High CO 2 and low 
oxygen are necessary in CA, but low oxygen has less effect than the 
high concentration of CO 2 • The climacteric stage of the fruit at the time 
of harvest has a definite effect on its behavior in storage. Only precli
macteric fruit can benefit from low temperature and CA storage. 

Fidler and North (1967) studied the effect of storage conditions on the 
respiration of apples. They investigated the relationship between the 
loss of respirable substrate and the formation of the end products on 
Cox's Orange Pippin apple. Several different gas mixtures and temper
atures were employed in the study. It was found that the acid concen
tration in the apples decreased logarithmically with the length of stor
age time for uninjured apples, and acid loss accelerated when low 
temperature breakdown occurs at the same time. The speed of acid loss 
is lower when the concentration of oxygen is lowered or when the 
carbon dioxide concentration is raised. The rate of respiration controls 
the loss of carbohydrate, and so carbohydrate loss is reduced under 
conditions of controlled-atmosphere storage. Sorbitol accumulated in 
apples in storage in progressively larger amounts as the temperature 
was lowered. When apples were stored in air at 12°C, very little sorbi
tol was formed, and in the absence of oxygen at temperatures from 0 to 
12°C only small amounts were formed. 

CH20H 
I 

H-C-OH 
I 

HO-C-H 
I 

H-C-OH 
I 

H-C-OH 
I 

CH20H 
D-Sorbitol 

In the past, the effect of ethylene on fruits held in CA cold storage 
was the subject of controversy. However, Blanpied et al. (1972) and 
others found little effect of ethylene up to 1% in CA storage. 

The work of McGlasson and Wills (1972) is of interest because it 
illustrates the effects on the ripening and organic acids of some varie
ties of bananas when the CO 2, O 2 and N 2 are varied during CA storage. 
The three different CA concentrations employed were (A) high CO 2 : 5% 
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CO 2 , 20% O 2 ,20% O 2 ,75% N 2 ; (B) low oxygen: 0% CO 2 , 3% O 2 ,97% 
N 2; (C) high CO 2 and low O 2 : 5% CO 2 , 3% O 2 , 92% N 2' They found 
delay in ripening of the fruit in conditions A, B, and C to be at least 2, 
8 and 12 times greater, respectively, than would be found in air. They 
found further that the three CA streams of gases reduced the uptake of 
the total oxygen during the period of time before the start of the respi
ratory climacteric. 

Changes in the organic acids of the bananas were found. In the first 
four days of the treatment, atmosphere-A brought about increases in 
pyruvate, oxaloacetate, 2-oxoglutarate, glyoxulate, glutamate, aspar
tate, citrate, and malate, but no increase in succinate. During the same 
period, atmosphere-B produced greater increases in the 2-oxo acids, 
while the other acids decreased. Atmosphere-C resulted in smaller 
increases in pyruvate, 2-oxoglutarate, and glyoxylate, but held down 
the increase in oxalocetate and further reduced citrate, malate, and 
aspartate as contrasted with B. The largest changes in the acids took 
place in the first day. 

Chance et al. (1958) surmised from theoretical consIderations that 
low oxygen cut down the operations of the Krebs cycle between py
ruvate or oxaloacetate and citrate, and between 2-oxoglutarate and 
succinate. The reduction of malate and the accumulation of glyoxylate 
in low O 2 would agree with a lowering of the malate synthetase activ
ity. Control points for high CO 2 were not apparent. Significant in
creases in all the acids except succinate were produced by high CO 2 , 

The greatest changes found in the organic acids were caused by low 
oxygen. The concentration of these acids increased in the case of the 
2-oxo acids while that of the non-volatile acids decreased. One-day 
exposure to controlled atmospheres caused the greatest changes in the 
concentrations of the individual acids. 

Controlled Abnosphere Storage of Vegetables 

Broccoli. Lebermann et al. (1968A) studied the respiration ofbroc
coli shoots and the color of the flower heads when stored in modified 
atmospheres. Atmospheres containing 2-21% O2 and 0-20% CO 2 were 
employed. Progressive increases in CO 2 and decreases of O2 reduced 
respiration. The atmosphere containing 20% CO 2 with 21% oxygen 
inhibited respiration about the same amount as an atmosphere con
taining 2% O2 with no additional CO 2 , Progressive increases in CO 2 

and decreases of O 2 resulted in improved organoleptic color scores and 
chlorophyll retention. Also, chlorophyll was more effectively retained 
by a high level of CO 2 than by a low level of O 2 , Good color retention 
resulted from 28 days of storage at 34°C. 

Lebermann et al. (1968B) noticed a decrease in titratable acid in 
broccoli stored in atmospheres containing increasing amounts of CO 2 , 

This was reversed by removing the samples to air storage. When stalks 
stored in high CO 2 were cooked, the result was softer texture and 
brighter green color. 
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Lettuce. Temperature of storage is most important if the quality of 
lettuce is to be maintained (Singh et al. 1972). When a controlled 
atmosphere containing 2.5% O 2 and 2.5% CO 2 (35°F, 1.6°C) was em
ployed in lettuce storage, quality after 39 days was much higher than 
the control held in normal air. The benefits obtained by storing lettuce 
in CA include the lowering of decay and russet spotting, together with 
less of butt discoloration and pink rib. 

Potatoes. Harkett (1971) stored potatoes at 1°C for one month in 
atmospheres containing concentrations of oxygen from 0-100%. De
terminations were made of reducing sugar, sucrose, and CO 2 pro
duction during this period. Oxygen concentrations of 3% or less 
resulted in a delay in the accumulation of sugars as contrasted with air. 
In an atmosphere of N 2 no accumulation occurred; however, CO 2 was 
evolved at a low rate. When the tubers were held in oxygen concen
trations greater than 3% for a period of three weeks, a maximum level 
of sucrose resulted, after which it decreased slowly. On the other hand, 
the formation of reducing sugar continued to increase throughout the 
period. The formation of CO 2 showed a rapid increase for approxi
mately seven days, after which it declined slowly to approximately the 
initial amount. 

Deterioration caused by the growth of microorganisms while the 
fruits or vegetables are held in storage has practical importance, but is 
beyond the scope of this book. The interested student is advised to 
consult sources such as the excellent one by Fidler et al. (1973). 

Chemical Analysis 

The student is advised to consult "Official Methods of Analysis," 
Chapter 22, Fruits and Fruit Products, and Chapter 32, Vegetable 
Products, Processed (AOAC 1980). 

CHEMISTRY INVOLVED IN THE TEXTURE OF FRUITS AND 
VEGETABLES 

An important characteristic of foods is texture. Control and modifica
tion of this characteristic is an objective of modern food technology. 
Changes in texture during handling and processing must be carefully 
considered so that the consumer gets a product which, as far as the 
texture is concerned, is in line with his expectations. This requires a 
knowledge of the factors which influence texture. 

One of the important factors is the chemistry of the compounds that 
affect texture. This is especially vital when it concerns the changes in 
texture that may take place during storage, processing, or cooking. The 
main concern is the components of the cell wall and the middle lamella 
because these are the compounds that have an important effect on the 
final texture of the fruit or vegetable when used. 
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The cell walls of plants are made up of a two phase system. In the 
higher plants cellulose is found as the skeletal material. It is a partially 
crystalline phase. The amorphous is made up largely of hemicellulose, 
pectic substances, and lignins. Some other substances including pro
teins are found also. The walls of the parenchyma cells of apples are 
thin and made up of middle lamella and primary cell wall, according to 
Nelmes and Preston (1968). 

Similar percentages of pectic substances, hemicellulose, and cellu
lose occur in the primary cell wall. The cellulose gives rigidity as well 
as resistance to tearing. Pectic substances and hemicelluloses give 
plasticity together with ability to stretch. The middle lamella is an 
extension of the matrix material found in the primary cell wall, but 
lacking the cellulose fibrils. Since it is the outermost portion of the 
plant cell, it plays the primary role in intercellular adhesion. Covalent 
bonding, hydrogen bonding, and crystallite bonding together with ionic 
bonding (Albersheim 1974) are thought to make up the bonding among 
the polymeric cell wall and middle lamella components. Other types of 
bonding have been suggested. It should be realized that these types of 
bonding are possibilities rather than established facts. 

Reeve (1970) noted that structural features playa vital part in deter
mining texture. Consideration must be given to the relative proportion 
of the more tender parenchyma tissues to the fibrous collenchyma, 
sclerenchyma, and xylem tissues. Of importance also are the thickness 
of the cell wall, the shape and size of the cells, and the volume of 
intercellular spaces. Thin areas of the cell walls may be sites of easier 
wall breakage, an example of which is the plasmadesmata of bean 
parenchyma cells (Grote and Fromme 1978). 

Pectic Substances 

About one-third of the dry material of the primary cell walls offruits 
and vegetables is made up of pectic substances, and it is likely that they 
comprise a much greater amount of the dry substance of the middle 
lamella. In this way they contribute to the mechanical strength of the 
wall and also to the adhesion between cells. These substances are more 
chemically reactive than other cell wall polymers and are more easily 
brought into solution. Processes that bring about texture changes, such 
as cooking. storage, and ripening, are accompanied by significant 
changes in the characteristics of the pectic substances. 

Structurally, the pectic substances are made up of chains of galactu
ronic acid residues linked by a-(1 --+ 4) glycosidic bonds. Some inserts 
of rhamnose appear in the uronide chain making up about 2% of the 
main chain residues. Between 150 and 1500 saccharide units are pres
ent in the main chain of solubilized pectic substances. The carboxyl 
groups of the galacturonic acid residues are extensively esterified with 
methyl alcohol. This esterification usually amounts to between 50 and 
90%. The acetylation of hydroxyl groups of the galacturonic acid resi
dues is often observed, especially in beet and pear pectic substances. 
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A number of different side chains can be found attached to the main 
chain residues. Side chains made up of neutral sugars such as galac
tose, arabinose, and xylose can be quite extensive and may merge with 
the hemicellulose portion of the cell wall. 

Some of the pectic substances of tissues are often found to be water 
soluble under mild extraction conditions, and these usually have low 
percentages of neutral sugars and high percentages of methoxylation. 
Other pectic substances can be put into solution by the use of chelating 
agents such as sodium hexametaphosphate or ethylenediaminetetra
acetic acid. It is possible that these portions may have been insoluble 
originally because of Ca2+ bridges between adjacent pectic polymers. 
Usually they have lower percentages ofmethoxylation than the readily 
soluble pectins of the tissues. 

Further portions can be extracted in the soluble form only following 
drastic treatments such as the use of high temperatures and the pres
ence of acid or alkali. Reasons for this behavior can include salt 
linkages, covalent and noncovalent bonding to hemicelluloses, and me
chanical intermeshing. After such extraction these pectic materials 
often show evidence of degradation, mainly lower intrinsic viscosity. 
This indicates lower molecular weights. 

Pectic substances have the ability to undergo many chemical modifi
cations. These can occur under the conditions which one finds asso
ciated with foods. Under mild alkaline or acid conditions demethoxyla
tion of the esterified carboxyl group takes place. During heating at 
neutral or alkaline pH splitting of glycosidic linkages between galactu
ronic acid residues can take place by a process of ,a-elimination. Under 
mild acid conditions hydrolytic cleavage of the glycosidic bonds is en
hanced. Increased solubility is the result when glycosidic bonds ofpec
tic substances imbedded in the cell wall matrix are split. 

It is rather easy to saponify the methoxyl groups in pectin under acid 
or alkaline conditions. This reaction can be catalyzed by pectin methyl
esterases. Chemical saponification results in random de-esterification 
along the polymer chain, while enzymatic de-esterification generates 
consecutive sequences of de-esterified galacturonate residues. Since 
depolymerization by ,a-elimination splitting of the glycosidic bonds is 
catalyzed by hydroxyl ions (BeMiller and Kumari 1972) it can proceed 
under non-acid conditions ordinarily found during canning or cooking 
of vegetables (Keijbets and Pilnik 1974). 

In this reaction the glycosidic bond is split along with the formation 
of a double glycosidic bond between the C-5 and C-4 of the newly 
formed nonreducing end group. That this reaction takes place can be 

CH ° ° CH 30, /0 
3 "-c/ OH 'c H ° H 

O~~ ~ -rt0,. ~Y 
H OH C H OH 

CH)if "0 

Glycosidic bond split by .B-elimination 
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demonstrated by an increased solubility of pectic materials, by de
creased intrinsic viscosity of soluble pectin, by increased optical ab
sorbance at 235 nm wavelength, or by increased color production in the 
periodate-thiobarbituric acid test (Keijbets 1974). In this reaction it is 
necessary that the carboxyl group of the residue undergoing 
~-elimination be esterified since this enhances the electron deficit at 
the C-5 position. Demethoxylated pectic substances do not undergo the 
~-elimination reaction and are rather stable when heated under mild 
alkaline conditions. 

Hydroxyl ions speed the reaction as a result of the removal ofH+ from 
the C-5 position. According to Neukom and Deuel (1958) ~-elimination 
is rapid at room temperatures in alkaline conditions. Keijbets and 
Pilnik (1974) found that heating speeds the reaction and as a result 
even at pH 6.1 ~-elimination in appreciable amounts takes place in 30 
min at 100°C. 

A number of other ions are able to enhance the rate of ~-elimination. 
According to Keijbets (1974) and Keijbets and Pilnik (1974), Ca2+, 
Mg2+, K +, citrate, malate, and phytate are responsible for a considera
ble increase in the velocity, particularly at molar concentrations the 
same or higher than the molar concentration of the pectic materials. 

BeMiller (1967) reviewed the acid-catalyzed hydrolytic splitting of 
glycosidic bonds. These reactions proceed through an initial protona
tion of the glycosidic oxygen followed by a rate-limiting formation of a 
cyclic oxocarbonium ion leading to rearrangements which result in the 
breakage of the disaccharide linkage. The glycoside bonds which join 
the uronides tend to be rather resistant to this kind of hydrolysis 
compared with similar bonds of neutral sugar oligosaccharides. 
BeMiller suggested that this is due to both steric and inductive effects 
of the carboxyl group at the C-6 ofuronides. Thus, it is most likely that 
glycosidic hydrolysis of pectic substances occurs in neutral sugar side 
chains or in the main chain at rhamnose units. It should be noted that 
the degree of polymerization of low ester pectin produced by mild acid 
hydrolysis is 45 (Rombouts et al. 1970), close to that expected if 
cleavage of the pectin chain had taken place at the rhamnose inserts. 

Reviews by Pilnik and Voragen (1970) and Doesburg (1965) show 
that enzymes capable of catalyzing the demethoxylation and depoly
merization of pectic materials are widespread in fruits and vegetables. 
Almost all the depolymerizing enzymes reported in fruits and vegeta
bles have been described (or assumed) as causing the hydrolytic split
ting of the glycosidic bond between uronide residues. Only one, in peas, 
is described as catalyzing a ,B-elimination reaction (Albersheim and 
Killias 1962). Most higher plant pectin depolymerizing enzymes have 
not been tested by methods that would distinguish between hydrolytic 
and ,B-elimination cleavage. This brings up the possibility that 
,B-eliminative pectin depolymerizing enzymes may be more prevalent 
than it would seem at the present time. 

A feature of pectic substances that has an effect on their function in 
the cell wall matrix is their ability to form gels in the presence of 
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divalent ions or under acid conditions with high concentrations of 
sugar. Such gelling properties are important commercially and have 
been studied extensively. Reviews by Feldman and Taiifel (1956) and 
Neukom (1967) have been published on this subject. Gel formation with 
divalent or trivalent ions is dependent on the presence of a sufficient 
percentage of nonesterified carboxyl groups. Gel formation in 
sugar-acid systems is favored by a high percentage of methoxylation, 
a low percentage of acetylation, a long polymer chain length, and a low 
proportion of neutral sugar side chains. 

Hemicellulose 

Hemicelluloses, according to Isherwood (1970) can be considered as 
neutral sugar polysaccharides extracted by alkaline solutions from the 
residue of cell wall material after removal of pectic substances. To
gether with pectic substances they make up the bulk of the polymeric 
non cellulosic dry material in the primary cell wall. Although hemicel
lulose can be roughly divided into some rather distinct types of 
polymers, there are many variations in the particular architecture of 
the polymer segments. Thus, according to Northcote (1972) hemicellu
loses are thought to show "micro dispersity." This term could be used 
in connection with pectins also. 

In many cases, the principal chain of a particular kind ofhemicellu
lose is made up largely of one type of monosaccharide. One of them may 
be a galactan, another a xylan, and another a glucan. Recently, Das 
and Das (1977) isolated a f3-D-(l ~ 4)galactan from garlic. Often these 
main or interior chains have a preponderance of another kind of sugar 
as side chains. One has a xyloglucan, where xylose is the side chain, or 
an araginogalactan, where arabinose is the side chain. Albersheim 
(1974) proposed a fairly regular system such as this for. most of the 
hemicellulose content of the cell wall. 

This view is complicated somewhat by the frequent discovery that 
many different separable hemicellulose fractions contain four or more 
types of saccharides in alkaline extracts from cell walls (Knee 1975). 
There seems to be much crosslinking through covalent and noncova
lent bonding, between the rather homogeneously constructed polymer 
chains. This kind of crosslinking can include pectic substances 
(Isherwood 1970). 

The main or interior chains participate in noncovalent complex for
mation with the main chains of other polymer molecules. It is particu
larly important that xylans and glucans have the ability to complex 
with cellulose. This attaches the cellulose fibrils to the matrix ma
terials. These complexes are rather strong and need drastic action such 
as 0.5 N NaOH to bring about dissociation. 

The amount of water adsorbed by the polymer is affected by the side 
chains. Arabinose side chains are especially effective in this way 
(Northcote 1972). Rees and Wight believe that the side chains interfere 
with noncovalent interchain bonding. On the other hand, the matrix 
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can be further stabilized when a galactose side chain becomes involved 
in covalent linkages between polymer molecules. 

Cellulose 

Cellulose is a /3-(1 ~ 4)glucan with 8000-12,000 glucose units per 
chain. In the primary cell walls it occurs as linear associations of the 
polymer molecules called fibrils, the diameters of which are about 3.4 
nm. Up to about 70% of the fibril volume is crystalline in form. These 
portions are distributed along the fibrils about 40 nm apart (Preston 
1974). 

Especially in its crystalline form, cellulose is a rather inert material. 
The degree of hydration of this substance can be increased by heating 
(Sterling and Shimazu 1961) and may influence wall properties. 
Walter et al. (1977) found that gels containing 3% apple cellulose, a 
concentration lower than found in a primary cell wall, are free stand
ing. 

A number of special solvents such as cupriethylene diamine (Kertesz 
et al. 1958) and dimethyl sulfoxide paraformaldehyde (Johnson et al. 
1975) can bring cellulose into solution. 

Proteins 

As indicated by chemical studies, proteins are always present in 
isolated cell walls (MUhlethaler 1967; Lamport 1977). Nitrogen organi
cally bound varies from 0.5 to 2.0% of the dry weight. According to 
Knee (1975), apple has been reported to contain 0.1% of the fresh 
weight of nitrogen. The predominant amino acid of bound mature 
runner bean wall protein hydrolysate is hydroxyproline, with serine 
and proline as other major components (Selvendran 1975). 

According to Muhlethaler (1967) wall protein is especially resistant 
to attack by proteolytic enzymes. However, treatment of cell walls with 
proteolytic pronase reduces its tensile strength (Preston 1974) and 
liberates pectic and hemicellulose fragments along with peptides from 
suitably prepared cell walls (Keegstra et al. 1973). These results in
dicate that the protein is bound to cell wall polysaccharides. This bind
ing is supported by the isolation of cell wall fragments containing 
galactose-O-serine and arabinose-O-hydroxyproline glycosidic link
ages (Preston 1974; Cho and Chrisp eels 1976). It seems that the cell 
wall matrix contains a protein-hemicellulose network. 

Lignin 

According to Freudenberg (1968) and Sakakibara (1977) lignin is a 
very complex polymer derived from phenolic compounds. It has the 
ability to replace water in the cell wall matrix and, as a result, in
creases the rigidity and cohesion of the walls. It appears in significant 
amounts in vegetables during the later stages of cell wall maturity 
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along with the formation of cellulose-rich secondary walls. Lignin is 
not present or is found only in very small amounts in the cells offruits 
and vegetables at the stage when they are edible. An exception is the 
specialized vascular and structural tissue cells (N elmes and Preston 
1968). 

Water 

A large portion of young cell walls is water. Its contribution to tex
ture can be very great, which corresponds to its great complexity of 
behavior. The influence of this compound can be seen by a comparison 
of the textures offresh and dehydrated fruits and vegetables. Northcote 
(1972) made the suggestion that water plays four important functions 
in the walls. As a part of the matrix gel it is a structural component; 
it can act as a wetting agent interrupting direct hydrogen bonding 
between polymers; it can help in stabilizing conformations of polymers; 
and it acts as a solvent for the presence and transport of salts, low 
molecular weight organic compounds, and enzymes (see Frank 1965). 

Maturation and Storage of Fruits 

Totally different changes take place in the textures of fruits and 
vegetables during maturation and storage. Fruits soften, while vegeta
bles become tougher. These changes involve alterations in their cell 
wall components. For these reasons it is necessary to consider these 
foodstuffs separately. 

The softening of frui ts during the ripening process has for a long time 
been attributed to changes in the quantity and character of the polysac
charides of the cell wall middle lamella (Pilnik and Voragen 1970; 
Hulme 1958). The pectic materials particularly have been watched 
repeatedly. The bulk of the evidence shows that increased solubility of 
the pectic substance takes place during maturation and softening. The 
reason for this increased solubility in sound fruit is of continued inter
est and interpretation. It is quite a complex situation. 

According to Lamport (1970) it is reasonable to assume that bond
splitting processes are active in the cell walls offruit during the entire 
growing period. The continued growth of the cells in the surface area 
together with little change in wall dry matter per unit area (Nelmes 
and Preston 1968) indicates that new polymeric material must be con
tinuouslyput into the matrix of the wall. A great deal of the physiology 
of cell wall growth was discussed by Darriel et al. (1977). It is possible 
for the matrix in place to stretch to provide a place for the new ma
terial. This stretching is suggested by the requirement for turgor pres
sure for cell growth and the partial orientation of wall polysaccharides 
(Morikawa and Sendra 1974). However, stretching can be expected to 
be limited in a matrix as fully interconnected by covalent bonds as in 
models put forward by Keegstra et al. (1973). The dynamic equilibrium 



21 FRUITS AND VEGETABLES 527 

of hemic ell uloses (Nelmes and Preston 1968; Labavitch and Ray 1964) 
and of cell wall galactose (Knee et al. 1977) gives the idea that covalent 
bond splitting does take place. This is strengthened by the identifica
tion of a number of enzymes able to hydrolyze the glycosidic linkages 
of cell wall polymers. 

A continuation of glycosidic bond splitting during that part of the 
fruit life cycle at which incorporation of new saccarides and reforma
tion glycosidic bonds slows down or ceases would decrease the extent of 
covalent interconnection between the polymer chains of the matrix. 
Tavakoli and Wiley (1968), Bartley (1976), and Knee et al. (1975) found 
that during apple ripening a loss of cell wall galactose takes place. It 
is likely that this would weaken the elasticity and resistance to rupture 
of the cell wall. The extension of such a process to the middle lamella 
would decrease the strength of intercellular adhesion. Tavakoli and 
Wiley (1968) showed a high correlation between objective firmness 
changes and galactose disappearance. Along with the changes in tex
ture, more matrix polymer could be freed from the matrix meshwork to 
act as soluble material. Buescher et al.(1976) showed that inhibition of 
ripening, as found with some tomato genotypes, decreases the forma-
tion of soluble pectic substances. . 

A preexisting bond-splitting process may be overshadowed by the 
action of additional hydrolytic enzymes, the activity of which increases 
as fruits ripen. According to Sacher (1973), many hydrolases, including 
polygalacturonases, increase with maturation. Most of the cell wall 
material depolymerizing enzymes that have been examined for this 
behavior were found to act in similar fashion. 

Fruit polygalacturonase has been found in tomatoes, peaches, avo
cados, pears, and pineapples (Pilnik and Voragen 1970). It was reported 
as found in some other fruits, but the results have been questioned. 

Although hemicellulases have not been so widely found in higher 
plants, a sufficient number have been described to establish that they 
can be considered normal fruit enzymes. ~-Galactosidase is present in 
apples (Bartley 1974, 1977) and tomatoes (Wallner and Walker 1975). 
Matheson and Saini (1977) purified two a-L-arabinofuranosidases and 
three ~-D-galactopyranosidases from germinating lupin cotyledons. 
Pierrot and van Wielink (1977) found ~-galactosidase together with 
other glycosidases to be located in living cell walls. 

Cellulase was found in the avocado by Pesis et al. (1978). Its activity 
appears to be induced by ethylene. Barnes and Patchett (1976) found 
that cellulase activity was present in ripe strawberries and increased 
in overripe fruit. Cellulase activity has been studied in tomatoes 
(Hobson 1968), in dates (Hasegawa and Smolensky 1971), and peaches 
(Hinton and Pressey 1974). 

Hobson concluded that cellulase is not an important factor in the 
softening of tomato fruit during the ripening period. Its activity in 
small green fruits was high initially, but it gradually fell during fruit 
swelling. The activity increased again during incipient ripening, and 
the rise continued to the full red condition. 
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Hinton and Pressey (1974) concluded that cellulase is low in imma
ture peaches. It increases during the ripening process. However, the 
enzyme level in ripe peaches was found to be much lower than that 
repor~ed for tomatoes (Dickinson and McCollum 1964) and dates 
(Hasegawa and Smolensky 1971). Peach cellulase was found to be of 
the same type as that found in tomatoes, and that the largest increase 
in cellulase activity in peaches occurs before an important change in 
fruit firmness. 

It has been suggested that the increase in cellulase activity during 
peach ripening acts in conjunction with other hydrolytic enzymes such 
as the pectic enzymes and contributes to the softening of the peaches 
during ripening. Since Pressey et al. (1971) found that polygalacturo
nase activity developed during the later stages of peach softening, it 
seems that cellulase forms prior to full softening. 

Hasegawa and Smolensky (1971) believe that softening offruit dur
ing ripening is connected with alterations in the pectic substances as a 
result of the action of pectic enzymes. This seems to be the case with 
dates. These authors showed that mature dates have much higher 
polygalacturonase activity and also that there is a close correlation 
between polygalacturonase activity and fruit softening. They showed 
the presence of cellulase in the Deglet Noor dates and, in addition, its 
activity very much increases during ripening. There is a possible role 
for cellulase in the softening process. 

The bulk of the water-soluble polymeric cell wall material of fruits 
consists of pectic material (Joslyn 1962; Knee 1973). However, varying 
amounts of neutral sugar polymers are found also. The preponderance 
of polygalacturonic material can indicate that such polymers have 
fewer cross-polymer bonds and/ or that such bonds are more rapidly 
broken. 

According to Doesburg (1965) the degree of pectin esterification de
creases as the fruit ripens. Reeve (1970) found that an exception to this 
is the peach. An increase in free pectin carboxyl groups might be ex
pected to increase the importance of calcium as a firmness increasing 
agent since the result is the formation of calcium pectate. While little 
evidence is available on maturing fruit, evidence shows that calcium 
plays a role in firming fruit tissue. 

The extraction of cell walls with solutions of calcium binding sub
stances such as oxalate, ethylenediaminetetraacetic acid, or sodium 
hexametaphosphate, additional pectic materials are brought into solu
tion according to Kertez (1951) and Doesburg (1965). It seems, there
fore, that calcium ions in cooperation with pectin have a role in main
taining the integrity of the matrix. 

When calcium ions are added to solutions of pectic substances having 
a low percentage of esterification the result is the formation of a gel. 
This has an application in the manufacture of low sugar jellies. It has 
been proposed that the formation of a calcium bridge between the 
ionized carboxyl group of different polynuronide chains takes place. 
However, the explanation does not seem to be so simple. Other explana-
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tions, which involve the secondary hydroxyl groups and degree of poly
merization, may come into play according to Pilnik and Zwiker (1970). 
The complexing of calcium with pectin can be influenced by other ions, 
especially K+. Usua-lly the predominant cation in fruits, K+ decreases 
the calcium complex according to Kohn and Furda (1967). Therefore, 
the salt composition of the cell wall and the metabolic processes affect
ing the movement of salts (Sacher 1973) can influence texture. 

Regardless of the mechanism, the calcium-mediated linking of poly
uronide chains can serve to anchor some pectic substances, not cova
lently bound to the insoluble portions of the matrix, to more firmly 
bound material and can also increase the overall extent of crosslinking 
in the matrix. 

Addition of calcium to fruits, particularly applies (Betts and Bram
lage 1977; Mason et al. 1975; Riley and Kohattukudy 1976) was found 
to increase their firmness and cut down softening during storage. Cal
cium is used to maintain and toughen the texture of cherries stored in 
bisulfite brine in the process for making maraschino cherries (Van 
Buren et al. 1967). 

The normal level of calcium in edible tissues is rather low. Potatoes 
have 0.07-0.13% calcium on a dry weight basis (Addiscott 1974), 
whereas apples have an average of 0.005% on the fresh weight basis 
(Goodall 1969; Perring 1974). 

The modification and control of physiological senescence in fruits is 
brought about by controlled atmosphere-controlled temperature stor
age and treatment with ethylene (Smock and Neubert 1950; Sacher 
1973). These methods speed or retard ripening and softening in fruits 
during storage. 

Maturation and Storage of Vegetables 

Many of the same considerations involved in the chemistry of the 
texture offruits apply to vegetables as well. The difference involves the 
differentiation of tissues, enlargement of cells, and continuation of cell 
wall growth throughout the stage of edibility. There is an increase of 
fibrous tissue with maturation. The potato is an exception to this (see 
Reeve 1970: Warren and Woodman 1974). 

The toughening of vegetable tissue in most of its aspects is accounted 
for by the continued growth and thickening of the cell wall. This even
tually involves lignification and formation of secondary cell wall. 

Heat Processing and Texture Chemistry 

The softening of fruits and vegetables when heated is partly due to 
the loss of turgor, particularly with leafy vegetables, but also due to a 
variety of chemical changes in the cell wall matrix polysaccharides. 
These polysaccharide modifications can be influenced by a number of 
factors, the most important of these being pH and the amounts and 
types of salts that are present. 
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Figure 21.3 illustrates the influence of pH as derived by Doesburg 
(1961) from studies on a variety of fruits and vegetables. Enhanced 
softening at low pH has been ascribed to hydrolytic cleavage of glyco
sidic bonds of neutral sugar components of the cell wall. The enhanced 
softening at neutral pH has likewise been associated with polymer 
cleavage, in this case through the f3-elimination reaction involving the 
polyuronides. This has been demonstrated in potatoes by Keijbets and 
Pilnik (1974). At intermediate pH neither reaction would be expected 
to proceed at a significant rate. 

Warren and Woodman (1974) discussed the hydration of cell wall 
components that accompanies cooking. The uptake and adsorption of 
water by polysaccharides can reduce the cohesiveness of the matrix, 
soften the cell wall, and decrease the intercellular adhesion. Matrix 
composition can playa role in the degree of hydration; it has been 
suggested that a high degree of methoxylation of cell wall pectin would 
increase water uptake (Warren and Woodman 1974). 

When an undesirable degree of softness is expected during heat pro
cessing, calcium salts are often added before cooking to improve the 
texture (Collins and Wiley 1963; Doesburg 1965; Loconti and Kertesz 
1941; Van Buren 1968; Van Buren and Peck 1963). For practical pur
poses the amount of calcium salt added is rarely over 0.1% of the fruit 
or vegetable weight in order to avoid off-flavors. Overhardening could 
be induced in canned peas when unsoftened water containing 80 ppm 
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FIG. 21.3. Relation between firmness and formation of soluble pectic sub
stances during cooking (15 min) of plant tissues at different pH's. 
From Doesburg (1961). Used with permission. 
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of calcium is used for the brine (Bigelow and Stevenson 1923). Green 
beans and beets showed no effect at this calcium level. 

Another role for salts in heat-processed foods is their enhancement of 
/3-elimination reactions. Calcium and potassium have been shown to 
increase /3-elimination in boiled potatoes (Keijbets 1974; Keijbets et al. 
1976). Potassium increased sloughing and pectin solubility. According 
to Hughes et al. (1975) the compressive strength of boiled potato was 
found to be decreased in the presence of potassium chloride in the 
cooking solution. Under the same conditions pectin solubility was in
creased. When salts were removed from raw potatoes (Zaehringer and 
Cunningham 1971; Davis and LaTourneau 1973), the result was a 
decrease in softening during cooking. 

Appropriate fertilization can alter the concentrations of cations, 
especially K +, in vegetables. This, in turn, influences the firmness of 
the cooked product. This behavior in snap beans is illustrated in Table 
21.1 (Peck and Van Buren 1975). According to Peck and MacDonald 
(1972) potassium can accumulate in other vegetables, such as the beet, 
in which the level can be as high as 0.6%. 

Calcium has two opposing effects on texture. By complexing with 
pectic substances it firms tissues. It is able to enhance the softening of 
tissues as a result of the ,a-elimination reaction. The final result of the 
addition of calcium, however, has been invariably the firming of the 
tissue. 

In addition to the influence of salts during cooking is the effect when 
salts are added to cooked materials. Outstanding in this case is the 
influence on firming by calcium and magnesium salts (Sterling 1968; 
Doesburg 1965). Monovalent cations have a softening effect. There are 
several probable explanations of the effects that take place between 
these salts and pectins, which have a significant amount of free 
carboxyl groups. (1) Divalent cations increase the ease of the formation 
of complexes between pectin molecules (Pilnik and Zwiker 1970). 
(2) Monovalent salts compete with divalent salts for positions in the 
neighborhood of the dissociated carboxyl groups (Kohn and Furda 
1967). (3) H+ reduces the dissociation offree carboxyl groups diminish
ing electrostatic repulsion (Doesburg 1965). (4) The effective repulsive 
forces between the negatively charged dissociated carboxyl groups are 
decreased by both monovalent and divalent cations. According to Line
han and Hughes (1969) this accounts for the increased firmness 
brought about by the addition of monovalent cations to tissues which 
had previously been freed from calcium. 

Ca2+ and K+ have more influence on vegetable texture than on fruit 
texture because the pH of most vegetables is in the range at which free 
carboxyl groups of pectins are dissociated and can interact with posi
tive ions. A role is played by pH itself in the texture of cooked tissues 
with firmness increasing as the pH is lowered (Hughes et al. 1975). 

The salt and pH effects are much more readily noticed with cooked 
tissue than with fresh (Sterling 1968). Only a slight effect on the tex-
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TABLE 21.1. Potassium Fertilization and Texture of Canned Snap Beans 

Fertilization Rate 
KCI 

(kg /hectare) 

o 
67 

269 
1076 

K in Pods 
(% of Fresh Weight) 

0.10 
0.14 
0.19 
0.25 

Source: Peck and Van Buren (1975). 
aSize three pods cooked 20 min at 115°C. 

Cooked Podsa 
Resistance to Compression 

(kg) 

51 
43 
41 
40 

ture was observed by Massey and Woodams (1973) when calcium was 
added to raw carrots, beets, and potatoes. This is in contrast with the 
marked effect found on cooked vegetable tissue by Sterling (1968). The 
breakage of covalent links and the hydration of the wall materials that 
take place during cooking results in the weakening of other wall ma
trix interconnect mechanisms. This may increase the relative impor
tance of the ionic mechanisms that involve pectic materials and 
cations. 

A very important reaction connected with the texture of processed 
fruits and vegetables is the demethoxylation of pectic substances. This 
reaction is catalyzed by the enzyme pectin methyl esterase. Although 
this enzyme is present in most plant tissue it is rather inactive. 
However, if the tissue is damaged by bruising, freezing, or heating to 
50°-80°C this enzyme becomes active. Conditions such as these fre
quently take place during processing. According to Bartolome and Hoff 
(1972) cell membranes might become more permeable to cations during 
these treatments. This would permit the activation of the cell enzyme 
(Van Buren et al. 1962). A firmer texture of fruits before cooking and 
of vegetables after cooking is frequently seen as a result of demethoxy
lation (Van Buren 1974). 

Two separate phenomena may be involved in this firming effect. The 
possibilities and strength of calcium or magnesium binding between 
pectin polymers are increased by the formation offree carboxyl groups. 
The suceptibility of pectin to the ,8-elimination chain-breaking reaction 
during cooking would be lessened by the decrease in the methyl ester 
content. Among the fruits and vegetables that have been found to 
show firmer texture after activation of pectin methylesterase are the 
following: snap beans (Van Buren et al. 1960; Sistrunk and Cain 1960), 
frozen snap beans (Steinbush 1976), cauliflower (Hoogzand and Does
burg 1961), potato (Bartolome and Hoff 1972), tomatoes (Hsu et al. 
1965), apple (Wiley and Lee 1970), and cherries (Buch et al. 1961; 
LaBelle 1971; Van Buren 1974). 

Sometimes when enzyme reactions are initiated at early stages of 
processing a loss of pectin results. This was noted in the preparation of 
tomato paste at low break temperature by Sherkat and Luh (1976). 
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SUMMARY 

Changes in fruits and vegetables during the ripening process and 
after harvest influence their use as foods. Fruit ripening is basically a 
process of aging. 

Respiration is carried on by all living organisms and is the key 
activity of the life process. Basically, it is the transformation of pot en
tial energy into kinetic energy. Heat is evolved. 

Mitochondria are the vital components of the protoplast and are 
observed as small rods, filaments, or granules in the cytoplasm of most 
plant cells. They are made up of protein and lipid. 

Two biochemical pathways are known in plant respiration. They are 
involved in plant respiration, and therefore, in the ripening process. 
These are the Embden-Meyerhof-Parnas glycolytic-tricarboxylic acid 
cycle and the pentose pathway. 

The respiration climacteric is a very great increase in respiration 
after harvest in such fruits as apples held in storage. This is the climac
teric rise in output of CO2 • Some changes take place in the chemical 
composition of the fruits during the climacteric. 

It was shown that oxidative phosphorylation continued throughout 
the ripening process in fruits. Phosphate esterification takes place in 
pre climacteric tomato fruits as well as during the postclimacteric se
nescent period. 

Ethylene in very small amounts is important in the ripening of 
fruits. A major pathway to the formation of ethylene is methionine 
metabolism. 

Since carbohydrates contribute the major amount of energy required 
for respiration, changes in these compounds take place during ripen
ing. 

Pectic changes taking place in fruits during ripening are important 
because of their effects on texture. 

As a result of a study on the Bartlett pear it was found that protein 
synthesis is necessary for fruit ripening. It was noted that the enzymes 
needed for ripening are the proteins synthesized during the early part 
of the ripening process. 

The primary objective of storing fruits and vegetables is to retard 
deterioration by reducing the respiration during storage. 

An important characteristic of foods is texture. One of the principal 
factors is the chemistry of the compounds that affect texture. This is 
vital when the changes are brought about by storage, processing, and 
cooking. The components of the cell wall and the middle lamella are 
most important. Covalent bonding, hydrogen bonding, and crystallite 
bonding together with ionic bonding are thought to make up the bond
ing among the polymeric cell wall and middle lamella components. 
These are not established facts. 

About one-third of the dry material of the primary cell walls offruits 
and vegetables is made up of pectic substances. Cooking brings about 
changes in these compounds. 
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Pectic substances can undergo many chemical modifications. These 
can occur under the conditions one finds associated with foods. 

It is easy to saponify the methoxyl groups in pectin under acid or 
alkaline conditions. Since depolymerization by f3-elimination splitting 
of the glycosidic bonds is catalyzed by hydroxyl ions, it can proceed 
under non-acid conditions usually found during canning or cooking of 
vegetables. In this reaction, the glycosidic bond is split and a double 
glycosidic bond is formed between the C-5, and C-4 of the newly formed 
nonreducing end group. Demethoxylated pectic substances do not un
dergo the f3-elimination reaction and are rather stable when heated 
under mild alkaline conditions. 

A feature of pectic substances that has an effect on their function in 
the cell wall matrix is their ability to form gels in the presence of 
divalent ions, or under acid conditions with high concentrations of 
sugar. These properties are of importance commercially. 

Hemicelluloses and pectic substances make up the bulk of the poly
meric noncellulosic dry material in the primary cell wall. The principal 
chain of a particular kind of hemicellulose is made up largely of one 
type of monosaccharide. 

It is particularly important that xylans and glucans have the ability 
to complex with cellulose. This attaches the cellulose fibrils to the 
matrix materials. These complexes are rather strong. 

A large portion of cell walls is water. Its contribution to texture can 
be very great. Water plays four important functions in the walls. 

The softening of fruits during the ripening process has been attrib
uted to changes in the quantity and character of the polysaccharides of 
the cell wall middle lamella. The evidence shows that increased solubil
ity of the pectic substance takes place during maturation and softening. 
This is quite a complex situation. A high correlation has been shown 
between objective firmness changes and galactose disappearance. 

Many hydrolases, including polygalacturonases, increase with mat
uration. 

Hemicellulases are considered normal fruit enzymes. 
Cellulase activity contributes to the softening of peaches during 

ripening. 
The salt composition of the cell wall and the metabolic processes 

affecting movement of salts can influence texture. 
When an undesirable degree of softness is expected during heat pro

cessing, ~alcium salts are often added before cooking to improve the 
texture. 
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Acacia, 75 
Acetoin, 410 
Aconitic acid, 427 
Aceylformoin, 290 
Acrolein, 248 

A 

Adenine (6-aminopurine), 159 
Adenosine diphosphate, 59, 191, 324, 479, 

506-507,511 
Adenosine triphosphate, 4-5, 163, 191, 

324-325, 470-472, 478-479, 492, 
505-507, 511, 515 

and muscle contraction, 478-479 
ADP, see Adenosine diphosphate 
Adsorption isotherm, 15-16 
Aflatoxins, 401 
Agar, 73-74 
Aglycone, 268 
Albumins, 144 
Alcoholic fermentation, 323-339, see also 

Wine; Beer; Distilled Products; Vine
gar 

Alcohols, 246 
Aldoses,48 
Aldehydes, 247 
Aldaric acids, 49 
Aldonic acids, 48 
Algin, 73 
Alkalies, action on sugars, 44-47 
Allicin, 253 
Allyl isothiocyanate, 252 
Allyl propyl disulfide, 252 
Allyl sulfide (allyl disulfide), 252 
Amadori rearrangement, 291-295, 453 
Amelioration, 332 
Amino acids, 133-143, 170, 434, 445, 454-

455,474,491 
activation, 163 
essential, 135 
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Amino acyl-adenosine monophosphate 
(AMP),163 

Amino acyl-tRNA, 163 
Amino sugars, 52 
a-Amylase, 179, 192 
j3-Amylase, 180, 192 
Amyloglucosidase, 180, 192 
Angular rotation, 37 
Anionic minerals, 231 
Anisaldehyde, 249 
anti-Anisaldehyde oxime, 239 
syn-Anisaldehyde oxime, 239 
Annato extract, 319 
Anthocyanidins, 268-269 
Anthocyanins, 268-269 

bleaching, 269-270 
in fruits, 269 

Anthrone color reaction, 76 
Anticodon, 161 
Antioxidants, 108, 118, 120 
Apoenzyme, 187 
L-Arabinose, 35 
Ascorbase, 179 
Ascorbate oxidase, 179 
Ascorbic acid, 210-212 

acid property, 211 
determination, 212 
peroxide release, 211 
reducing properties, 211 
sources, 210 
structure, 210 
synthesis, 211 

Ascorbic acid oxidase, 193 
Ash,352,364-366,399,403,405,423,452 
Astaxanthin, 265 
Asymmetric carbon atom, 37 
ATP, see Adenosine triphosphate 
ATPase, 468-469 
Autoxidation, 108-109, 114-115 

autocatalytic, 99-110 



catalysis, light and radiations, 115 
fats, carbonyls, 114-115 
free radical mechanism, 110-112 
non-autocatalytic, 108 
offats, 108 
rate, acceleration, inhibition, 108-109 

Avidin, 165,207 
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Bacteria, and photosynthesis, 2 
Baked products, 343, see also specific items 
Baking powder, 356 
Beer, hydrolytic enzymes, 336 
Beet colors 

betalains, 271 
betacyanins, 271 
betacyanins, red, 271 
betanidin, 271, 272 
betanin, 271-272 

. betaxanthins, yellow, 271 
isobetanidin, 271-272 
isobetanin, 271, 272 
vulgaxanthin I, 271-272 
vulgaxanthin II, 271-272 

Benzaldehyde, 248 
o-Benzoquinone, 283 
BET isotherm, 16 
Bial test for pentoses, 78 
Bilins, 263 
Biotin,207 

physical properties, 207 
sources, 207 

Biuret reaction, 144 
Bixin, 319 
Black tongue, 203-204 
Blue-green algae, 2 
Bound water, 18,481 

determined by NMR, 19 
Brandy 337 
Bread,343 

dough temperature, 355 
flavor, 354 
flour,352 

Brewing, 336 
Browning 

enzymatic, 283-288 
chemical reactions, 283-284 
control,287-288 
dehydration in sugar, 288 
distribution of phenolase, 
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oxidation of monophenols, 286 
oxidation of polyphenols, 285 
pigment formation, 286 
o-quinones, 286 
reaction of phebolase, 383, 384-385 

formation of pigment, 297-300 
ascorbic acid, 287, 300 
in dried fruits, 297 
moisture content and, 297 

inhibition of, 300-301 
non-enzymatic, 288-297 

Amadori rearrangement, 293-295 
caramel flavor, 290 
caramelization, 289-291 
carbonyl compounds as precursors, 

291, 297 
desirability, 288-289 
2,5-dimethylpyrazine, 296 
effect on flavor, 297-299 
Heyn's rearrangement, 293-294 
Hodge scheme, 292 
isosacchrosan, 289 
lipid involvement, 300 
Maillard reaction, 291, 296 
moisture control, 297 
Strecker degradation, 295-297 
and water activity, 17 

Butter, 385 
consistency, 386 
rancidity in, 245 

Buttermilk, 385, 387 

c 

CA, see Controlled atmosphere storage 
Cacao beans 

aldehydes, 453 
catechin index, 448 
death,448,450 
changes during drying, 451 

during fermentation, 448-451 
cured,449 
drying, 443 
fermented 

aromatic acids, 541 
enzyme changes, 450 

germination effect, 448 
leucocyanidins, 541 
roasted 

pyrazines in, 453 
volatiles in, 456-457 
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roasting, 443 
formation of volatile flavors, 453-455 

esters from Arriba beans, 456 
d-linalool in volatile oil, 456 
5-methyl-2-phenyl-2-hexenal, 456 
other volatile compounds, 457 

roasting changes, 451-456 
amino acids, 453-456 
reducing sugars, 453-455 

sucrose changes during fermentation, 
450-451 

Theobroma cacao, 441 
Theobroma pentagona, 441 
tree, 441-442 
winnowing, 444 
unfermented 

amino acids, 445 
anthocyanins, 444-445 
carbohydrates, 446-447 
chemical composition, 444-447 
enzyme changes, 445 
polyphenols, 444-445 

Cadmium, 233 
Cafestol,400 
Caffeic acid, 288 
Caffeine, 404-405, 426, 447 
Cake batter, 356 
Calciferol, 214 
Calcium, 228 
Canned foods, staining in, 233 
Canning equipment, metals from, 233 
Cans 

detinning, 233 
internal corrosion, 233 
manufacture, 233 
swelling, 233 

Capric acid, 372-374 
Caproic acid, 246 
Caprylic acid, 374 
Capsorubin, 265-266 
Caramel 

color and iron, 290 
coloring, use, 272 
degradation products, 291 
and malanoidins, 272-273 
pigments, 290 

Caramelization, 289-291 
glucose, 289 
sucrose, 3 stages, 289 

Caramelan, 290 
Caramelen, 290 
Caramelin, 290 

Carbohydrates, 33 
classification, 34 
digestion of, 76 
formation in plants, 34 
qualitative tests, 76-78 
quantitative tests, 78-79 
structure, 39-43 

Carbon disulfide, 411-412 
Carbon monoxide myo(hemo)globin, 476 
Carbonyl-amine reactions, see Maillard 

reaction 
Carbonyl compounds, 291 
Carbonyls, 383-384 
Carboxyl(acid) proteinases, 181 
Carminic acid, 319 
Carotenes, 213, 265 

determination, 214 
properties, 213 
sensitivities, 213 
sources, 214 
structural differences, 213 

,B-Carotene, 213 
Carotenoids, 212, 261, 264, 317 

retention, 266 
Carrageenan, 74 
Casein, 368 

fractions, 370 
micelles, 370 
solubility and optical rotation, 372 

Cassia, oil, 249 
Catalase, 179, 192-193 
Catechins, 448 
Catechol, 283 
Cellobiose, 70 
Cellulose, 69-70 

beta-linked, 70 
Cephalins, 104 
Cheddar cheese 

flavor, 245, 383-384 
from raw and pasteurized milk, 384 
rennet-pig pepsin mixture, 377 
ripening changes, 384 
volatile carbonyls, 383-384 

Cheese and Cheese chemistry, 375, see also 
specific cheeses 

analysis, 378-379 
aroma synthetic, 383-384 
calcium and phosphorus retention, 381 
clotting enzymes, 375 
coagulation, 381-382 
Cunara cardunculus, 375 
curing, 383 



Lactobacillus bulgaricus, 382 
Lactobacillus lactis and acidity, 382 
manufacture 

acid control, 382 
acid development control, 382 
coagulation temperature, 382 
heating step, 382 

ripening, 383-384 
chemical changes, 383-384 

salt, 384 
Chelates, 225-227 
Chicory, 414 
Chitin, 71 
Chloride, 231 
Cholorogenic acid, 513 
Chlorophyll, 1-3, 261, 263-264 

complexes, 2 
deterioration, 264 
found in different plants, 2 
chloroplasts, 2 
role in photosynthesis, 1, 2 
separation of, 2 
structure, 3 
wavelengths of light absorbed, 2, 3 

Chlorophyll a, 2, 3 
Chlorophyll b, 2, 3 
Chlorophyll c, 2 
Chlorophyll d, 2 
Chocolate, 357, see also Cocoa 

milk,458 
products, German, 548 
sweet, 458 

Cholecalciferol, see Vitamin Da 
Cholesterol, 107 
Choline, 103 
Chromdroitin, 49 
Chromoproteins, 146 
Chymopapain, 181 
Cinnamaldehyde (cinnamic aldehyde), 249 
Cinnamic acid, 249 
Cinnamic alcohol, 249 
Cinnamon oil, 249 
Citral,248 
Citronellol, 250-251 
Climacteric fruits, 509-512 
Cobalt, 230 
Cobamide coenzyme, 208 
Cochineal, 319 
Cocarboxylase, 201 
Cocoa 

alkalized (Dutch Process), 457 
analytical procedures, 458 

butter, 443, 457 
conching, 455 
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changes during manufacture, 447-456 
drying, 451 
fermentation 448-451 
roasting, 451-456 

chemical composition, 
amino acids and enzymes, 445 
anthocyanins-polyphenols, 444-446 
carbohydrates, 446 
theobromine and caffeine, 447 

manufacture, 442-444 
drying, 443 
fermentation, 442-443 
roasting, 443 
winnowing, 444 

unfermented beans, 444 
Codon, 161 
Coenzyme A, 206 
Coenzymes, 182 
Coffee, 397 

acids, 402-403 
ash,405 
cafestol, 400 
caffeine, 404 
caramelized sugars, 401 
carbohydrates, 398 
carcinogenic substances, 404 
changes during roasting, 401-403 
chlorogenic acid, 401 
Coffee arabica, 397 
Coffea canephora, 397 
composition of green bean, 398-401 

solubles, 405 
decaffeinated coffee, 413 
3,4-dicaffeoylquinic acid, 401 
3,5-dicaffeoylquinic acid, 401 
4,5-dicaffeoylquinic acid, 401 
fatty acids, 401 
high altitude grown, 397 
7-hydroxy-6-methoxy coumarin, 401 
instant, 414 
kahweol,400 
lipids, 400, 402 
methods of preparation, 397-398 
neochlorogenic acid, 401 
nicotinic acid, 402 
nitrogenous substances, 399 

changes during roasting, 401-402 
purine, 404 
bases, 404 

roasted, chemical composition, 403 
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robusta coffee, 397 
staling, 412-413 

moisture and, 413 
substitutes, 414 
theobromine, 404 
thiamin, 402 
trigonelline, 402 
use, 397 
volatiles 

alcohols, 410 
aldehydes, 408-409 
ammonia and volatile amines, 412 
analysis, 406 
effect of varying roasts, 408 
esters, 410 
from Colombian coffee, 407 
heterocyclic compounds, 410-411 
ketones, 409-410 
research difficulties, 406 
sulfur compounds, 411, 412 

xanthine, 404 
Collagen, 472-473 
Collagenolytic activity, 473 
Colloids, 25-32 

behavior in an electrical field, 26 
breaking of emulsions 
double layer theory, see Helmholtz-Gouy 

theory 
emulsions, 28-29 
foams, 
gels, 27 
hydrophilic (lyophilic), 25-27 
hydrophobic (lyophobic), 26-27 
imbibition, 28 
protective colloid, 27 
salting-in, 26-27 
salting out, 26-27 
size of particles, 25 
syneresis, 27-28 
viscosity, 30-31 

Colorings, food, 307-322, see also specific 
pigments 

acceptable daily intakes, 316 
amount and distribution, 309 
annato extract, bixin, 319 
cochineal,319 
classification of some US food colors, 315 
color analysis and desired properties, 

321 
colors exempt from certification, 317 
color safety and regulations, 307 
corrosion, 316-317 

dyes 
chemical structure, 313-314 
problems, 321 

food color consumption data, 310-311 
lakes, 308 
permanently listed color additives, 318 
solubility, 314 
stability, 314 
specifications and hazards, 312-313 
titaniim dioxide, 320 
turmeric, 320 

Colors, natural, 261-281 
anthocyanins and flavonoids, 268-271 
anthocyanidins, 269 
betacyanins, 271 
caramels and melanoidins, 272-273 
carotenoid retention, 266 
carotenoid structure, 265-267 
carotenoids; 264-265 
chemistry, 262> 
chlorophyll deterioration, 264 
consumption, 274 
determination, 273 
flavone, 270 
heme pigments, 262 
lycopene, 265 
natural, categories, 261 
tetrapyrrole structure, 263 

Color tests, protein and amino acids, 135 
Competitive inhibition, 185 
Conalbumin, 165 
Copper, 230 

dietary sources, 230 
Connective tissue, 472 
Controlled-atmosphere storage, 518-520 

broccoli, 519 
lettuce, 520 
potatoes, 520 
ripening and organic acids, 518-519 

p-Coumaric acid, 513 
p-Coumarylquinic acid, 445 
Covalent bonds, 147 
Cream, 386 
Cream of tartar, 331 
p-Cresol, 283 
Cresolase, 283 
Cyanidin, 268 
Cyanocabalamin, see Vitamin B 12 

Cycloheximide, 517 
Cysteine, 138 
Cystine, 138 
Cytosine, 158 



D 

Dairy products, fat determination, 387 
Danish agar, 75 
n-Decyl alcohol, 246 
Degradation products, secondary, 113-115 
L-Dehydroascorbic acid, 193, 210 
Dehydroascorbic reductase, 193 
7-Dehydrocholesterol, 107,214 
Delphinidin, 268 
Denaturation, 152 
Dental caries, 232 
Deoxyribonucleic acid, 35, 158 

chains, 159-160 
genetic substance, 159 

Deuxy-D-ribose, 52 
2-Deoxyribose, 35 
Deoxy sugars, 52 
Derived lipids, 107 
Desmosine, 474 

structure, 474 
Desorption isotherm, 15-16 
Dextranase, 180 
Dextran gels, 155 
Dextrorotation, 37 
Diacetyl, 249-250, 291, 329-330, 384-385, 

406, 409-410 
Diastase, 179-180 
3,4-Dicaffeoylquinic acid, 401 
3,5-Dicaffeoylquinic acid, 401 
4,5-Dicaffeoylquinic acid, 401 
Dienes, 214-215 
Differential thermal analysis, 19 
Differential enthalpic analysis, 19 
Digestion 

of carbohydrates, 76 
of lipids, 120-121 
of proteins, 157 

Dihydroxytoluene, 284 
2,5-Dimethylpyrazine, 296 
Dimethyl sulfide, 284, 411-412 
2,4-Dinitrophenol, 511 
Dipalmitoleyl- L - a - glycerylphosphoryl-

choline, 103 
o-Diphenolic compounds, 285 
Diphosphopyridine nucleotide, 204 
Disaccharides, 53 
Distilled alcoholic products, 337 
Di- and triglycerides, 94 
DNA, see Deoxyribonucleic acid 
DNP, see 2,4-Dinitrophenol 
Dopa oxidase, 283 
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Double layer theory, see Helmholtz-Gouy 
theory 

Dough, 346, 348, 355 
elastic properties, 345 
gas cells, 355-356 
lipid binding, 349 
mixing, 346 
overmixing, 346 
oxidizing agents, 353 
rye flour, 344 
wheat type, effect of, 347 

DPN, see Diphosphopyridine nucleotide 
Dyes, problems with use, 321 

E 

Edman degradation, 148-149 
Egg yolk, 165 
Egg white, 165 
Elaidic acid, 192 
Elastin, 472, 473-474 
f3-Elimination reactions, 522-523, 530-532 
Elongation factors, 163 
Electron acceptor, 1 
Emmentaler (Swiss) cheese, 245, 375, 379 
Emulsifying agents, 28 

breaking down, 29 
Emulsions, 28-29 
Enantiomorphs, 38 
1,2-Enediol, 45 
2,3-Enediol,46 
Energy, 1 
Enolization, 45 
Enzymatic browning, 283 
Enzyme activators, 189 
Enzyme activity 

complexity, 190 
in food processing, 193 
mode of, 186-187 

Enzymes 
active sites, 190 
Buchner's work, 177 
catalytic efficiency, 190 
classification, 178-181 
composition, 182 
concentration, 182 
covalent substrate intermediate, 182 
inactivation, 193 
inhibition, 184 
kinetics, 182 
metal containing, 182 
milk clotting animal sources, 375 
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molecular or molar activity, 187 
properties, 182 
proteolytic, 375 
reaction rate, 187-188, 189 

and temperature, 188 
regeneration (renaturation), 188 
specificity, 186 
turnover number, 187 

Epocatechin, polyphenol oxidase sub-
strate, 451 

Ergo-calciferol, see Vitamin D. 
Ergosterol, 107,214-215 
Esterases, 190 
Esters, 245-247 

ethyl n-butyrate, 245 
ethyl formate, 245 

Ethylene 
controlled atmosphere storage, 518 
concentration used, 514 
formation pathways, 512-513 
production, 514 

in fruit, 514 
and lipid turnover, 517 

ripening, 512 
Eugenol, 251-252 
Evaporated milk, 386 
Exo-1,4-glucosidase, 180 
Exudate gums, 75 

F 

Fat 
determination in dairy products, 287-

288 
emulsifying capacity, 481-482 
manufacturing, tempering, 98-99 
new terminology, 89 
and oils, 88-89 
in shortening, 98 

analysis, 100-101 
classification, 99 
preparation, 100 

Fatty acids, 89-91, 244-246 
cis-trans susceptability to autoxidation, 

108 
cyclic, 93 
determination, 94 
energy source, 471-472 
in edible lipid materials, table, 90 
over water, monomolecular layer, 89 
saturated, 89 
unsaturated,91 

position of double bond, 92 

Fehling's method, 47 
Fermentable sugars, 39 
Fermentation 

alcohol yields, 325 
alcoholic, 323-341 
of milk, 384 
temperature, 328 • 

Ferroprotoporphyrin, 476 
Ferulic acid, 288 
Ficin, 181 
Fischer-Tollens formulas, 40 
Fish proteins, 168 
Flavanols, 270 
Flavanones, 270 
Flavin adenine dinucleotide, 203 
Flavone (2-phenylbenzopyrone), 270 
Flavonoids, 268, 270 
Flavonols, 270 
Flavoprotein, 165, 203 
Flavor, 237-256 

alcohols, 246 
aldehydes, 247-249 
bread,354 
basic tastes, 237 
defects, concealing, 255 
detection, 237 
enhancement, 253 
esters, 246-247 
fatty acids, 245-246 
ketones, 249-250 
lactones, 251 
mint, 250 
phenols, 251-252 
restoration and deterioration, 254 
sulfur compounds, 252 
taste and odor, 237 
terpene alcohols, 250 
and volatiles, 241 

Flour, 343 
ash,352 
bleaching and maturing agents, 352 
carbohydrates, 348 
composition, 344-345, 347 
compounds related to baking quality, 

344 
defatted, 351-352 . 
fatty substances, 349 
glutathione, 348 
hard spring wheat, 343, 346 
lipids and bread making, 349-352 
proteins, 344-348 

effect of cross-linked structure, 347-
348 



rheological properties, 
rye, 344-348 
soft wheat, 344, 347 
wheat, amber durum, 344 

Fluidity, 30 
Fluorine, 232 
Foams, 29-30 

on beer, 29 
stability, 29 

Folic acid, 208 
dietary sources, 208 

Formaldehyde, 3-4 
Forastero, see Cacao 
Formic acid, 245 
Fructopyranose, 35 
Fructose, 36, 39 
Fructose 6-phosphate, 4 
Fructose 1,6-diphosphate, 324 
Fruits, 505-534 

chemical changes during ripening, 
555 

citric acid cycle, 508 
ethylene formation, 512-514 

and ripening, 512 
maturation, 526-529 
mitochondria, 506 
pathways of respiration, 506-509 
respiration climacteric, 509 
ripening, 505-517 

p-coumaric acid, 513 
cycloheximide, 517 
methionine, 513 
naringenin,513 
pectic substances, 516 
pigments, 517 
proteins, 516-517 

storage, 518-520 
texture, 520-532 

cellulose, 525 
hemicellulose, 524-525 
heat processing and, 529-532 
lignin, 525-526 
pectic substances, 521-524 
proteins, 525 
water, 526 

f3-Fructofuranosidase, 180 
Fucose, 52 
Furcellaran,75 
Furanose ring, 41 
Furfural, 44, 409 

by degradation of reducing sugars, 
300 
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G 

D-Galactosamine, 52 
D-Galactose, 25-36, 77 

test, 77 
Galactosyl glycerides, 349 
Galactuoranan, 72 
D-Galacturonic acid 
Garlic oil, 252 
Gas chromatography, 241-242 
Gay-Lussac equation, 323 
Gelatin, 19, 26 
Gels, 27 

diffusion in, 27 
heat reversible and non-reversible, 27 

Geraniol. 251-251, 433 
Gin, 337 
Gliadin, 347 
Globulins, 145 
Glucaric acid, 49 
Glucitol (sorbitol), 50 
D-Gluconic acid, 48 
Glucono-8-lactone,48 
Glucono-,),-lactone,48 
a-D-Glucopyranose, 40 
f3-D-Glucopyranose, 40 
Glucosamine,52 
Glucosamylase, 180 
Glucose, 35, 77 

and browning, 296 
Glucose 6-phosphate, 228, 506-508 
Glucuronic acid, 48 
Glucuronides, formation, 49 
Glutamic acid, 141 
Glutathione, 193 
Glutelins, 145 

. Gluten, bu.ilding blocks. 348 
Grufeiiin;348 
G!ycefalaEinyde, 38 
D-Glyceraldehyde-3-phosphate, 507 
Glycerol, 93-94 
Glycogen, 70 
Glycogen synthetase activity, 466 
Glycoproteins, 145 
Glycosidases, 179 
Glycosides, 51 
Glycosylglycerides synthetic, 351 
Goiter, 232 
Grana, 2 
Grape(s) 

acidity, 326 
anthocyanin in Vitus vinifera, 334 
Concord, 247 
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diglucoside pigments, importance, 334 
effect of temperature in growth areas, 

331 
sugar acid balance, 332 
volatile compounds, 226 

Guanine, 159 
L-Guluronic acid, 73 
Gum arabic, 75 
Gums 

exudate, 75 
seaweed,73 

H 

Haworth formulas, 41-42 
Hematin compounds, 117 
Hematin-catalyzed peroxidation 117 -118 
Heme pigments, 262-263 
Hemicelluloses, 73, 524 
Hemochrome, 262 
Hemoglobin, 262, 475-477 

coagulation, 482-483 
n-Heptylic acid, 246 
Hesperidin, 270 
Heteropolysaccharides, 56 
Hexaphosphoinositol, 228 
Hexoses,35 

accumulation in photosynthesis, 5 
Heyns rearrangement, 293-294 
Histidine, 140 
Histones, 145 
Hodge scheme, 292 
Holoenzyme, 187 
Homopolysaccharides, 56 
Hops, 336 
Humins,44 
Hunter Color Difference Meter, 273 
Hydrogen bonding, 11 
Hydrogen donor, 1 
Hydrogen sulfide, 384, 412, 484-485, 488, 

490 
Hydrogenation, 121 
Hydrolases, 178-179 
Hydroperoxide, 108 

development curve, 109 
dismutation pathways, 113 
secondary degradation products, 113-

115 
3-Hydroxybutanone, 384 
Hydroxyl groups, sugars, 50 
7-Hydroxy-6-methoxy coumarin, 401 
Hydroxymethylfurfural, 330 
Hydroxyproline, 140 

I 

Ice crystal growth, 14 
Inbibition, 28 
Initiation, 163 
meso-Inositol, 209-210 
Inositol phosphatides, 105 
Interesterification, 122 

directed, 122-123 
Inulase, 180 
Inulin, 70 
Inulinase, 180 
Invertase, 180 
Iodine, 231 
Iodine number, 100-101 
Ionization radiation, effect, 486-487 
{3-Ionone, 212 
Ionones, 250 
Iron, 229 

sources, 229 
use by the body, 229-230 

Iron porphyrin, 229 
Iron protein complexes, 229 
Irradiation effect, 512 
Irreversible inhibition, 186 
Isobetanidin, 271 
Isobetanin, 271-272 
Isodesmosine, 474 
Isoelectric focusing, 155 
Isoelectric point, 135 
Isoeugenol, 252 
Isoleucine, 137 
Isomaltase, 180 
Isomerases, 178 
Isomerism, 39, 91-92 

cis, 92 
trans, 92 

Isoprene, 251 
Isoprenoid structures, see Carotenoids 
Isosacchrosan, 289 

J 

cis-Jasmone, 433 

K 

Kahweol, 400 
I)-Ketoglutaric acid, 383 
Ketoses, 

conversion to aldoses, 48 
hydrogenation, 50 

Kwashiorkor, 229 



Laccase, 284 
a-Lactalbumin, 372 
Lactic acid, 387 

L 

bacteria, 382, 384, 387 
Lactobacillus citrovorum, 384 
f:l-Lactoglobulin, 371-372 
Lactones, 251 
8-Lactones,251 

in butter, 251 
a-Lactose, 54, 365-366 
f:l-Lactose, 366-367 
Lakes, 308 

variation in shades, 309 
Lamellae, 2 
Lead in canned foods, 232 
Leavening, 354 

agents, 354 
Lecithins, 103-104 
Leucoanthocyanins, 270 
Leucine, 135, 137 
Levorotation, 47 
Levulose, 36 
Ligands, 225 
Light 

oxidation, 484 
and radiation, 115 
ultraviolet effects, 115 
visible, effect on peroxides, 115 
wavelengths absorbed by chlorophyll, 

2-3 
Ligases, 178 
Lignins, 525 
Limit dextrinase, 180 
Linalool, 250 

oxides, 433 
Lineweaver-Burk equation, 184 
Linoleic acid, 90, 93 
Lipids, 87 

in bread making, 349-352 
classification, 87 

scheme, 88 
commercial application, 121-124 
composite, 102-106 
composition, 102 
derived, 107 
nonpolar, 349 
milk, 372 

bovine, 373 
oxidation, 108 

effect of heavy metals, 116 
peroxidation of lipiils by hematin com

pounds, 117 -118 
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polar, 349 
primary alkoxy radical reactions, 115 
simple, 87 

Lipoproteins, 145 
Lipovitellenin, 165 
Lipovitellin, 165 
Lipoxidase, 179 
Lipoxigenase, 118, 179 

catalytic action, 118 
use in baking, 118 

Livetin, 165 
Lobry de Bryn-Alberda van Ekenstein 

transformation, 45 
Lycopene, 205 
Lyophilic colloid, 25 
Lyophilization, 13 
Lyophobic colloid, 26 
Lysine, 135, 139 
Lysozyme, 165 

M 

Magnesium, 228 
Maillard reaction, 272, 278, 289, 291 

carbonyl-amine reaction, 291 
three stages, 291 
a-f:l-unsaturated aldehydes and a-dicar-

bonylcompound,291 
Malic acid, 516 
Malt, 336 
Maltose, 55 
Manganese, 230 
Mannose, 35-36 
Margarine, 123 
Muscle 

connective tissue, 472 
collagen, 472 
elastin, 473 

proteins, 480 
action of light, 484 
antioxidants, 484 
bound water, 481 
effect of heat, 484-486 
fat emulsifying capacity, 481 
oxidation and rancidity, 482 

sarcoplasm, 474 
skeletal muscle 

composition, 463 
effect of slaughter, 476 

abnormal coloration, 477 
browning intensity, 169 
color of cured meats and myoglobin, 

476 
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color and meat packaging, 477 
pH, 478 
rigor mortis, 478 
tenderness, 480 

fibers, 464-467 
structure, 463 

proteins, 468 
actin, 469 
actomyocin,470 
tropomyocin,471 
troponin, 471 

Meat products 
analysis of, 492 
effects of heat, 484 
flavors, 487 -488 

5'-ribomononucleotides, 487 
volatile flavors, 488-490 

odor, thiophen-2-carboxaldehyde, 488 
pigments, 474 

hemoglobin, 475 
myoglobin, 475-476 

proteins, 467 
simulated, 490-491 
sausage, 491-492 
tenderizers, 487 

Melanoidins, 272, 291 
Melibiose, 56 
Menadione, see Vitamin K3 
I-Menthol, 250 
I-Menthone,250 
3-Mercaptopropionic acid, 384 
Mercury absorption from sea water, 229 
meso-Inositol, structure, 209 
Meta-saccharinic acid, 46-47 
Methemoglobin, 262 
L-Methionine, 513 
2-Methoxy-4-allylphenol, see Eugenol 
p-Methoxybenzaldehyde, 249 
2-Methoxy-4-propenylphenol, 252 
Methyl amyl ketone, 249 
Methyl anthranilate, 247 
Methyl benzaldehyde, 248 
Methyl benzoate, 247 
2-Methyl butyraldehyde, 406 
2-Methyl-3-difarnesyl-l,4-naphthoqui-

none, see Vitamin K2 
Methyl ethyl ketone, 410 
Methyl formate, 410 
Methyl lineolate 

effect of monochromatic light, 115 
peroxides, decomposition curve, 111 

Methyl mercaptan, 412 

Methyl oleate, 114 
5-Methyl-2-phenyl-2-hexenal, 457 
2-Methyl-3-phytyl-l,4-naphthoquinone, 

see Vitamin K, 216 
Methyl salicylate, 247 
Methylacetylcarbinol, 410 
Metmyoglobin, 477 
Micelles, 26 
Michaelis-Menten equation, 184-185 
Milk and milk products, 363 

analysis, total solids, 388 
ascorbic acid and off-flavors, 373 
butter, 385-386 
buttermilk, 387 
carbohydrates, 365 
clotting enzymes, animal sources, 376 
composition, 363-364 
cow's 

defined, 363 
proteins, amino acid composition, 369 

cream, 386 
dry whole, 386 
evaporated, 386 
fatty acids, 374 
fermentation, 384 
lipids, 372 
malted, 386 
nonfat dry, 387 
off-flavor, 251 
phospholipids, 372 
proteins, 368 
rancidity and off-flavor, 255, 373-374 
salt components, 365 
skimmilk,387 
sunlight flavor, 255 
sweetened condensed, 386 
trace elements, 366 
vitamins, 364 
whole dry, 386 

Millon reaction, 144 
Minerals, 225 

in canned foods, 232-233 
content of wheat and mill products, 352 
detection and determination, 225 
in foods, 226 
major amounts, 225, 228 
minor amounts, 225, 229 
occurrence, 228 
in physiological and biochemical reac

tions,226 
Mitochondria, 506 
Molecular weight, 156 



Molisch reaction, 76 
Molybdenum, 231 

in dental caries, 231 
nitrate hemochrome, denatured, 263 

Monoamino-monocarboxylic acid titration 
curve, 143 

Monophenols, oxidation, 286 
Monosaccharides, 34, 77 

oxidation, 47 
phenylhydrazil1e reactions, 50-51 
qualitative paper chromatography, 78 
reduction, 49 

MRNA,160 
Mucoproteins, 145 
Mucor miehei-MM protease, 376 
Mucor pusillus, var. Lindt-MP protease, 

376 
Muscle "acid stable" cross linkages, 485 
Must fermentation, 327 
Mutarotation, 39, 40-43 

of fructose, 42 
Mustard oil, 252 
Myoglobin, 262, 475-477 

affinity for oxygen, 476 
coagulation, 482-483 

Myosin 468-471 
molecule, 469 

Myosin from fish, 168 

N 

NADP, see Nicotinamide adenine dinu-
cleotide phosphate 

Naringenin, 513 
Natural substrates, conversion, 288 
Neochlorogenic acid, 401 
Nerol,250 
Niacin, 203-205 

determination, 205 
sources, 205 

Nicol prisms, 36 
Nicotinamide, 203-204 

coenzymes, 204 
properties, 204 

Nicotinamide adenine dinucleotide, 204 
Nicotinamide adenine dinucleotide phos

phate, 2, 204 
Nicotinic acid, 203 

synthesis, 204 
Night blindness, 212, 214 
Ninhydrin, 135 
Nitric oxide myo(hemo)globin, 476 
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Nitrite, nitrate cure, 263-264, 477 
and cancer, 263 

Nitrosamines, 263 
Nitrosohemochrome, 262 
Nitrosomyoblobin, 262 
Nonalactone, 251 
Nonclimacteric fruits, 510 
Noncompetitive inhibition, 186 
Nonenzymatic browning, see Browning, 

non -enzymatic 
Nucleoproteins, 145 

Odor, 

o 

classes of organic compounds, 244 
theories, 243-244 

Off-flavors, influence of aldehydes, ll5 
Oleic acid, 90-92 
Oligo-l,6-g1ucosidase, 180 
Oligosaccharides, 53, 78 
Optical activity, 36-37 
Optical rotation, 36-37 
Osazones, 50 
Osmotic pressure, 21 
Osones,50 
Ovalbumin, 165 
Ovomucin, 165 
Ovomucoid, 165 
Oxidation 

and heavy metals, ll6 
measurement of, ll3 
of monoenoic acids, ll2 
of polyenoic acids, ll2 
and rancidity, 254-255, 482-483 

Oxidative phosphorylation, 5ll 
Oxidative rancidity and hematin com-

pounds, ll7 
Oxidoreductases, 178-179, 192-193 
Oxygen, from photosynthesis, 6 
Oxygenated heme pigments, 262, 476 
Oxymyo(hemo)globin, 262, 476 

p 

Pale, soft, exudative porcine musculature, 
479 

Pancreatic amylase, 76 
Pantothenic acid, 206-207 

in coenzyme A, 206-207 
properties, 207 
sources, 207 
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Papain, 181 
Papainase, 181 
Pectic enzymes and fruit juices, 194 
Pectic substances, 521-524 

changes during ripening, 516 
Pectin, 49, 71-73, 521-524 

composition, 71-72 
Pectin gel formation, 72-73 
Pectinase, 180 
Pectindepolymerase, 180 
Pectinesterases and other pectic enzymes, 

179, 192 
Pectinmethylesterase, 179 
Pelargonidin, 268 
Pelargonidin-3-glucoside, 268 
Pellagra, 203-205 
Pentose pathway, 507-509 
Pentoses, 34-35 

regeneration in photosynthesis, 4, 5 
Peonidin, 268 
Pepsin, 

bovine, 377, 380 
porcine, 377 

Pepsin A (pepsin), 181 
Pepsin B, 181 
Pepsin C, 181 
Peptide bond, 134 
Peptide hydrolase, 180 
Pernicious anemia, 208, 230 
Peroxidase, 179, 192-193 
Peroxide content of corn oil, 115 
Phenolase, 174,283 

chemical action, 283 
distribution, 284 
inhibition, 284 
naturally occurring substrates, 285 

Phenoloxidase, 283 
Phenols, 251-252 
Phenylalanine, 135, 142 
Phenylhydrazones, 50-51 
Pheophytin, 3, 264 
Phosphatidyl ethanolamine, 105 
Phosphatidyl inositol, 105 
L-a-Phosphatidyl serine, 104 
Phosphoenol pyruvic acid, 507 
Phosphoglyceraldehyde, 4 
3-Phosphoglyceric acid, 4 
Phospholipids, 102-106 

effect on bread quality, 350-351 
and off-flavor, 483 
rancidity, 483 

Phosphorus, 232 

Phosphorylase, 466 
Phosvitin, 165 
Photosynthesis, 1 

chemistry, 3-5 
reaction types, 6 
sugar production, 4-5 

Photosynthetic process, 3 
Photosystem I, 3 
Photosystem n, 3 
Phytic acid, 232 
f3-Picoline, 204 
Pigment changes and ripening, 517 

cured meats, 162, 477 
in foods, 261 
meat, 474-476 

Plasmalogens, 105 
Polarimeter, 36 
Polygalacturonase, 180, 192 
Polymethylgalacturonidases, 192 
Polymorphism, 96 
Polypeptides, 134 

synthesis, 163 
Polyphenoloxidases, 193, 283 
Polyphenols, oxidation, 285 
Polysaccharides, 56 
Pork, curing pickle, 488 
Porphin, 116 

complexes, 116 
Potassium, 229 
Potato oxidase, 283 
Porphyrin destruction, 482 
Prebetanin, 271 
Processing losses, 217 
Prolamines, 145 
Proline, 140 
Propionaldehyde, 408 
Propionic acid, 245 

and Swiss cheese, 382 
Propylene activity, 514-515 
Prorennin, 380 
Protamines, 145 
Proteases, 134 
Proteinases, 77, 192 
Proteins, 133-176, 525 

a-helix form of molecule, 151 
amino acid sequence, 148-149 
in baked goods, 344 
in cereals, 168-169 
changes during processing and cooking, 

169 
by heat, 484-486 

classified, 144-146 



color tests, 135, 143-144 
conformation, 157 
conjugated, 145-146 
defined, 133-134 
denaturation, 152 
derived proteins, 146 
digestion, 157 
egg, 165 
fibrous, 144, 150 
fish, 168 
in foods, 165 
globular, 144, 150 
hydrogen bonds, 150 
isoelectric focusing, 155 
hydrolysis, 134 
insoluble salts, 152 
meat, 467 -474 
molecular weight, 156-157 

by gel filtration, 155 
myoribrillar,468 
N-terminal amino group, 148 
phosphoproteins, 146 
preservation by lyophilization, 152 
primary derivatives, 146 
primary structure, 146 
properties, physical and chemical, 152 
quaternary structure, 150 
ripening, 516-517 
separation, 153 

ammonium sulfate fractionation, .153 
chromatography, 153 
electrophoresis, 153-154 
gel filtration, 155 
isoelectric focuring, 155 
organic solvents, 153 
polyacrylamide, 155 
starch-gel electrophoresis, 154-155 
ultracentrifugation, 153-154 
secondary derivatives, 146 
secondary structure, 150 
simple, classified, 144-145 
skeletal muscle, 468-472 
skimmilk, composition, 371 
structural forces, 147 
structure, 146-151 
synthesis, 158 
tertiary structure, 150 
from wheat flour, 344 
whey, 371-372 

Proteolytic enzymes, 156, 194, 375 
Provitamins A, 213 
Provitamin D, 214 
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Pteroylglutamin acid, see Folic acid 
Purine, 159, 404 
Pyradoxine, 205 

crystals, 205 
determination, 206 
isolation, 205 
properties, 205 
synthesis and formula, 205 

Pyranose ring, 41 
Pyrazine, 453 
Pyridine, 411 
3-Pyridine carboxylic acid, see Niacin 
Pyridoxal, 205 
Pyridoxal phosphate, coenzyme activity, 

205 
Pyridoxamine phosphate, enzyme activity, 

205 
Pyrimidine, 158 
Pyrrole, 116 
Pyruvaldehyde,291 
Pyruvate kinase, 189 
Pyruvic acid, 201 

Q 

Qualitative tests, carbohydrates, 76-78 
Quantasomes, composition, 2 
Quercitin, 270-271 
L-Quinic acid, 516 
o-Quinones, 286 

R 

Racemic mixture, 37 
Raffinose, 55 
Raman spectroscopy, 244 
Recommended daily allowances, 200-201 
Reducing sugars and alkali, 47 
Regeneration (renaturation), 188 
Reichert-Meissl number, 101 
Release factors, 163 
Rennet, 375,380-381 
Rennin 

clotting, 380-381 
substitutes, 375 

Respiration, 505-515 
changes in oxo and free amino acids, 516 
climacteric, 509-512 
pentose pathway, 507 
tricarboxylic pathway, 506-507 

Respiration pattern, enzyme involved, 517 
Retinol, see Vitamin A 
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L-Rhamnose,52 
Riboflavin 

assay, 203 
as coenzyme, 202-203, 218 
deficiency, 203 
effect of light, 202 
enzyme activity, 202 
formula and synthesis, 203 
sources, 203 

Ribonucleic acids, 158 
D-Ribose,35 
Ribose-5-phosphate, 508-509 
Ribulose-5-phosphate, 508 
Ribulose-1,5-diphosphate,4 
Rickets, 214-215 
Rigor mortis, 478-479 

chemical changes, 478 
Ring compounds, 248 
Ripening 

carbohydrates and acids, 515-516 
chemical changes, 515-517 
postharvest changes, 505 

s 

Saccharimeter, 36 
Saccharinic acids, 46-47, 49 
Saccharomyces cereuisiae, 336 
Salting in, 27 
Salting out, 26-27 
Sanger, 148 
Saponification, 96 
Saponification number, 100 
Sarcomere model, 465 
Sarcoplasm, 474 

enzymes, 474 
Sausage 

color formation in, 263-264 
production, 491-492 

Schiffs reagent, 39 
Scleroproteins, 145 
Scurvy, 210 
Seaweed gums, 73 
Seliwanoff color test for ketose sugars, 77 
Sedoheptulose phosphate, 509 
Selenium, 232 
Serine, 137 
Serine proteinases, 180 
Serra cheese, 375 
Shadow matching, 245 
SH proteinases, 181 
Sialic acids, 52 
Sinigrin, 252 

Skimmilk, 387 
Sodium, 229 
Solutions, 19 

basis of, 22 
boiling point, 21 
freezing point, 22 
osmotic pressure, 21 

D-Sorbitol, 49-50, 518 
Sephadex, 155 
Sphingolipids, 106 
Sphingomyelin, 106 
Sphingosine, 106 
Spinach quantasome, 2 
Squalene, 107 
Stachyose, 55-56 
Starch, 57 -69 

acid modified, 68 
biosynthetic pathways, 58-60 
conversion to glucose, 62-63 
corn, gelatinization temperature, 65 
cross-linked,68 
effect of various substances on viscosity, 

65 
esterification, 67 -68 
esters, 68 
fractionation, 63-64 
gelatinization, 64-66 
granule swelling, 65-66 
hot paste viscosity effect, 67-68 
hydrolysis, 60-63 
modified, 67 
moisture absorption, 64 
native, gelatinization characteristics, 65 
phosphates, 69 
potato 

gelatinization starting temperature, 
66 

weak internal binding, 66 
synthesis, enzymes involved; 58-60 
technology, 57 
wrinkled pea starch, 57' 

Stereochemical theory, 244 
Steroids, 107 
Sterols, 107 
Storage, fruits and vegetables, 518 
Strecker degradation, 292, 295, 453 

carbonyl structure necessary, 295 
equation with Schonberg information, 

295 
Streptococcus cremoris, 384 
Streptococcus lactis, 384 
Subtilisin, 181 
Succinic dehydrogenase, 466-467 



Sucrase, 180 
Sucrose, 53, 78 

feeding exhausted animals, 480 
structure, 53 
transfer mechanism to starch, 515 

Sugar acetyls as surfactants, 51 
Sugar esters, 51-52 
Sugar phosphate esters, 52 
Sugars 

hydroxyl groups, 150 
qualitative tests, 77 -78 

Sulfhydryl groups, meat, 262 
Sulfur compounds in flavors, 252-253 
Sulfur dioxide, 327 -328 
Sumner, urease, 177 
Supersaturated solutions, 21 
Surface tension, 21 
Sweet potato oxidase, 283 
Syneresis, 27 
Synthetases, 178 

Tartaric acid, 38 
Taste, 237 

T 

AH, B unit and, 241 
bitter, 237, 241 
and chemical structure, 237 
salty, 238 
sour, 238 
sweet and chemical structure, 238-240 

Tastes, four basic, 237 
Tea, 419 

amino acids, 425 
aroma, 433-434 

amino acids, 434 
carotene, 434 
compounds formed, 433-434 
other compounds, 434 

black, 419-421 
carbohydrates, 426 
flavor, 433 
production, 419-421 

Camellia assamica, 419 
Camellia sinensis, 419 
carotenoid pigments, 426-427 
catechins, 422-423 
chemical components, 422-425 
chlorophyll, 426-427 
classes, 419 
cream, 431 
depsides, 422 
enzymes in tea leaves, 425 
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( - )-epigallocatechin gallate, 424 
epitheaflavic acids, formation, 430 
fermentation, 420, 428-431 
fll'ing, 420-421 
flavanols, determination in tea extracts, 

425 
flavone, 422 
flush 

amino acids, 425 
carbohydrates in fresh, 426 
catechol oxidase, 425 
other enzymes in tea leaves, 425 
organic acids, 427 

green, 421 
volatile compounds, 433-434 

manufacture, chemistry, 428 
methods of preparation, 419-421 
minerals in leaves, 427 
Oolong,421 
phenolic compounds, 424 

in fermentation, 431-432 
pheophytin formation, 427 
production areas, 419 
purine bases, 426 
rolling, 420 
theoflavins, 429-430, 432 
theanine,425-426 
thearubigins, 430-431 

formation, 431 
theobromine, 447, 451 
theophylline, 426 
vitamin P, 421 
withering, 420, 428 

Tempering, 98 
Tenderness, 480 
Terpene alcohols, 250 
Terpenes,107 
Tetrapyrrole structure, 261-263 
Tetrasaccharides, 55-56 
Texture 

chemistry of fruits and vegetables, 520 
and heat processing, 529 

changes during maturation and storage, 
526 

demethoxylation of pectic substances, 
932 

effect of pH, 429-430 
improvement with Ca salts during heat

ing, 530 
and salts, 530-532 

Thiamin, see Vitamin Bl 
Thiaminase, 202 
Thiazole ring, 201 
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Thiochrome, 202 
Thiophene, 411 
Thixotropy, 27 
Threonine, 135, 137 
Thymine, 158 
Thymol,252 
Thyroxine, 231 
Titanium dioxide, 320 
a-Tocopherol, 215-216 

properties, 216 
reversible antioxidants, 216 

Total extinction, 36 
Total solids, analysis in dairy products, 

388 
Toughness meat, 472-474 
Tragacanth, 75-76 
Tragacanthic acid, 75 
Transferases, 178 
Trans structure, stability, 265 
Triacylglycerol lipase, 179 
Triacylglycerols, 89, 94-95 
Tricarboxylic acid (Krebs) cycle, see Pen-

tose pathway 
Triketohydrindene hydrate, 143 
Trigonelline, 402 
Trimethylamine, 255 
Triphosphopyridine nucleotide, 204 
Trisaccharides, 55 
tRNA,161 
Tropomyosin, 468, 471 
Tropomyosin B, 471 
Troponin, 471 
Troponin A, 468 
Troponin B, 468 
a-Trypsin, 180 
j:J-Trypsin, 100 
Tryptophan, 135, 142 

niacin precursor, 204 
Turmeric, 320 
Turnover number, 187-188 
Tyrosinase, 283 

u 

Ultracentrifuge, 153 
Uncompetitive inhibition, 186 
Unsaturated carbonyl compounds, 193 
Uracil,158 
Uronic acid, 48 

Valeraldehyde, 409 
n-Valeric acid, 246 
Valine, 135-136 

v 

Van der Waals forces, 147 
Vanillin, 249, 251-252 
Van't Hoff, 39 
Veal, flavor components, 490 
Vegetable processing and enzymes, 193 
Vegetables _ 

dry blanching, 216 
heat processing and texture chemistry, 

529-530 
maturation and storage, 529 
postharvest, 505-517 
storage, 518-520 

texture changes, 520-532 
toughening in, 529 

Vibrational theory, 244 
Vinegar, 337 -338 

manaufacture, 338 
submerged metllod, 338 

Viscosity, 30 
of colloidal dispersions, 31 
determination, 30 
factors affecting viscosity, 31 

Vitamin A, 212 
assay, 214 
deficiency effect, 214 
structure, 212 . 

Vitamin A, and A2, structural differences, 
212 

Vitamin B" 199, 201 
deficiency, 199-200,202 
effect of 802 and sulfites, 202 
occurrence, 202 
properties, 201 
quantitative determination, 202 
sources, 202 
structure changes and activity, 201 
structure and synthesis, 200 

Vitamin B2, see Riboflavin 
Vitamin Ba, see Pyridoxine 
Vitamin B'2, 208 

assay, 208 
sources, 208 

Vitamin C, see Ascorbic acid 
Vitamin D, 214 

assay, 215 
Vitamin D2, 107, 215 

properties, 215 



Vitamind D3, 107,214-215 
Vitamin E, 215-216 

assay, 216 
Vitamin K, 217 
Vitamin K2, 217 
Vitamin K3, 217 
Vitamins, 199-224 

B group, 199 
fat soluble, 212 
history, 199 
instability, 217-218 
malnutrition, 217 
processing losses, 217-218 
recommended daily allowances, 200-201 
water soluble, 199 

Vitus vinifera, 326 
Vitus labrusca, and hydrids, 326 
Vodka, 337 
Volatile substances 

and chocolate flavor, 456-457 
gas chromatography and mass spectro

metry, 241 
Vulgaxanthin I, 271, 272 
Vulgaxanthin II, 271, 272 

w 

Water, 9, 526 
content of foods, table, 10 
density, 12 
latent heat of fusion, 12 
latent heat of vaporization, 12 
physical properties, 12 
structure, 9, 11 
supercooling, 12 
unusual physical properties, 12 

Water activity, 14-18 
and enzymes, 17 -18 

Water-holding capacity, 481 
Waxes, 102 

bloom of fruits, 102 
Wheat gluten proteins, 168 
Whey proteins, 371 
Whiskey, 326-327 
Wine, 326-336 

acetaldehyde, 330 
acetoin, 329-330 
acids 

fIXed,331-332 
volatile, 332 
legal maximum limit, 332 

alcohols, other than ethyl, 329 
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amelioration, 332 
anthocyanins, aging, 334 
antiseptics, 327-328 
arabinose, 333 
browning, types, 334 
2,3-butylene glycol, 329 
calcium, 335 
color, 334 
composition, 329 
copper and iron, 335-336 
cream of tartar, 331 
dessert, sugar c~ntent, 332-333 
diacetyl, 329-330 
ethyl acetate, levels, 330-331 
other esters, 330 
ethyl alcohol, 329 
fIXed acids, 331 
glycerol, 329 
grape species, 326 
hydroxymethylfurfural, 330 
lead,336 
malo-lactic fermentation, 331 
minerals 

anions, 325 
cations, 335-336 
nitrogen, 333 
oxygen, 334-335 
pectins, 333 
phenolic compounds, 333-334 
pentoses, 333 
phosphates, 335 
potassium, 336 
Saccharomyees cerevisiae, 327 
sourness, pH, and titratable acidity, 

331 
spoilage, and acids, 332 
sugar, 332 
sulfates, 335 
sulfur compounds, 327 -328 
tannins, 333 
white, browning, 334 
yeasts, 327 

Wintergreen oil, 247 
Wort, 336 

X 

Xanthine, 404 
Xerogel,27 
Xerophthalmia, 212, 214 
D-Xylose, 35 
Xylulose-5-phosphate, 509 
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y 

Yeast, 354 
action, results of, 355 
dry and compressed, 355 
fermentation pathway, 354 
gas produced, temperature effect, 355 

Zeta potential, 26 
Zinc, 230 

sources, 230 
Zwitterion, 135 

z 
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