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FOREWORD

The ACS Symrosrum SerIEs was founded in 1974 to provide
a medium for publishing symposia quickly in book form. The
format of the Series parallels that of the continuing ADVANCES
IN CHEMISTRY SERIES except that in order to save time the
papers are not typeset but are reproduced as they are sub-
mitted by the authors in camera-ready form. Papers are re-
viewed under the supervision of the Editors with the assistance
of the Series Advisory Board and are selected to maintain the
integrity of the symposia; however, verbatim reproductions of
previously published papers are not accepted. Both reviews
and reports of research are acceptable since symposia may
embrace both types of presentation.
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PREFACE

here is a long romantic history of man’s fascination, esteem, and food

recognition of citrus fruits. According to one legend, it was not with
an apple that Eve tempted Adam but with a citrus fruit (a primitive citron
called the etrog or Adam’s apple). Oranges were also once considered
the fruit of the gods. The ancient dynasties of China regarded citrus fruits
as prized tributes. During the reign of Ta Yu (about 2205-2197 B.C.),
tributes of mandarins and pummelos, wrapped in ornamental silks, were
sent to the imperial court of Ta Yu when specifically ordered.

The importance of citrus fruits and their products as human food is
underscored by the fact that more citrus is consumed than any other kind
of fruit. To illustrate this point, a recent survey conducted by the Market
Research Corporation of America showed that about 68% of all juices
(combined total of fruit and vegetable juices) consumed in the United
States were citrus juices. The world’s citrus crop for the 1979-80 season
was estimated at 39.5 million metric tons (MMT), of which the United
States contributed a total of 14.4 MMT (oranges 10.4 MMT, grapefruit
2.5 MMT, lemons 0.7 MMT, tangerines 0.5 MMT, other citrus cultivars
0.3 MMT). The citrus industry in Florida is the largest and encompasses
336,384 hectares (about 2/3 of the total U. S. hectarage). During the
1978-79 season, Florida produced 10.1 MMT of citrus fruit with a fresh
and processed sales value of $1.99 billion. World production figures show
that the citrus crop is second only to the grape crop. However, most grapes
are utilized primarily in fermented liquors rather than consumed as fresh
fruit or juice products.

As citrus fruits and their products contribute substantially to the
American diet and are consumed in great abundance, we believe the time
is appropriate to review in detail some important nutritional and quality
properties of this important fruit. Twenty-eight scientists joined with us
to cover extensively subjects in the following areas: nutrition and health;
quality as related to specific biochemical components; effects of handling
and processing; quality control and evaluation; regulatory implication; and
adulteration.

Florida Department of Citrus STEVEN NAGY
Lakeland, Florida 33802 JOHN A. ATTAWAY

July 14, 1980
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Nutrients and Nutrition of Citrus Fruits

S. V. TING

Florida Department of Citrus, University of Florida, Institute of Food
and Agricultural Sciences, Agricultural Research and Education Center,
P.O. Box 1088, Lake Alfred, FL 33850

A11 foods for humans must provide some life-sustaining ele-
ments. These elements are the nutrients that supply energy after
being metabolized in the body and those that are essential for the
body to carry on this metabolism. Other qualifications for a food
are its psychological and social effects. Many foods are eaten
as a habit, custom, or tradition; but all foods must possess
acceptable physical attributes, i.e., color and texture, and
desirable taste and palatability.

The acceptance of fruits as a staple in human diet has only
been practiced since the past century because of their perish-
ability as fresh produce. In most instances, they are used as
desserts because most of them are sweet in taste and because of
their high economic values. With the advent of canning and other
preservation industries and with the better knowledge of nutri-
tion, the use of fruits as staple foods has become more prevalent,
especially in developed countries.

The use of citrus fruit, especially oranges, dramatically
increased in the U.S. after World War II (1) because of the in-
troduction of frozen concentrated orange juice (FCOJ) to the
market. Citrus fruits, being subtropical products, did not enjoy
the popularity of other fruits, e.g. apples, because the locality
of production were usually not near the world population centers
and because of perishability of citrus fruits during storage.
Their susceptibility to physiological disorders and to storage
diseases, especially molds and rots, made the cost a deterring
factor to consumers. These shortcomings were overcome with the
development of FCOJ, which is attractive in color, possesses full
fresh orange flavor and greatly reduces the cost of transportation
with nearly no storage loss. Research in the area of storage
disease control and in transportation of fresh fruit have also
led to increased consumption in many developed countries.

Citrus fruits and their products are important sources of
vitamin C in the American diet, and are becoming increasingly
more important to other developed and developing countries.
Consumer awareness of the healthful aspects of citrus, together

0-8412-0595-7/80/47-143-003505.00/0
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4 CITRUS NUTRITION AND QUALITY

with its appealing color and delightful aroma and taste, makes
citrus products the most popular of the processed fruit products.
The improved technology of citrus fruit production, processing,
storage and transportation has placed the product within economic
reach of more people than ever. The cost of a serving (6 f1 oz,
177 m1) of orange juice, grapefruit juice, and other juices were
9.7, 9.0 and 10.7 cents, respectively, as reported in September
1979 (2). Table I shows the gallonage and expenditures for citrus
fruit juices and fruit-flavored drinks, including orange flavored,
in the U.S. during September.

Table I. Consumption of Fruit Juices and Other Fruit Beverages
in the United States and Their Total Values-September, 1979

Millions of Millions of
gallons dollars
Orange juice 47.0 103.7
Grapefruit juice 6.2 12.5
A1l other fruit juices 26.1 70.0
Orange flavor drinks 11.6 16.2
A11 other flavor drinks 18.4 26.2

Source: (2)

The Historical Role of Citrus Fruit in the Human Diet

Citrus is generally regarded as one of the most important
sources of ascorbic acid. The relation between citrus fruit and
antiscorbutic activity actually was first reported by a Hungarian
physician, Kramer, in 1732 (3). The dreadful disease of scurvy
was found to be completely prevented with the ingestion of green
vegetable or pulp of citrus fruit. The use of lime and orange in
the diet of seamen in the Royal British Admirality was the origin
of the name "Limey" for British sailors. Harden and Zilva (4)
found a concentrated fraction from the lemon fruit that possessed
strong reducing properties. Later Szent Gyorgyi (5) isolated the
antiscorbutic substance in crystalline form from pepper and citrus
fruit.

Many vegetables and fruits, other than citrus, contain ascor-
bic acid. It was estimated that citrus fruits and tomatoes pro-
vided only 18% of the total vitamin C intake in the American diet
during the decade of 1910. These two fruits supplied 41% of
vitamin C in 1956-58 (6). Today orange juice alone provides
nearly 60% of the U.S. Recommended Daily Allowance (U.S. RDA) of
vitamin C in the American diet (7).

Citrus fruits and their products are now recognized as an
important food in the human diet, not only because of their
vitamin C contents, but also because of their other food attri-
butes, such as their pleasant aroma, appealing color, and pleas-
ant taste of appropriate ratios of sweetness and tartness

In Citrus Nutrition and Quality; Nagy, S., et a.;
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1. TING Nutrition of Citrus Fruits 5

and because of the awareness by the public of their nutritive
values and the other nutrients they contain.

Macronutrients in Citrus

The energy-supplying nutrients are generally carbohydrates,
protein and fat. While citrus products provide Tittle protein
and fat, their contribution of carbohydrate is an essential part
of the nutritive value of citrus. The proximate composition of
several kinds of citrus fruits (8) are shown in Table II. Because

Table 1I. Proximate Composition of Citrus Fruits (g/100 g)

Fruits Moisture Protein Fat Carbohydrate Ash
Sol. Insol.
Orange
Whole fruit 86.4 7 2 12.0 .5 7
Juice 88.3 .6 2 10.5 .1 .4
Grapefruit
Whole fruit 88.9 .5 1 10.1 .2 .4
Juice 90.2 .5 1 9.0 -- .2
Segment 91.3 .6 1 7.6 .2 4
Tangerine
Whole fruit 87.0 .8 .2 11.6 .5 .4
Juice 88.9 .5 .2 10.1 .1 .3

Source: (8)

the compositions vary greatly due to fruit maturity and variety,
these values can fluctuate considerably from actual samples. The
main part of the caloric values supplied by citrus is from carbo-
hydrate and most of the protein value is actually from free

amino acids.

Carbohydrates

Simple sugars. The main portion of carbohydrates in citrus
fruit are the three simple sugars: sucrose, glucose and fructose
(9). Together they represent about 80% of the total soluble
solids of orange juice (10), and the ratios of sucrose: glucose:
fructose are generally about 2:1:1 (11). In over-mature early
and mid-season Florida oranges, and in tangerines, the ratios of
sucrose to reducing sugars have been found to increase but not in
the late season Florida oranges (12). In grapefruit, the sucrose
to non-reducing sugar ratios are Tess than 1. Most of the free
sugars in lemon and lime juices are reducing sugars (Table III)
and the main soluble solid in these fruit juices is citric acid.
In an acidic medium such as citrus juices, sucrose can be easily
hydrolyzed; this fact may account for the low sucrose values
sometimes found in canned juices subject to long term storage.

In Citrus Nutrition and Quality; Nagy, S., et a.;
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6 CITRUS NUTRITION AND QUALITY

Table III. Average Sugar Composition of Citrus Juices (g/100 g)

Total Total
Fruit Glucose  Fructose Reducing Sucrose  Sugars
Orange 2.03 2.48 4.51 4.81 9.32
Grapefruit 1.66 1.75 3.41 2.56 5.97
Tangerine 1.13 1.54 2.67 6.53 9.20
Lemon 1.40 1.35 2.75 0.41 3.16
Lime 3.48 0 3.48

Source: (12)

The main sugars in the peel of citrus fruits are also suc-
rose, glucose and fructose, although a trace of free xylose was
reported (13). The relative amounts of these sugars are shown in
Table IV. These free sugars are also the major ingredients of
cattle feed manufactured from citrus peel and processing residue,
especially when citrus molasses is blended into the feed (14).

Table IV. Average Sugar Composition in Citrus Peel

Fruit and Time of Glucose Fructose Sucrose Total
variety harvest (% dry weight) sugar
Hamlin oranges December 10.3 16.8 11.8 38.8
Pineapple oranges January 10.8 21.2 13.9 45.8
Valencia oranges April 10.9 10.9 16.5 37.4
Marsh seedless

grapefruit December 11.6 12.8 14.3 38.7

Source: (13)

Polysaccharides and Polyuronides. These compounds are found
in the alcohol-insoluble fraction and consist of pectic sub-
stances, hemicellulose, cellulose and lignin. The recent interest
of dietary fiber in human nutrition has placed special emphasis
upon these substances in foods. Between 45 and 75 percent of the
total solids in citrus peel and membrane is not soluble in alco-
hol (13), and most of these alcohol insoluble solids consisted of
polysaccharides or polyuronides (15). In orange fruit, the peel
is not generally eaten except in such speciality products as
candied peel or marmalade. The bitterness in the peel and the
segment membrane of grapefruit is due to naringin and limonin
(12) and makes that portion of the fruit unpalatable. Roe and
Bruemmer (16) developed a method to debitter the albedo by vacuum
infusion of this tissue with naringinase, thus, rendering the
entire fruit, except the flavedo, edible. A distribution of the
various component parts of different citrus fruit is shown in
Table V (17, 18). Approximately 20 percent of the weight of

orange and 30 percent of that of grapefruit is peel (includes both
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1. TING Nutrition of Citrus Fruits

the albedo and flavedo), and about 10 percent of the weight of
the fruit is segment membrane.

Table V. Distribution of the Components of Oranae and Grape-
fruit (% Fresh Weight)

Segment Juice
Fruit Peel Membrane vesicles Seeds
Oranges
Pineapple 19.9 13.7 62.6 3.8
Valencia 19.2 9.0 71.0 0.8
Grapefruit
Seedy 27.2 10.0 59.4 3.4

Source: (17, 18)

About 30 percent of the polysaccharides in the peel and pulp
may be classified as cellulose (Table VI). No separate cellulose
fraction can be distinguished from the juice polysaccharide.

Over 50 percent of the total polysaccharide in the peel, 60 per-
cent or more of that of the pulp and over 90 percent of that of
the juice are extracted with the pectic substance, the balance
being hemicellulose. Separate hydrolysis of these fractions,
indicated that some monosaccharides, such as arabinose and galac-
tose, were found in all fractions. Xylose occurred mostly in the
hemicellulose fraction whereas galacturonic acid and glucose were
the main monosaccharides in the pectic substances and the cellu-
Tose fractions, respectively (Table VII}.

Dietary Fiber. The definition of dietary fiber is not very
specific and it generally includes that group of substances found
in the alcohol-insoluble fractions of citrus fruits. The crude
fiber value as conventionally reported is only that portion of
the dietary fiber consisting of partially purified cellulose and
lignin. Although these compounds are not attacked by the human
digestive system as they travel through the alimentary tract,
they are subject to partial hydrolysis by the microflora in the
lower part of the digestive system. The benefit of dietary
fiber has been attributed to its ability to decrease the transit
time of food through the gastrointestinal tract (19). Some
fraction of the dietary fiber such as pectin has been associated
with the property of lowering the cholesterol in mammals (20),
and the methyl content of the polymer has been reported to be
correlated to this capability. Citrus pectin has a methyl con-
tent of 7-10 percent as compared to 6-9 percent for apple pectin.
?ecgin from fleshy fruits such as strawberry has only 0.2 percent

21).
~ The polysaccharides of the peel and pulp of citrus fruits
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10 CITRUS NUTRITION AND QUALITY

provide a good source of d1etary fiber. Church and Church (22)
reported that an average size orange could supp]y about 0.8 g of
dietary fiber, whereas 236 ml (8 f1 oz) serving of juice contains
only one-half that amount.

Organic Acids. The most predominate soluble constituents of
citrus juice, following the sugars, are the organic acids and
their salts. They represent about 10 percent of the total soluble
solids in citrus juices. The proper ratios of sugar and the acids
and their buffers give the citrus juices their delightful taste.

The organic acids of citrus fruit include a group of car-
boxylic acids (23) with different acids predominant in various
component parts of the fruit. Citric acid is the main acid in
the juice, representing from 80 percent of the total acidity in
juice from ripened oranges, about 90 percent of that of grapefruit
and nearly all of that of lemon. The pH of the Ju1ce greatly
affects the sourness of the product (24) and is, in turn, affected
by the cations, especially potassium.” The major acids in citrus
peel are malic, oxalic (25), malonic (26), and quinic (27).

Organic acids are metabolized in the body and should be considered
as a source of energy. In the case of the salts of these acids,
the organic portion is metabolized leaving the free cations to be
combined with other anions. Thus, citrus juice is classed as an
alkaline food (28).

Protein

The amount of protein in citrus fruit is relatively low
(Table II), and the juice and peel have about the same amount (29).
Much of the value that is considered as protein is either free
amino acids or non-protein constituents which contain nitrogen.
The total nitrogen of orange juices was found to increase with
the maturity of the fruit and ranged between .068 to .120 g per
100 m1 (30). The actual protein values obtained by Clements (31)
were about 20 percent of the acetone powder. Nearly 30 percent
of the alcohol-insoluble solids of juice and about 20 percent of
that of vesicular pulp were found to be protein as determined by
the Kjeldahl procedure (32). These values are the actual protein
that was precipitated by alcohol and are only a fraction of the
total protein values usua]]y reported for orange Ju1ce (8). The
main source of proteins in citrus juice is probably in the form
of enzymes and the plastids. At least 47 different enzymes have
been reported to occur in citrus fruits (33). Citrus fruits also
contain several phenolic amines (34), some of which such as syn-
epherine, may have phys1o1og1ca1 Importance (35).

Among the various free amino acids reported in citrus juices
(32), arg1n1ne is the only semi-indispensable amino acid that
occurs in moderate amounts. The majority of amino acids in citrus
are considered to be nonessential according to the classification
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1. TING Nutrition of Citrus Fruits 11

by Block and Bolling (36). At most, the contribution of free
amino acids in citrus juices to human nutrition is minimal.

Lipids

From a dietary standpoint, the contribution of citrus lipids
is insignificant; and only between .06 and .09 percent has been
found in oranges (37). They are, however, of importance because
of their effects on the development of off-flavors (12), thus
lowering the palatability of these products. The near absence
of 1ipids in citrus makes it a desirable food for those on a
limited fat diet.

Micronutrients in Citrus

The term micro is used purely to indicate the physical quan-
tities required in nutrition rather than for their importance.
These nutrients represent the vitamins, minerals and other sub-
stances that have dietary significance.

Fat-Soluble Vitamins in Citrus Fruit

Among the several vitamins in this classification, only
vitamin A is present in appreciable quantity as carotenoid pro-
vitamin A in citrus (38). No vitamin D has ever been reported in
citrus nor any plant vitamin D precursors, such as ergosterol.
Several of the sterols present in citrus fruits are reported (39,
40, 41), but they are not related to vitamin D.

Vitamin E. The amount of vitamin £ in citrus is nutrition-
ally insignificant. Braddock (42) reported only 0.1 mg in 100 m]
of orange juice. The U.S. RDA for this vitamin is 30 mg. Newhall
and Ting (43) found as much as 1 mg in 100 grams of flavedo on a
fresh weight basis. 1ts antioxidant property plays an impor-
tant role in the keeping quality of citrus oils.

Vitamin A. The vitamin A of citrus fruit is entirely in the
form of provitamin A carotenoids. The carotenes (both the alpha
and beta form) and the cryptoxanthins in citrus are considered as
the main precursors. The carotenes are only a minor component of
the total carotenoids of oranges ranging from about 5 to 10 per-
cent (44-46). 1In Dancy tangerine and Valencia oranges, crypto-
xanthin is the main vitamin A precursor (47, 48). High perform-
ance liquid chromatography (HPLC) has been used to separate
cryptoxanthin from other oxygenated carotenoids (49, 50). Only
the beta-cryptoxanthin has provitamin activity. Prior use of open
column chromatography (51) could not separate the different mono-
oxygenated carotenoids, thus giving higher values. Using the HPLC
method, Stewart (52) analyzed the carotenoids of several varieties
of oranges and mandarins, and found that beta-cryptoxanthin is the
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12 CITRUS NUTRITION AND QUALITY

main provitamin A citrus carotenoid. The mandarin-type citrus
fruit is a good source of provitamin A, whereas oranges are sig-
nificantly poorer (Table VIII). With grapefruit, the white vari-
eties have no vitamin A, but the pink and red varieties have been
found to contain appreciable amounts of beta-carotene (53, 54).

Table VIII. Vitamin A Content of Citrus Juices
% U. S. RDA

Fruit 177 m1 (6 f1. oz)
Oranges
Early and mid-season 1.6-2.7
Late season 1.7
Tangerines
Dancy 19
Honey 64
Robinson 23
Tangelos
Orlando 4.7
Grapefruit
White None
Ruby 30

Source: (44, 52-54)

Water-Soluble Vitamins in Citrus Fruit

Vitamin C. Perhaps the most important contribution of cit-
rus fruits to human nutrition is attributed to their high ascorbic
acid. Although citrus products are not the only source for
high contents of vitamin C among fruits and vegetables, their
popularity are largely due to their desirable flavor, taste and
color. In Table IX (55) are listed some of the more common fruits
and vegetables and their vitamin C content. An average 177 ml (6
f1 o0z) serving of either orange or grapefruit juice could provide
100 percent U.S. RDA of vitamin C (60 mg). Tangerine juice, al-
though containing less vitamin C than other citrus juices, would
provide a substantial amount toward the recommended daily allow-
ance.

Nearly 3/4 of all vitamin C in an orange and 5/6 in a grape-
fruit is found in the peel (56), however, citrus juices and their
products provide a major portion of the vitamin C in the American
diet. Considerable variations in vitamin C content can be found
in different citrus products due to such factors as varietys,
maturity and cultural practices of the fruit (57) from which the
products originate and to the processing practices and storage
conditions of these products before they reach the consumer.

The decrease of ascorbic acid with fruit maturity is illus-
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1. TING Nutrition of Citrus Fruits 13

Table IX. Average Vitamin C Content of Freshly Harvested Fruits
and Vegetables

Product mg/100 g
Guava 300
Broccoli 120
Green pepper 120
Turnip greens 120
Cabbage 60
Orange 50
Lemon 50
Grapefruit 40
Tangerine 25
Potato 30
Tomato 25
Pineapple 25
Banana 10
Apple 10
Peach 4

Source: (55)

trated in Figure 1. Vitamin C content of the early and midseason
oranges are higher than that of the late season fruit. These
facts indicate that high quality does not correlate with higher
nutritional quality. The more mature fruit and those of the late
season variety are generally regarded as of better quality.

Stability of Vitamin C in Citrus Fruits and Juices

The ease of oxidation of reduced ascorbic acid is the basis
for a simple method of analysis by dye titration (58). Ascorbic
acid as it occurs in citrus juice is in the reduced form. When
subjected to oxidation, ascorbic acid changes to the dehydro form.
Dehydroascorbic acid has nearly the same physiological activity as
the reduced form and is easily converted to the latter. Further
oxidation of the dehydroascorbic acid converts it to 2,3-diketo-
gulonic acid. This reaction is irreversible, and the oxidized
product is devoid of biological activity. These reactions are
shown in Figure 2. Nearly 90 percent or more of the vitamin C
found in citrus juice and citrus products is in the reduced form
(Table X) (59).

Vitamin C in citrus juice is remarkably stable during the
short period it is generally kept after extracted from the fruit.
Freshly extracted orange and grapefruit juises retained about 98
percent of their original vitamin C at 21.1° for 3 days. At 4.4
orange and grapefruit juices retained 96 and 99 percent, respec-
tively, of the original amount after one-week's storage (60). Or-
ange juice that has been heated to boiling for 15 min still re-
tained about 96 percent of the vitamin C (59). Atmospheric oxygen
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Figure 1.
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Table X. Reduced Ascorbic Acid and Dehydroascorbic Acid in
Citrus Products

Reduced Dehydro

Product (mg/100 g)

Canned orange juice 43.1 0.9
grapefruit juice 32.0 1.8
tangerine juice 27.2 1.1

FCOJ 45.2 1.6

Orange segments 36.0 1.5

Grapefruit segments 31.5 2.3

Source: (59)

is an essential element in the loss of vitamin C during long term
storage. In sealed containers, there is a rapid loss of the vita-
min followed by a slow decrease and becoming relatively constant.
Smoot and Nagy (61) found that when stored at high temperature,
the Toss of vitamin C continues even after the headspace oxygen
is exhausted and that the diketogulonic acid fraction increased
noticeably.

A comparison of the vitamin C content of freshly squeezed
orange juice and reconstituted FCOJ showed no marked difference
in the ascorbic acid content during storage in a home refrigerator
for up to one week (62) (Figure 3). The loss of vitamin C in in-
tact oranges during their marketing period are not expected to be
more than 10 percent of the original (63).

Thiamine (Vitamin B.). Citrus products are also good sources

of thiamine.  They prov1&e comparable amount or more of vitamin

than foods that are known suppliers of this nutrient on the
b%s1s of nutrient density as measured by the Index of Nutrient
Quality (INQ) (64). Listed in Table XI are the INQ of some com-
mon foods. The vegetables have high INQ since the index is cal-
culated on unit nutrient per KCal, but citrus products are higher
in INQ than some other fruits. Wholewheat bread, usually consid-
ered as a source of vitamin B, has an INQ much lower than that of
orange juice. Thiamine in caAned orange juice is rather stable.
A Toss of only 16-17 percegt was reported after the product was
stored for 18 months at 27

Folic Acid (folate). Chemically, folic acid is a pteryl-
glutamic acid. The several forms that occur in nature depend on
the numbers of glutamic acid units and methyl groups in the mole-
cules. Because of its usual low concentration, folic acid is
generally determined in food materials by the microbiological
assay with lactobacillus casei and measured turbidimetrically
or titrimetrically. Deficiency of this vitamin could result in
macroytic anemia (66). Orange juice contains more folate than

many other fruit juice (Table XII)(67).
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AVERAGE VALUES FOR PERCENT ASCORBIC ACID
RETAINED AFTER REFRIGERATION
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Figure 3. Changes in ascorbic acid content of freshly squeezed orange juice and
reconstituted orange juice concentrate during storage in refrigerator (62)
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Table XI. Comparison of Index of Nutrient Quality (INQ) of the
Amino Acids of Citrus Products With Those of Various Other
Common Foods

Focds Index of nutrient
quality (INQ)
Milk (whole) 1.20
Milk (skim) 2.12
Eggs (hard-boiled) 1.00
Beef .33
Grapes (seedless) 1.71
Grape juice .74
Apple (whole) 1.00
Apple juice .33
Peaches (raw) 1.00
Peaches (canned in water) .53
Banana 20

Grapefruit segments

Grapefruit juice (canned)
Grapefruit juice (from concentrate)
Orange (peeled)

Orange juice (canned)

Orange juice (from concentrate)
Tangerine (peeled)

Tangerine juice (canned)
Broccoli (cooked)

Cabbage (raw)

Tomato (raw)

Tomato juice

White bread

Whole wheat bread

Source: (64)

PRI NWN AN N
e e 5 s s e s & & e e s 2 e .
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Table XII. Folic Acid Content of Some Fruit Juices

Range
Product Average  (micrograms/100 ml)
Orange juice 35 26-40
Mixed fruit juices (infant) 8 7-10
Grapefruit juice 8 3-24
Tangerine juice 21 17-25
Grape juice 0.1 0.1
Prune juice 0.3 0.2-0.3
Apple juice 0.2 0.1-0.2
Tomato juice 9.9 9.7-10

Source: (67)

Vitamin B.. Analysis of reconstituted frozen concentrated
orange juice has shown that it contains an average of 55 mcg per
100 m1 (68). While this amount is not considered high, orange
Jjuice is comparable to milk in supplying this nutrient. Atking
et al. (69) reported that cow's milk supplies an average of 54
mcg of vitamin B. per 100 ml and orange juice 56 mcg in equal vol-
ume. Canned and fresh grapefruit juices contain 8 and 18 mcg per
100 m1, respectively (70). Vitamin Bg is a group of 3 related
compounds, namely pyridoxine, pyridoxamine and pyridoxal. It is
essential for many of the enzymes in amino acid metabolism. Deter-
minations of vitamin B; in citrus are made by microbiological
assay. Although the RBA for this nutrient is 2 mg, the actual
requirement could be as Tow as 1.25 mg. With high protein intake,
the need could be as much as 1.75 mg (71).

Niacin, Riboflavin and Pantothenic Acid. These three vita-
mins are all present in citrus juices but the amount of each pres-
ent in orange juice is only between 2 to 4 percent U.S. RDA in a
177 m1 serving (68). In grapefruit juice, the amount is slightly
Tess but is also near the 2 percent U.S. RDA region (72). While
these amounts are not large, they are, however, greater in pro-
portion to the average caloric intake as expressed by the INQ (Z).

Mineral Nutrients in Citrus

Potassium and Sodium. Potassium is the most abundant mineral
of citrus juices and other citrus products, amounting to 40 per-
cent of the total ash (73)}. In contrast, citrus fruits are low in
sodium, generally less than 1 mg/100 ml1 juice (74). In 100 ml of
orange juice, 4 to 6 meq of potassium may be available (73).
Slightly Tess was found in canned grapefruit juice (72).

These two elements are the main cations of the cell. Persons
with high blood pressures are usually placed on a Tow sodium
diet. Although potassium deficiency in normal adults is rare,
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people on diuretic medicine or on an improper diet have been
known to need a supplemented intake of this element.

Calcium, Magnesium and Phosphorus. Calcium and magnesium
are the two major divaTent cations of citrus fruit, but both oc-
cur in relatively low amounts in the juices ranging between 6-15
mg/100 m1 (74). The contribution of citrus juices for these two
mineral nutrients would only be 2-3 percent U.S. RDA per a serving
of 177 m1 (6 f1 oz). However, when calculated on the basis of
caloric intake, citrus juices provide all these three nutrients
(phosphorus, calcium and magnesium) near or above their caloric
contributions.

While phosphorus is related to the two bivalent cation in
human nutrition as in structural formation, it is also present in
the blood cells as phosphates and in protein, 1ipids, carbohy-
drates and enzymes such as ATP and ADP. The U.S. RDA for phos-
phorus is one gram, and orange juice and grapefruit juice may con-
tain between 15 to 20 mg per 100 ml,

Trace Elements as Mineral Nutrients. Within this group of
elements are copper, zinc, iron and manganese. All of these min-
erals are supplied during the cultivation of citrus fruit, and are
essential as plant nutrients. They are important in many of the
enzymatic reactions in the metabolic activities of the body.

These minerals are all found to be near, or slightly above, the
caloric contribution of the citrus products (7, 75).

Other Constituents in Citrus with Possible Dietary Importance

Several constituents of citrus fruits have been reported to
have dietary importance, although there are strong controversies
about them. While these substances do not cause deficiency symp-
toms when not taken in sufficient quantities, their presence in
food may contribute to the betterment of health. Among them are
the bioflavonoids and inositol.

Bioflavonoids

Flavonoids are a group of compounds containing a C.-C,-C
structure. At least 50 flavonoids have been isolated aﬁd ?deﬁti-
fied from citrus (76), but only two are found in appreciable
quantities. Hesperidin is the major flavonoid in oranges whereas
naringin is major in grapefruit. Some flavonoids have been found
to have biological activities; the term bioflavonoids is some-
times used to describe these substances. Szent-Gyorgyi (77) had
considered calling these substances "Vitamin P". Since these
substances are not essential in the human diet, in as much as
their deficiency does not cause specific symptoms, the term
"Vitamin P" was not accepted by most nutritionists. Tests of some
of the bioflavonoid preparations failed to show any physiological
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activities. Thus, it was concluded by many nutritionists that
the bioflavonoids are not of any nutritional importance. Bio-
flavonoids as isolated from oranges for pharmaceutical purposes
contain mostly hesperidin, and when purified, only hesperidin may
be present. The physiological activities, however, are present
in some of the minor components of the citrus flavonoid pool.
Robbins (78) found that the fully methoxylated flavones, espe-
cially nobiletin and tangeretin, and heptamethoxyflavone are
effective in preventing the adhesion of red blood cells. The
decrease in this red blood cell adhesion has been associated with
a lessening of some heart diseases.

Inositol

Inositol is a commonly occurring substance in plants and has
been found to be present in citrus juice in the amount of about
150-200 mg/100 m1 (79). It has been considered a growth factor
for some animals (80) but it has not been proven essential in
humans. It is doubtful that this substance is critical in the
human diet.

Conclusion

With increasing knowledge of nutrition and of nutrients and
food values of citrus fruit and with the development of technology
of processing, packagin, and transportation to reduce the cost of
the product, citrus fruits and their products have become staple
food items in most developed and some developing countries in
recent years. The superiority of citrus is not only dependent on
the fact that it contains high vitamin C, although it is important,
but that it contains several hundred other chemical constituents
including many other vitamins, polysaccharides, amino acids and
minerals. Many of these are essential in human nutrition. The
inclusion of citrus in the diet provides sugars as a quick source
for energy as well as many other substances which may contribute
to a person's well being.

The major assets of citrus as food are their desirable
characteristic aroma, taste and colorand in the interrelationship
of all the dietary nutrients in a pool as in all natural foods
such as citrus when consumed. As a food it can be enjoyed by
persons of all ages and at all times. Many citrus constituents
either already identified or to be isolated may contribue to the
betterment of health.
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Studies on the Role of Citrus in Health and
Disease

M. MANSOOR BAIG and JAMES J. CERDA

Department of Medicine, Division of Digestive Disease and Nutrition, J-214
JHMHC, University of Florida College of Medicine, Gainesville, FL 32610

Since 1973, we at the University of Florida have been system-
atically evaluating the role of citrus fruits and their products
in human nutrition. Our previous studies of citrus have yielded
valuable information relating to the beneficial nutritional role
of citrus in providing certain vitamins, replenishing lost elec-
trolytes, and possibly inhibiting viral infections. Our ongoing
research in the area of study of the chemistry and biological
role of dietary citrus pectin in human nutrition has yielded re-
sults elucidating the complex chemical nature of pectin and the
possible biochemical basis by which dietary pectin may cause
lowering of serum and/or liver cholesterol. In addition, another
series of ongoing experiments suggest that citrus pectin may
influence the biological processes regulating the absorption of
glucose in patients with postprandial hypoglycemia.

This article is a review of our major biomedical research
efforts, previous and ongoing, on the role of citrus and citrus
pectin in human nutrition. Its purpose is to focus attention,
provide scientific evidence and evaluate the direction of future
research on the beneficial role of citrus fruits in human
nutrition.

NUTRITIONAL ROLE OF CITRUS BEVERAGES

Bicavailability of Water-soluble Vitamins

Nutritionally, the most important water-soluble vitamins in
citrus fruits are ascorbic acid, folic acid and pyridoxine. Clini-
cal studies on the bioavailability of these vitamins, as well as
basic research on the absorption and chemistry of these vitamins,
have yielded valuable information adding to our overall under-
standing of the nutritional quality and bioavailability of these
vitamins found in citrus fruits.

Ascorbic Acid. Unlike a number of animal species, man and
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other primates as well as the guinea pig depend on dietary sources
for their vitamin C needs because these species lack the bio-
chemical mechanism to synthesize this essential nutrient. Lack
of vitamin C in dietary sources causes scurvy in adults which is
characterized by sore spongy gums, impaired capillary integrity
with subcutaneous hemorrhages and edema, joint pain, anorexia

and anemia. In children, vitamin C deficiency causes tenderness
and swelling of joints, arrested skeletal development, impaired
wound healing, anemia and inadequate tooth development.

Citrus juice is rich in ascorbic acid and, therefore, is an
important dietary source of this essential vitamin. Our studies
were aimed at defining whether vitamin C from citrus sources is
comparable with the synthetic vitamin in terms of biocavailability
and intestinal absorption. These studies were conducted using
human volunteers and guinea pig experimental models (1,2).

Prior to our work, absorption of vitamin C from intestine was
believed to be passive, i.e., not involving active transport. Con-
trary to this belief, results from our in vivo perfusion studies
on the saturation kinetics relating to the intestinal absorption
of pharmacological doses of ascorbic acid in human volunteers and
guinea pigs demonstrated that intestinal absorption of ascorbic
acid is accomplished by an active transport mechanism, supporting
the observations made previously by Stevenson (3). The observed
active transport of ascorbic acid showed parameters characteris-
tic of the phenomenon of saturability, i.e., as the dose of
vitamin C presented to the intestine is increased, the relative
proportion of ascorbic acid absorbed showed a decrease. The most
efficient absorption of the vitamin was observed when amounts
nearly identical to that present in orange juice were presented
to the intestine. These observations were further corroborated
by studies on the absorption of vitamin C in vitro on isolated
jejunum and ileum segments of guinea pig with intact vascular
supply using experimental guinea pig models. These studies, in
addition to establishment of the active absorption of vitamin C
by intestine, provided conclusive evidence that human volunteers
perfused with pharmacological doses of vitamin C absorbed the
vitamin less efficiently. Furthermore, it was shown that the
amount of vitamin C present in orange juice is near optimum in
terms of its efficient absorption by intestine, and the pharmaco-
logical doses of vitamin C supplied to human volunteers would
appear to be of 1ittle or no additional nutritional value and may
even be detrimental.

Folic Acid. Citrus juice both in frozen or fresh form is a
rich and stable source of folate. The presence of vitamin C in
orange juice protects it from oxidation and, unlike other nutri-
tional sources of folate, the folate in orange juice is not sub-
jected to destruction caused by cooking of foodstuff.

Research conducted in our laboratories has clearly establish-
ed that, in addition to being rich in folate, citrus juice
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contains N-5 methyl tetrafolate as the most predominant chemical
form, which is metabolically active and most readily available.
Its natural occurrence is unique in citrus fruits (4-6). Further-
more, by employing triple lumen perfusion techniques, it was shown
that diphenylhydantoin does not influence the absorption of citrus
folate in human volunteers. This may be clinically significant,
since diphenylhydantoin in dosages sufficient to control epileptic
seizures influences absorption of forms of folate present in other
food sources.

Vitamin B-6. Comparative studies on the bioavailability of
synthetic and naturally occurring forms of vitamin B-6 found in
orange juice have demonstrated that the absorption of vitamin B-6
from orange juice in human volunteers is not efficient when com-
pared with the synthetic forms of this vitamin (7). These obser-
vations are similar to the findings of others (8) that natural
nutritional sources contain the B-6 largely in bound form and
cooking of foodstuff enhances the bioavailability of this vitamin
in animals. Naturally occurring vitamin B-6 is generally bound
to proteins (9), however citrus fruit, which contains substantial
amounts of bioavailable forms of vitamin B-6, is low in protein
contents. Further investigations on the nature of the chemical
component bound to vitamin B-6 found in citrus fruit hHave demon-
strated that in citrus fruit vitamin B-6 is bound to a small
(molecular weight:<3,500) heat-stable and non-proteinic molecule
which exhibits binding to both pyridoxal and pyridoxine (10).
These studies have contributed to our basic understanding of the
bioavailability, absorption and chemistry of vitamin B-6 in
general.

Electrolyte Balance

It has been previously demonstrated that considerable quanti-
ties of sodium and potassium are lost through sweating (11,12).
Loss of potassium from skin has been estimated to be of the magni-
tude of 44% of the total potassium losses. Furthermore, loss of
potassium caused by strenuous physical activity in hot climates
may cause rhabdomyolysis and myoglobinuria.

Studies (13,14) were carried out to evaluate the role of an
orange juice based "thirst-quencher” in replenishing the lost
electrolyte balance caused by extreme exercise in a hot and humid
climate, since orange juice thirst-quencher contains appreciable
amounts of sodium and potassium. Members of the University of
Florida Track Club were selected and studied for the sodium and
potassium electrolyte balance changes caused by exercise, ang
monitored by employing whole body counting techniques using Ok.
These athletes ran 18 to 20 miles a day and were given three indi-
vidual Tiquid electrolyte supplements, namely: Gatorade R, orange
juice thirst-quencher and an electrolyte-sodium only solution.
Results obtained from these studies demonstrated that only the
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orange juice thirst-quencher with its high potassium content re-
sulted in a positive potassium balance which even exceeded require-
ments recommended by the National Research Council for athletes.
These findings lend additional support to the nutritive value of
citrus beverages in maintaining the electrolyte balance in exer-
cise, as well as in overall human health since potassium is essen-
tial for normal function of muscles, including the heart.

Resistance to Viral Infections

Although highly controversial, evidence has been presented
in the literature which suggests that vitamin C could be involved
in increasing tissue resistance to respiratory viruses (15).
Orange juice is a natural source of vitamin C containing an
average of 30 mg of vitamin C per 100 ml of juice. Studies (16)
were carried out on the effect of ingestion of orange juice on
Rubella virus infections in human volunteers who were infected
with the virus either by nasal instillation or subcutaneous in-
Jjection. Using this model, human volunteers infected intranas-
ally develop respiratory symptoms whereas subcutaneous intro-
duction of virus leads to development of systemic symptoms. The
infected individuals were given a 1iter of orange juice a day
whereas matched normal controls were instructed to eliminate
citrus from their daily diet and not to take vitamin supplements.
Results obtained from these preliminary experiments suggested
that ingestion of orange juice might have an inhibitory influence
on the development of only respiratory tract symptoms since no
such influence on the development of systemic symptoms was ob-
served in human volunteers infected subcutaneously. In addition,
serum antibodies to Rubella virus appeared significantly earlier
in individuals infected through the nose.

NUTRITIONAL ROLE OF DIETARY CITRUS PECTIN

Diseases such as atherosclerosis, colon cancer, constipation,
gallstones and many other so-called "ailments of the Western world"
are linked to a common etiology, i.e., deficiency of fiber in the
diet. Atherosclerosis and coronary artery disease occur more
frequently in populations showing a high incidence of hypercholes-
terolemia than in those showing hypocholesterolemia. Cholesterol
is the major component of the atherosclerotic lesions which are
characterized by intimal proliferation of smooth muscle cells
accompanied by an accumulation of large amounts of connective
tissue components such as collagen, elastin, glycosaminoglycans
and deposition of extra- and intracellular lipid.

Elevated serum cholesterol levels are invariably associated
with the etiology of atiierosclerosis and coronary artery disease,
and it has been shown by several investigators that pectin from
a variety of sources when supplemented in the diet of a number of
laboratory animals, as well as human volunteers, causes lowering
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of liver and/or serum cholesterol levels (17). Furthermore, pec-
tin has been shown to retard induced avian atherosclerosis {18).

Does Citrus Pectin Bind Bile Salts? A possible mechanism by
which dietary pectin may cause lowering of cholesterol levels in
rats has been reported (19). In these in vitro studies, pectin
was found to inhibit the transport of taurocholic acid from
everted sacs of rat intestine. The absorption of labelled choles-
terol was depressed by the addition of 5% pectin to the diet as
evidenced by increased excretion of labelled cholesterol and
diminished cholesterol deposition in the liver. It was concluded
from these studies that pectin lowers cholesterol levels in
cholesterol-fed rats primarily by binding bile salts and, conse-
quently, by impairing cholesterol absorption. Results similar
to those obtained with dietary pectin and described have also been
reported for other non-nutritive substances such as guar gum,
psyllium seed colloid and seruglucan (20).

Dietary fibers in general have traditionally been tested for
their binding of bile salts by employing centrifugation techniques.
These analytical methods are not applicable to water-soluble muci-
lagenous fibers such as pectin. Therefore, in our attempts to
extend and demonstrate similar binding of bile salts to citrus
pectin, we have developed a methodology based on equilibrium di-
alysis to study interaction of bile salts with fibrous as well as
mucilagenous dietary fiber. This method has been successfully
utilized by us to study and compare fiber-bile salt binding and/or
interaction for a variety of fibers, including pectin. In our
studies we compared and studied the binding of bile salts by a
variety of nonnutritive fibers by using both centrifugation and
equilibrium dialysis techniques. These studies were carried out
by utilizing *C sodium taurocholate. Centrifugation studies were
performed according to established techniques. Equilibrium dialy-
sis studies were performed utilizing Spectrapor 2 membrane and a
Spectrum dialyzer. The percentage of binding was determined by
assaying the radioactivity in the supernatant fluid obtained
following centrifugation and in the dialysate solution opposite
to the fiber-containing half cell. Comparable results were ob-
tained by the two methods used to study the binding of bile salts,
with an incubation mixture containing 2.5 mM of sodium taurocho-
late per mg of fiber. Bile salts binding was compared by these
two methods using cholestyramine, a known resin which binds bile
salts, ground alfalfa, miller's bran, cellulose, and citrus pectin
and lignin. As summarized in Table I, results obtained from these
studies clearly demonstrated the binding of alfalfa (8.4% by cen-
trifugation vs. 14.4% by equilibrium), bran (1.7% by centrifuga-
tion vs. 8.5% by equilibrium) and lignin (2.4% by centrifugation
vs. 1.4% by equilibrium) to sodium taurocholate. Binding of
taurocholic acid to cholestyramine was found to be identical (84%)
by the two methods. However, no binding of bile salts to pectin
or cellulose was observed. Results obtained from these studies

In Citrus Nutrition and Quality; Nagy, S., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



30

CITRUS NUTRITION AND QUALITY

Table I. 1In vitro interaction of bile salts
with pectin and other dietary fibers

Equilibrium
dialysis Centrifugation

(% bound) (% bound)
alfalfa 14.4 8.4
bran 8.5 1.7
cellulose nil nil
pectin nil technical difficulties
lignin 1.4 2.4
cholestyramine 84.0 84.0
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suggest that bran and alfalfa, although clinically less effective
in Towering of serum and/or liver cholesterol levels, did bind
small amounts of bile salt but only a fraction of that bound by
cholestyramine resin, while pectin which is unique in causing
Towering of cholesterol levels demonstrated no binding to bile
salts. Although care must be taken in extrapolating these find-
ings to in vivo processes which remain undefined, it was concluded
that the phenomenon of binding of bile salts to dietary fiber,
particularly pectin, is not sufficient to explain the biochemical
basis by which dietary pectin causes lowering of cholestero]
levels. It was, therefore, imperative to search for alternate
biochemical and physiologic mechanisms to help explain the
hypocholesterolemic effect of dietary pectin.

Interaction of Pectin with Serum Lipoproteins. Earlier in
the course of epidemiologic studies showing a strong relationship
between elevated levels of serum cholesterol and subsequent
development of atherosclerosis, it was discovered that cholesterol
found in plasma did not occur in the free state but was bound/
carried in various lipnprotein fractions. Lipoproteins found in
plasma are 1ipid-protein complexes of various sizes and densities.
These complexes are constructed with the charged protein molecules
on the surface and the nonpolar molecules, such as triglycerides
and esters of cholesterol, on the inside. The lipoproteins func-
tion to transport cholesterol in a water-soluble form. Based on
their densities, sizes and behavior upon preparative ultracentri-
fugation, four major kinds of lipoproteins are characterized to
date. These are: chylomicrons which carry dietary triglycerides
from intestine to nonhepatic tissues for utilization or storage,
very low density lipoproteins (VLDL) containing triglycerides
made primarily in the liver, the low density 1ipoproteins (LDL)
and the high density lipoproteins (HDL). Of these 1ipoproteins,
LDL are the major carriers of circulating cholesterol. Elevated
levels of LDL in the serum contribute significantly to the coro-
nary heart disease risk in persons older than age 50. On the
other hand, elevated levels of HDL, which carry approximately
one quarter of the cholesterol found in serum, has a beneficial
influence on the overall health of individuals. In fact, increas-
ed Tevels of HDL in serum has been attributed with longevity (21).
The role of VLDL in causing atherosclerosis remains unclear. It,
therefore, follows that much of what has been learned in the past
about the i11 effects of high serum cholesterol can be attributed
to the associated elevated levels of LDL or cholesterol carried
in this Tipoprotein fraction. Furthermore, results from recent
studies (22) have shown that LDL, which are known to carry most
of the cholesterol found in blood, play a key role in both the
development of atherosclerotic lesions and in the regulation of
cholesterol metabolism in a variety of cells. These studies
suggest that specific binding sites for LDL present in normal
cells are absent and/or defective in fibroblasts from subjects
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with homozygous familial hypercholesterolemia. Interaction of LDL
with a specific receptor at the cell surface of normal cells ini-
tiates a series of still poorly understood complex processes lead-
ing to endocytosis of LDL, the lysosomal degradation of internal-
ized LDL and suppression of cholesterol synthesis in the cell. In
individuals homozygous to familial hyperchclesterolemia, a lack

of binding sites at the surface of fibroblasts from these indi-
viduals lead to accumulation of large quantities of LDL in the
blood stream and the development of severe, atherosclerotic di-
sease. Results from these studies clearly suggest that serum
cholesterol, most of which is carried in LDL, is causally involved
in atherogenesis.

Pectin, a polyanionic heterogeneous mixture of comnlex poly-
saccharides of high molecular weights, is predominantly composed
of linear (1-5) linked galactopyranosyl uronic acid residues (23).
Like pectic polysaccharides, glycosaminoglycans are also poly-
anionic polysaccharides containing alternating uronic acid (L-
iduronic acid and/or D-glucuronic acid) and hexosamine (D-glucos-
amine or D-galactosamine) residues and, exclusive of hyaluronic
acid, all glycosaminoglycans are sulphated. In atherosclerosis,
the interaction of glycosaminoglycans with Tipoproteins has been
suggested as being involved in the mechanism of sequestering LDL
at the endothelias surface (24). Evidence for complex formation
between LDL and glycosaminoglycans in human aorta intimal layer
and demonstration of a correlation between the severity of athero-
sclerosis and the amount of LDL present in intima has been pre-
sented by several investigators (25). This interaction between
polyanionic glycosaminoglycans and the cationic protein moiety
of lipoproteins appears to be dependent upon the electrostatic
forces between the two macromolecules (26).

Based on our knowledge of the facts that (a) 1ipoproteins are
carriers of cholesterol in the blood stream, {b) they are involved
in atherogenesis, (c) pectin when supplemented in diet causes low-
ering of serum and/or liver cholesterol in man as well as a number
of laboratory animals and (d) polyanionic glycosaminoglycans in-
teract with lipoproteins, it was of interest to us to investigate
the interaction of polyanionic pectinwith lipoproteins in order
to explain the biochemical basis by which pectin may cause lower-
ing of serum/Tiver cholesterol levels.

To test this hypothesis, very low density lipoprotein (VLDL,
d<1.0 gm/ml), low density lipoprotein (LDL, d=1.02-1.063) and
high density lipoprotein (HDL, d=1.09-1.21) were isolated from
outdated human plasma by ultracentrifugation according to estab-
1ished procedures (27,28), using potassium bromide for density
adjustments and stored at -20° C in the presence of 20% sucrose
before use. The purity of individual lipoprotein fractions thus
obtained was established by polyacrylamide gel electrophoresis in
sodium dodecyl buffer system (29) and filtration through a Sepha-
rose 6B column, equilibrated with 0.2 M potassium bromide in 0.1
M sodium phosphate buffer, pH 7.2. Protein (30) and cholesterol
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contents of various Tipoprotein fractions were estimated accord-
ing to established procedures.

Commercially available grapefruit (Citrus paradisi) pectin,

a gift from Lykes-Pasco Packing Company, Dade City FL, was repre-
cipitated three times using 70% ethanol prior to study of the in-
teraction of pectin with serum 1ipoproteins. In addition, pectin
from grapefruit albedo was also extracted in our laboratory
according to established procedures of Thornber and Northcote (32).
The chemical composition of the two pectins was found to be simi-
lar. These pectin preparations contained galacturonic acid

which accounted for 76-78% by weight of the total pectin. The
remainder was accounted for by neutral sugar components, primarily
galactose and arabinose and trace amounts of rhamnose, xylose,
mannose and glucose.

Interaction of pectin with various lipoprotein fractions
was studied according to established analytical techniques suc-
cessfully utilized to study interaction of glycosaminoglycans with
serum lipoproteins as revealed by the formation of insoluble com-
plexes (33). Pectin and lipoprotein preparations were dialysed
against appropriate buffer solutions and the interaction was
studied over a wide range of pectin:lipoprotein ratio, pH and a
variety of experimental conditions. To test tubes, each contain-
ing 0.5 mg of lipoprotein in 0.2 ml of buffer, was added variable
amounts of pectin solutions and the final volume of reaction mix-
ture was brought to 4.0 ml with appropriate buffer. After incu-
bation of reaction mixture for 15 min at room temperature, the
formation of insoluble complexes was assayed by recording absorb-
ance at 680 nm. Test tubes containing buffer and pectin, or 1ipo-
protein alone,were also run in parallel, to serve as controls.

Results obtained from these studies revealed that, of all
the lipoprotein fractions tested, the formation of insoluble com-
plexes with pectin was limited specifically to LDL. The pH opti-
mum of the observed interaction was found between pH 4.3 and 5.2.
The interaction between pectin and LDL was found to be optimal
in 0.05 M phosphate buffer, and increase in the molarity of buffer
inhibited the formation of complexes. Furthermore, presence of
divalent cations such as Mg, Ca and Mn in concentrations above
1 mM in the reaction mixture caused the inhibition of formation
of complexes between pectin and LDL.

Although several investigators have previously demonstrated
the in vitro interaction of serum lipoproteins with glycosamino-
glycans, to our knowledge the interaction between serum 1ipopro-
teins and dietary pectin has never before been investigated. The
results obtained from the in vitro studies described here clearly
suggest that pectin interacts specifically with serum LDL and
this interaction appears to be electrostatic in nature. In addi-
tion, the observed interaction appears to be of potential signi-
ficance since LDL is the major biological carrier of cholesterol
and the principal ingredient of atherosclerotic lesions found in
diseased cardiovascular tissue. The observed interaction assumes
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additional significance when one considers our unsuccessful
attempts described earlier to demonstrate the binding of bile
salts to pectin as the only suggested biochemical basis by which
dietary pectin may cause the lowering of cholesterol levels.

The conclusion reached in our laboratory that pectin inter-
acts primarily with LDL, although of significance, is at best
only preliminary. A number of questions remain unanswered. These
include (a) Is the in vitro interaction between LDL and pectin
of any physiological importance? (b) Is there a formation of
soluble complexes between LDL and pectin under physiological con-
ditions? (c) Of a number of polysaccharides found in pectin,
which unique polysaccharide is primarily involved in the observed
interaction? and (d) Could this observed interaction have the
merit to explain the biochemical basis by which dietary pectin
may cause lowering of serum cholesterol levels? A prerequisite
to answering these questions is the availability of individual
and highly pure and structurally defined polysaccharides found
in citrus pectin. In addition, availability of radiolabelled
pectic polysaccharides would greatly enhance our understanding
of the problems and gquestions posed earlier. We have been able
to achieve fractionation as well as labelling of several poly-
saccharides found in citrus pectin. These studies are described
as follows.

Fractionation and Chemistry of Citrus Pectic Polysaccharides.
Pectic polysaccharides, commonly known as pectin, appear early in
plant cell-wall formation. A series of complex biochemical steps
results in the formation of cell plates followed first by its
growth in area (primary cell wall) then in thickness (secondary
cell wall). Exclusive of randomly oriented cellulose fibrils,
primary cell wall is composed mainly of pectic polysaccharides
(34). These pectic polysaccharides are rich in D-galacturonic
acid, D-galactose and L-arabinose residues. With growth in thick-
ness of cell wall (secondary cell wall), there appears to be a
replacement of pectic polysaccharide deposition with polysaccha-
rides rich in D-glucuronic acid or 4-0-methyl-D-glucuronic acid,
D-xylose and D-glucose rich polysaccharides.

Earlier studies (35) led to the belief that pectic poly-
saccharides were a complex mixture of three groups of polysaccha-
rides, pectic acid containing chains of 1-4 linked D-galacturonic
acid, a galactan containing chains of 1-4 1inked g-D-galactopyra-
nose residues, and a highly branched araban containing 1-5 and
1-3 linked L-arabofuranose residues. Later studies (36) on the
chemistry of pectic polysaccharides found in sisal plant pointed
out that pectic acid-like substances are not polymers of D-
galacturonic acid alone. Neutral sugars, especially D-galactose,
L-arabinose and L-rhamonse, are integral components of acidic
polysaccharides and 1inked to galacturonic acid chains. Further
studies (37) on the structure and analysis of pectic polysaccha-

rides from Lucerne have shown that the main chain of pectic acid
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polysaccharides was composed of 1-4 linked D-galacturonic acid
residues. However, the jsolation of a partial hydrolysis product,
the aldobiuronic acid, 2-0-(g-D-galacturonic acid) L-rhamnose
provided evidence that the L-rhamnose residues were linked gly-
cosidically to D-galacturonic acid and that L-rhamnose residues
may act as branching points. Studies on the structure and analy-
sis of pectic polysaccharides from soybean colyledon meal (38)

and lemon peel pectin (23) revealed that L-arabinose and D-
galactose residues were also integrated in the framework of
D-galacturonic acid and the chain of 1-4 linked D-galacturonic
acid was interrupted frequently by L-rhamnose residues. Traces

of 2-0-methyl-D-xylose and L-fucose were also found in the pectic
polysaccharides obtained from these tissues. In addition to these
neutral sugar components found in pectic polysaccharides described
above, D-apiose, a natural 5-carbon branched sugar, is also found
in the pectic polysaccharides found in plants of the family,
Zosteraceae (39). Furthermore, the cell wall polysaccharides from
a number of plant sources appear to be covalently linked to a
hydroxy-proline rich protein, extensin (40), adding further addi-
tional complexity to the chemistry of cell wall associated pectic
polysaccharides.

Classic methods in use to fractionate plant cell wall poly-
saccharides are mainly based upon the differential solubilities
of various cell wall polysaccharide constituents (32). To solu-
bilize pectic polysaccharides, the cell wall material is extracted
with water, ammonium oxalate or disodium EDTA. The solubilization
of pectic polysaccharides could then be followed by solubilization
of hemicelluloses, i.e., polysaccharides rich in D-glucuronic acid
4-0-methyl1-D-glucuronic acid, D-xylose and D-glucose residues. The
solubilization of hemicellulosic polysaccharides is accomplished
by treatment of water, ammonium oxalate or EDTA insoluble materi-
al with a strong alkali.

We have recently achieved extraction of pectic polysaccha-
rides from grapefruit primarily based on a procedure described by
Thornber and Northcote (26). Grapefruit albedo was cut into small
pieces and homogenized using a Vitris 45 homogenizer in hot 80%
(v/v) ethanol. The ethanol-soluble material was removed from the
insoluble residue by centrifugation of homogenate at 2000 x g for
30 min. This extraction with ethanol was repeated three times,
following which the insoluble residue was recovered and extracted
by continuous shaking in 2 volumes of chloroform:methanol (1:1
v/v) for 2 days at room temperature. At every 24 h interval
chloroform:methanol soluble material was removed by centrifuga-
tion and fresh chloroform:methanol was added to continue extrac-
tion. The resulting delipidated, depigmented and dehydrated cell
wall fraction was then air-dried and weighed. Pectic polysaccha-
rides were then extracted from this dried residue with continuous
shaking in 0.2 M disodium EDTA for 24 h and then solubilized pec-
tic polysaccharides were removed by centrifugation. This extrac-
tion procedure was repeated and the EDTA soluble fractions thus
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obtained were pooled and dialyzed extensively against running de-
ionized distilled water. To the dialyzed EDTA soluble fraction
representing pectic polysaccharides was added enough 95% ethanol
to bring the final concentration of ethanol to 80% which resulted
in the precipitation of these pectic polysaccharides. The pre-
cipitation was allowed to continue for two days at room tempera-
ture. The precipitated polysaccharides were recovered by centri-
fugation at 15,000 rpm for 1 h, dissolved in water and lyophilized.
From a grapefruit weighing approximately 121 g, 2.5 g of pectic
polysaccharides were recovered. Chemical analysis of the pectic
polysaccharides thus obtained revealed the presence of only D-
galacturonic acid and which accounted for 76% by weight of the
total polysaccharides. The remaining 24% was accounted for by
neutral sugar components: galactose, arabinose and trace amounts
of rhamnose, xylose, mannose and glucose. This chemical composi-
tion is similar to the pectic polysaccharides isolated from lemon
peel (23).

Labelling of Pectic Polysaccharides. We have successfully
achieved the Tabelling of pectic polysaccharides by using two
methods described below:

(a) Biosynthetic Labelling of Pectic Polysaccharides. Myo-
inositol has been shown to be the precursor of oronosyl and
pentysyl units of cell wall polysaccharides found in grapefruit
(42). Labelled myo-inositol-2-3H (Amersham Searle, Inc.) was
supplied to ripening grapefruit (the size of a golf ball) by
placing the cut surface of fruit stem in a small vial containing
the label. After the labelled myo-inositol had been taken up,
distilled water was added to keep the cut fruit stem submerged,
and the grapefruit was allowed to metabolize the label for a
period of four days. The labelled grapefruit was then success-
jvely extracted with hot 80% ethanol, chloroform:methanol (1:1v/v)
and finally with 0.2 M EDTA to solubilize pectic polysaccharides.
These extraction procedures are described above in detail. Chemi-
cal analysis of the pectic polysaccharides following hydrolysis
by colorimetric and gas chromatographic techniques, demonstrated
the presence of D-galacturonic acid as the major component, con-
stituting approximately 76% of the total sugars found in the
pectin. The remaining 24% was consisted of rhamnose, arabinose,
xylose, mannose, galactose, glucose at 16, 33, 13, 3, 31 and 2%,
respectively, of the total neutral sugar components. It should
be pointed out at this point that the chemical nature of these
pectic polysaccharides was found to be identical with the pectic
polysaccharides obtained from mature grapefruit albedo as de-
cribed above.

The specific radioactivity of the labelled pectic polysacch-
arides thus obtained was about 8000 cpm/mg of polysaccharides,
counting efficiency of 3H being 30%. Of the total radioactivity
jncorporated, almost 50% was localized in the galacturonic acid
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residues whereas the remainder was accounted for by arabinose
(21%), galactose (21%) and xylose (8%) residues. Results from
these studies clearly demonstrated that labelled myo-inositol may
successfully be used to incorporate the label in pectic polysacch-
arides found in grapefruit.

(b) Labelling of Pectic Polysaccharides Using Galactose
Oxidase Tritjated Potassium Borohydride. Although we did achieve
the labelling of citrus pectic polysaccharides by supplying label-
led myo-inositol to ripening grapefruit as described above, the
technique was expensive and time-consuming. Therefore, an alter-
nate method for labelling of pectic polysaccharides was developed
(43). The merit of this method lies in its rapidity, specificity
and yield of labelled pectic polysaccharides with high specific
radioactivity.

It has been established by several investigators and summar-
ized in the background section of this proposal that, although
pectic polysaccharides are primarily composed of polymers of gal-
acturonic acid, neutral sugars such as galactose, arabinose and
rhamnose also make up a considerable portion of these heterogene-
ous polysaccharides. The nature of glycosidic linkage appears to
be 1-4 for galacturonans and galactans and 1-5 for arabans, sug-
gesting therefore that, like the carboxyl group of galacturonic
acid, the primary alcohol group of galactose is free and not in-
volved in the formation of glycosidic linkages between various
sugar residues found in pectic polysaccharides. This knowledge
was utilized in the experiments described here.

Successful labelling of primary alcohol groups of galactose
residues was achieved by first treating commercially available
grapefruit pectin (Lykes-Pasco, Dade City FL) reprecipitated in
80% of ethanol in our laboratory before use, or grapefruit pectin
prepared in our laboratory as described above, with galactose
oxidase (Sigma Chemical Co.) in order to enzymatically modify the
primary alcohol groups of galactose residues to an aldehyde group
followed by the reduction of aldehyde group thus formed back to
primary alcohol group with the concomitant introduction of 3H by
using tritiated potassium borohydride (Amersham Searle, Inc.) as
a reducing agent. Examination of labelled pectic polysaccharides
demonstrated the presence of label in the galactose residues. Al-
though the successful labelling of primary alcohol group of gal-
actose and/or galactosaminoglycans of animal and/or bacterial ori-
gin has been achieved by several investigators by this method
originally described by Morell et al (44), to our knowledge, the
present technique is the first to describe the use of Morell's
method in labelling pectic polysaccharides.

Fractionation of Pectic Polysaccharides. A number of complex
polysaccharides differing in their physical and chemical charac-
teristics are found in pectin. This heterogeneous nature of pec-
tin has been reviewed earlier. In order to characterize these
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various polysaccharides, a combination of a number of fractiona-
tion procedures such as anion-exchange chromatography, molecular
sieve chromatography and moving-boundaryelectrophoresis were em-
ployed to achieve the fractionaton of pectic polysaccharides.

(a) Fractionation of Labelled Pectic Polysaccharides. In our
laboratory, we have recently attempted the fractionation of
labelled pectic polysaccharides. These labelled polysaccharides
were obtained following administration of labelled myo-inositol
to ripening grapefruit through the cut fruit stem, as described
earlier. DE-52 diethyl aminoethyl cellulose ion exchanger was
poured in a column (1.5x24 cm) and equilibrated with 0.025 M
sodium phosphate buffer, pH 6.0. Labelled pectic polysaccharides
(50 mg) having approximately 400,000 cpm were dissolved in 30 ml
of equilibrating buffer and then loaded onto the column. The
column was washed with 200 m1 of equilibrating buffer and then
eluted with a linear gradient ranging from 0.025 M to 0.5 M
sodium phosphate, pH 6.0, buffer, 500 ml each. At the
end of the gradient run, the column was finally washed with 200
ml of 1 M sodium phosphate buffer, pH 6.0. Fractions were col-
lected and an aliquot from each fraction was assayed for radio-
activity. The examination of results obtained from these studies
suggests the presence of label in at least eight partially or com-
pletely resolved pectic polysaccharides. More than 95% of the
total radioactivity loaded onto the column was recovered in these
eluted pectic polysaccharides having different ion-exchange pro-
perties (42),

(b Fractionation of Commercially Available Pectins. In ano-
ther series of experiments we have attempted fractionation of
commercially available citrus pectin by employing a stepwise elu-
tion method. To achieve this, grapefruit pectin was subjected to
chromatography using DE-52 cellulose. Elution of the column with
increasing salt concentrations resulted in the resolution of four
chemically distinct pectic polysaccharides. These polysaccharides,
eluted sequentially with 0.025, 0.1, 0.25 and 0.5 M sodium phos-
phate buffer, pH 6.0, composed 13, 5, 62 and 20%, respectively, of
the total pectin subjected to chromatography. No striking differ-
ences in the galacturonic acid contert, which ranged from 70-80%
of these polysaccharides, were observed. However, polysaccharides
eluted sequentially with increasing salt concentrations showed a
noticeable decrease in the degree of methylation of their galac-
turonic acid residues. In addition, the neutral sugar composition
of these individual pectic polysaccharides was different. Of
interest was the neutral sugar composition of polysaccharides elu-
ted with the highest salt concentration. This highly acidic
polysaccharide was also high in rhamnose content. The results ob-
tained from these studies affirm the heterogeneous nature of pec-
tin, and suggest the presence of a unique, rhamnose-rich polysac-
charide in grapefruit pectin.
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Biochemical Basis of QObserved Interaction Between Pectin and
Lipoprotein. These studies await further research. A prerequi-
site to these studies is the establishment of the chemistry and
structure of various polysaccharides found in citrus pectin. As
described above, these studies are in progress and will eventual-
1y lead to the isolation of several pure citrus pectic polysac-
charides of defined chemistry.

In our study, formation of isoluble complexes between pectin,
a heterogeneous mixture of a number of neutral and acidic poly-
saccharides, and lipoprotein was studied. The basic limitation
with the formation of insoluble complexes is that it is difficult
to quantitate the said interaction. Furthermore, the observed
interaction between pectic polysaccharides and lipoprotein is at
a pH which is not physiological. We, therefore, are attempting
to study this interaction under physiological conditions and by
use of buffer systems which are devoid of cations, in order to
facilitate formation of soluble complexes. In addition, by using
labelled pectic polysaccharides, studies resulting in the eluci-
dation of kinetics, specificity and nature of the interaction be-
tween labelled pectic polysaccharides and 1ipoprotein will be
performed.

The specificity of the interaction will be determined with
regard to a single labelled pectic polysaccharide by studying the
competitive ability of other unlabelled pectic polysaccharides of
known characteristics on the formation of labelled complexes. The
data obtained from these studies will also be evaluated to deter-
mine the influence of change in molecular weight and/or structure
of individual pectic polysaccharides on the binding to low density
lipoprotein. Similar experiments will also be carried out to
study the competitive inhibition of well established interactions
between low density lipoprotein and various glycosaminoglycans
caused by pectic polysaccharides. The observation of inhibition
of interaction between lipoprotein and g]ycosam1nog1ycans by pec-
tic polysaccharides may suggest, at least in vitro, the possibili-
ty of a basis by which dissolution of atherosclerotic plaques
could be achieved by pectic polysaccharides.

Qur preliminary experiments suggest that, like the inter-
action between glycosaminoglycans and lipoproteins, the inter-
action between pectin and 1ipoprotein is also caused by the elec-
trostatic attraction between polyanionic pectin and cationic lipo-
protein. To elucidate this hypothesis, the charge profile of
1ipoproteins will be altered chemically and the influence of these
alterations on the interaction with pectic polysaccharides at op-
timum experimental conditions will be determined.

The significance of the observed interaction between pectin
and LDL, and further biochemical elucidation of this interaction,
has direct relevance to the et1o1ogy and/or cure of atherosclero-
sis. The role of d1etary pectin in lowering of serum and liver
cholesterol levels is well established. However, the biochemical
basis by which dietary pectin, which is composed of
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a number of complex polysaccharides, causes this lowering of
cholesterol levels remains elusive. These studies will provide
an answer to this problem. In addition, these studies may re-
sult in the identification of a unique and biologically active
polysaccharide found in pectin, which may be solely responsible
for lowering of cholesterol levels. Furthermore, the results ob-
tained from these studies may provide us with clues to achieve
dissolution of atherosclerotic plaques, since LDL is the major
ingredient of these plaques and pectic polysaccharides interact
with the LDL.
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Medical and Nutritional Aspects of Citrus
Bioflavonoids

R. C. ROBBINS

Department of Food Science and Human Nutrition, University of Florida,
Gainesville, FL 32611

In 1936 the discovery that the flavonone fraction of lemons
exerted therapeutic effects on abnormal capillary permeability and
fragility ushered in the era of research on role of flavonoids in
the mammalian body (1). Flavonoids were proposed to be vitamins
(Vitamin P) necessary to maintain the capillaries, but the vitamin
concept was never substantiated and in 1950 Vickery et al. (2)
recommended the term Vitamin P be discontinued (term Vitamin P
was replaced by bloflavonoid). Subsequent research had failed to
confirm early indications that abnormal capillary permeability
and fragility were due to a bioflavonoid deficiency but showed
these capillary defects accompanied many diseases and stresses
(3,4). In 1954 Martin (4) stated "There is no disease state in
which the caplllaries are not detrimentally modified and converse-
ly there are no disease states that will not benefit by assuring
proper capillary strength and integrity.'" 1In 1955 Hendrickson and
Kesterson (5) listed more than 50 diseases in which bioflavonoids
reportedly showed beneficial effects on capillaries or the disease
process itself, However, slight and inconsistent effects along
with failure to establish a mode of action led to controversies
concerning the therapeutic effectiveness of bioflavonoids (6).

In 1963 Freedman and Merritt (7) aptly summarized the literature
with the statement: "Following Szent-Gyorgyi's original observa-
tions on the effect of his Vitamin C or citrin preparations,
investigations by the many workers produced an experimental and
clinical literature of contradictory thought and observation."
However, in recent years, evidence has accumulated on the pre-
sence of highly active methoxylated flavonoids and steroids in
citrus extracts, and the Vitamin P flavonoids have been found to
exhibit a trimodal action. These findings have shed considerable
light on the contradictory literature.

Variations in Citrus Extracts

The original work of Szent-Gyorgyl and co-workers was done
with a crude lemon extract containing primarily hesperidin and
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eriodictyol, and the above workers had difficulties, using crude
extracts, reproducing their initial observations (8). 1In 1943
work still centered on trying to identify the active component in
citrus extracts. For example, Higby (9) claimed crude extracts
containing hesperidin to be active, while purified hesperidin was
inactive, but in 1945 Scarborough (10) reported that hesperidin
exhibited biological activity. In 1963 Freedman and Merritt (7)
fractionated a citrus flavonoid complex and identified in addition
to hesperidin and naringin, a hexamethoxylated flavone (nobile-
tin), a pentamethoxy flavone (not tangeretin, probably sinensetin)
and an unidentified compound with reducing properties. In con-
trast to hesperidin and naringin, which exhibited no antiinflamma-
tory activity, the methoxylated flavones showed strong antiinflam-
matory activity displaying a broader inhibitory potential than
either cortisone or ACTH. Later, Biondi (l1) and Biondi et al.
(12) reported the isolation from mixed citrus bioflavonoids of a
sterold fraction which in minimal doses showed cortisone-like
activity in the rat and guinea pig. Freedman and Merritt (7)
pointed out that the amount of their highly active substances
varied according to the methods of extraction and preparation
employed. Importantly, the above work showed the occurrence in
citrus of small amounts of highly active substances distinct from
the abundant vitamin P flavonoids, and the amount of these active
substances recovered with the P compounds depended on the methods
employed. Undoubtedly, the variability in bioflavonoid prepara-
tions from citrus extracts has contributed to the confusion in

the literature.

Trimodal Action of Bioflavonoids

In addition to variations in citrus extracts, there are
features of bioflavonoid effects on the mammalian body which may
have contributed greatly to the controversy concerning flavonoid
action. In 1940 Yosida (13) and in 1955 Rinehart (14) reported
effects of hesperidin on rheumatic fever. Yosida determined the
erythrocyte sedimentation rate (ESR) before and after injecting
hesperidin into patients. In 26 sets of determinations the ESR
was retarded in 19, unchanged in 3 and accelerated in 4 cases.
Rinehart administered hesperidin to 26 patients, 22 showed a
decreased ESR, 1 an unchanged and 3 an increased ESR., Hence, by
the usual interpretation that an increased ESR indicates patho-
logy, hesperidin in some cases showed beneficial effects, in
others no effect and in still others made the disease worse.
These are indeed confusing results. However, later research
provided data for a different interpretation of the above
results, i.e., hesperidin did not act on the disease process
but altered the ESR by direct action on blood cells (15,16,17,18).
In 1966 Robbins (15) reported that hesperidin, naringin and rutin
reduced the intravascular erythrocyte adhesion accompanying
Vitamin C deficiency in the guinea pig. The above findings
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indicate an effect on the ESR since increased erythrocyte aggrega-
tion is the major factor underlying an increased ESR. This was
borne out in subsequent work in which bioflavonoids added to blood
in vitro reduced the ESR by disaggregation of blood cells (16,17,
18). Other workers reported action of flavonoids on blood cells.
In 1971 Srinivasan et al. (19) reported that flavonoids reduced
blood cell aggregation. In 1973 Ten Cate et al. (20) and in 1975
Van Haeringen (21) reported that the semi-synthetic derivatives of
rutin O(B-hydroxyethyl) rutosides reduced red cell and platelet
aggregation. It is of considerable interest that the naturally
occurring methoxylated flavones of citrus were several fold more
active against blood cell aggregation than hydroxylated flavonoids
(16,17), and the substitution of ethoxy groups on rutin greatly
increased its activity against blood cell adhesion (17,21).

When several bioflavonoids were compared for blood cell dis-
aggregating activity against the high ESR of normal horse blood
(rouleaux formatin), hesperidin, rutin and quercitin showed slight
but consistent retarding effects on the ESR while the highly
methoxylated flavones, sinensetin, nobiletin, heptamethyoxyflavone
showed several-fold greater retarding activity than the above com~
pounds, but naringin consistently accelerated the ESR of horse
blood (16,17,18). However, when the above bioflavonoids were
tested in vitro against the increased ESR occurring in a wide
variety of human diseases, the hydroxylated and less active
methoxylated bioflavonoids exhibited a trimodal effect ng),

i.e., inhibited the ESR in some cases, showed no effect in others
and accelerated the ESR in still others; the same effect Yosida
and Rinehart (13,14) observed when hesperidin was tested in vivo.
Hesperidin which had consistently inhibited, and naringin which
had consistently accelerated the ESR of horse blood, both showed

a trimodal effect on the ESR of blood taken from a population of
humans afflicted with a wide variety of diseases (22). It should
be emphasized that against one kind of erythrocyfg—zdhesion (rou-
leaux formation of horse blood) the Vitamin P flavonoids were con-
sistent in action but inconsistent in action against erythrocyte
adhesion occurring in a wide variety of human diseases. Thus, the
antiadhesive action of bioflavonoids on erythrocytes depends on
the kind of bonding between cells, which according to Easty and
Mercer (23), depends on the agglutinating agent. However, the
hexamethoxylated flavonoid nobiletin in several studies on ery-
throcyte adhesion in a wide variety of human diseases has not been
found to significantly accelerate the ESR, while sinensetin showed
significant accelerating action in one study (22).

The trimodal action of bioflavonoids on the ESR is not with-
out precedent. Dintenfass (24) found that a pyrimidine type drug
of the Persantin family showed a trimodal action on the ESR and,
the accelerating effect was related to ABO blood type. Blood
containing the A antigen showed a statistically significant
increase 1In accelerated ESR. 1In contrast, bioflavonoids exhibited
a significantly higher rate of accelerated ESR's in blood contain-
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ing the B antigen (25). Whether the bioflavonoids and pyrimidine
drug are influenced in their response via the mucopolysaccharides
on the cell membrane which determine blood type or are influenced
via alterations of plasma constituents which may respond to blood
type is not known. Both concentrations of some plasma constitu-
ents and response of blood cells to plasma constituents are
influenced by ABO blood type (26,27). Whether blood type antigens
influence adhesive bonds between erythrocytes under various condi-
tions of disease and stress remains to be determined.

While the trimodal action of bioflavonoids on blood cells
sheds considerable light on the nature of their action in the
body, questions arise as to what extent action on blood cells and
blood rheology explains, in particular, their action on abnormal
capillary permeability and fragility and therapeutic action in a
wide variety of diseases. It should be noted that while a great
number of effects of bioflavonoids have been reported, the mecha-
nism of action proposed are relatively few, i.e., protect ascorbic
acid against oxidation (6,28), prevent epinephrine oxidation (29),
stimulate the pituitary adrenal axis (30), inhibit a variety of
enzymes such as aldose reductase (31) or membrane bound ATP ases
(32), selectively inhibit phosphodiesterase (33), act in cross-
linking of elastin (34), stimulate the reticuloendothelial system
(35), act as vasotropic drugs {36), inhibit blood cell aggrega-
tion (15-21) and prevent lactacidotic rigidification of the red
cell (37); the latter two effects indicate action on blood rheo-
logy. There is little evidence to support any of the above mech-
anisms, except the action of bioflavonoids on blood rheology, as
explaining their effects on abnormal capillary permeability and
fragility over a broad range of conditions and beneficial effects
in a wide variety of diseases.

Blood Rheology and Capillary Fragility

As noted earlier, bioflavonoids first attracted attention as
agents that acted on abnormal capillary permeability and fragility
which was a characteristic finding in scurvy lﬁ)' However, subse-
quent research revealed the above capillary defects were not res-
tricted to scurvy. Brown (3) reported the occurrence of a
decreased capillary resistance in a wide variety of diseases. He
found that infections were often present at the time when low cap-
illary resistance was observed. Consistent with the above capil-
lary defects in disease, an increased blood cell aggregation and
ESR is also a generalized response of the body to infection and
disease (38). Erythrocyte aggregates interfere with blood flow
through the small vessels and contribute to increased blood visco-
sity in larger vessels. Both phenomena cause adverse physiologi-
cal effects. For example, the blood high viscosity syndrome
includes fatigability, bleeding from mucous membranes, retinal
vein enlargement and hemorrhage, neurological abnormalities and
heart failure (39). (Several parameters can contribute to the
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above condition, in addition to erythrocyte aggregation, erythro-
cyte concentration, rigidity of the erythrocytes and plasma visco-
sity are involved in blood viscosity (40)). The resistance of
blood to flow reduces capillary perfusion (41) with decreased
rates of oxygen delivered to the capillary endothelium. According
to Knisely et al. (42) anoxic endothelium increases in permeabil-
ity. This is consistent with the observations of Landis (43) that
decreased blood flow causes a rapid increase in capillary permea-
bility, but on resumption of flow, permeability rapidly returns to
normal. Under two kinds of experimental conditions, Robbins (15,
44) found an inverse relation between blood cell aggregation and
capillary resistance, i.e., as blood cell aggregation increased
capillary resistance decreased and when aggregation decreased
capillary resistance increased. It should be noted here that
bioflavonoids have been proposed to be vasotropic drugs (36), that
is, prevent loss of endothelial cells from blood vessel walls.
O'Neill (45) reported that a reduced blood flow caused a peeling
of the venous endothelium. Thus, impaired blood flow appears cap-
able of causing abnormal capillary permeability and fragility.
Further, the trimodal action of bioflavonoids on blood cells
offers an explanation for inconsistent action on the capillaries.
However, it cannot be overlooked that bioflavonoids may act
directly on the capillary wall, and the same factors that affect
reaction of flavonoids with blood cells influences reaction with
the capillary membranes. It should be noted that bioflavonoids
bind reversibly to both erythrocytes (20) and plasma proteins
(46). The latter action stimulates phagocytosis in certain edemas
(47) thereby exerting a therapeutic effect. Also, note that in
the above type edemas the action of bioflavonoids is not on
changes in permeability of the capillary wall.

Therapeutic Effects in Disease

The action of bioflavonoids on blood rheology appears to
explain their reduction of symptoms in a wide variety of diseases.
Increased blood cell aggregation and ESR is a generalized response
of the organism to disease and trauma (38,42) and reportedly
causes adverse effects such as interference with gaseous exchange
in tissues, accumulation of acid metabolites, slowed healing of
wounds, degenerative changes in parenchymatous organs and promo-
tion of thrombosis (48). Fajers and Gelin (49) reported that
kidney, liver and heart damage resulted from severe blood cell
aggregation. In agreement, Bergentz et al. (50) stated that if
erythrocyte aggregation was severe and of long duration it caused
organ enlargement and infarction. According to Fahraeus (51)
eclampsia is a disease of checked microcirculation by red cell
aggregates. Further, erythrocyte aggregation may interact with
other disease processes to increase symptoms (52,53). Thus,
action of bioflavonoids on blood cell aggregation could explain
their beneficial effects in a wide variety of diseases.
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Perhaps at this point a question should be raised as to whe-
ther acceleration of the ESR by flavonoids is an adverse effect.
In an investigation of the accelerative action of bioflavonoids,
the ESR increased 6 to 23% depending on the flavonoid (54). Based
on an average ESR of 26.8 mm per hr. in the group of hospitalized
patients under study, the maximum average accelerated ESR would
reach 33.0 mm per hr. In contrast, the ESR may reach 50 mm or
more per hr. in certain diseases or traumas. Apparently, acceler-
ation of the ESR is caused by flavonoid bridging between red cells
and may selectively involve aged red cells similar to the action
of polylysine (55). The bridged cells may then be removed from
the circulation by the phagocytic cells of liver spleen and bone
marrow (56). The phagocytic action may continue under some con-
ditions to the point of anemia (56), but, with flavonoids the
accelerative action is associated with high red cell concentra~
tions and decreases when the concentration falls to about 40
volumes percent; area of maximum effective tissue perfusion (57).
From this, it was postulated that bioflavonoids might exert a
regulatory action on the hematocrit. However, the above action
is not proven, but the phenomenon deserves further attention since
an elevated hematocrit reportedly is associated with ischemic heart
disease (58).

Intact Organism, Physiological, Biochemical Levels

When bioflavonoids are tested against bilochemical parameters
such as effect on isolated enzymes, they show consistent action.
For example, quercetin inhibits membrane-bound ATPases, and there
are several reports, in agreement, that quercetin in vitro inhi-
bits ATPases from different species (32). Also, there does not
appear to be controversy concerning inhibitory action of quercetin
on other enzymes such as aldose reductase or catechol-O-methyl-
transferase (31,59). When we move to the physiological level and
determine effect of bioflavonoids on blood cell adhesion, there is
consistent activity when the compounds are tested against a parti-
cular uniform type of adhesion such as rouleaux of horse blood,
but they are inconsistent in action when tested against different
kinds of bonds between aggregated cells as may occur in human
diseases (22,23,42,48). The controversies in the literature have
arisen at the level of the intact organism when bioflavonoids were
tested against a wide variety of diseases, vascular abnormalities,
anaphylactic shock or non-specific stresses. For example, as
noted earlier when hesperidin was injected into patients, three
kinds of effects were noted, and quercetin described above as con-
sistent in action at the biochemical level exerted a trimodal
action on erythrocyte aggregation (22). Thus, there are factors
operating in the intact organism which modify bioflavonoid action.
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Specificities in Bioflavonoid Action

When a variety of bioflavonoids are tested against a biologi-
cal parameter, usually several flavonoids will show some activity
exhibiting their effects as a family of curves differing signifi-
cantly in activity. For example, over 40 flavonoids showed some
inhibitory activity on aldose reductase, but quercetin and querci-
trin were most active (31). Nineteen flavonoids were observed to
inhibit catechol-O-methyltransferase of human liver, but those
with O-dihydroxy structure at the side ring showed the greatest
effect (59). The O (B-hydroxyethyl) rutosides (HR) are semisyn-
thetic derivates of naturally occurring rutin. The crude prepara-
tion consists of the following: 7-10% of 5,7,3',4'-tetra HR; 60-
65% of 7,3',4'-tri HR; 5-8% of 5,7,4'-tri HR; 8-12% of 7,4 di HR
and 5~8% of 4' mono HR. A mixture of mono/di HR has the greatest
inhibitory effect on platelet aggregation (60), but the tetra
derivative has the greatest effect on erythrocyte aggregation
{21). The methoxylated bioflavonoids of citrus showed the follow-
ing order of activity (from high to low) against the high ESR of
horse blood, i.e., sinensetin (pentamethoxy), nobiletin (hexa),
heptamethoxyflavone (hepta), tangeretin (penta), tetra—~O-methyl-
scutellarein (tetra), tri-O-methylapigenin (tri) and hesperidin
(mono). Sinensetin has methoxyl groups at 5,6,7,3',4' whereas
nobiletin (5,6,7,8,3',4' hexamethoxyflavone) differs by a methoxyl
at the 8 position and is significantly (P<0.01l) less active. A
methoxyl group at the 3 position, in addition to the 8th, reduced
activity stil! further as shown by 3,5,6,7,8,3',4' heptamethoxy-
flavone. Tangeretin 5,6,7,8,4' pentamethoxyflavone lacks a meth~
oxyl group at the 3' position which represents the structural
difference between nobiletin and tangeretin, and nobiletin is
significantly (P<0.0l) more active. Tangeretin differs from
sinensetin by shifting a methoxyl group from the 3' position
of sinensetin to the 8 position of tangeretin with a several-fold
drop in activity (22). However, when sinensetin, nobileten and
heptamethoxyflavone were tested in human blood taken from patients
with a variety of diseases (61), the three compounds showed equal
activity in 44.8% of the cases and heptamethoxyflavone showed
significantly greater activity than the other two flavones in 2.4%
of the cases. Apparently, certain structural configurations are
more effective against certain kinds of adhesive bonds between
erythrocytes.

Citrus Bioflavonoids and Disease

The highly methoxylated flavones found in food plants are
almost unique to citrus, and they are biologically an unusually
active group of compounds. Several methoxylated flavones have
been isolated from citrus species (62,63,64), Table 1, with most
attention given to biological activity of nobiletin, tangeretin,
sinensetin, heptamethoxyflavone and tetra-O-methylscutellarein.
Generally, methoxylated flavonoids exhibit much higher biological
activity than their methoxy! free counterparts. Also they are
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Table I
Flavonoids Isolated from Citrus Species
Flavones
Apigenin 7-B-rutinoside (5,7,4'-trihydroxyflavone 7-B-rutinoside)
Auranetin (3,6,7,8,4'-pentamethoxyflavone)
Chrysoeriol glycoside (5,7,4'-trihydroxy-3'-methoxyflavone
glycoside)
Diosmin (5,7,3'-trihydroxy-4'-methoxyflavone 7-B-rutinoside)
Fortunellin (5,7-dihydroxy-4'-methoxyflavone 7-P-neohesperido=~
side)
Hexo-O-methylgossypetin (3,5,7,8,3',4"'-hexamethoxyflavone)
Hexo~0O-methylquercetagetin (3,5,6,7,3',4"-hexamethoxyflavone)
Isolimocitrol 3-B-D-glucoside (3,5,7,3'-tetrahydroxy-6,8,4'-
trimethoxyflavone 3-B-D-glucoside)
Isorhamnetin glycoside (3,5,7,4'-tetrahydroxy-3'-methoxy-
flavone glycoside)
Isosinensetin (5,7,8,3',4'-pentamethoxyflavone)
Kaempferol glycoside (3,5,7,4'-tetrahydroxyflavone glycoside)
Limocitrin 3-B-D-glucoside (3,5,7,4"'-tetrahydroxy-8,3'-dimethoxy-
flavone 3-B-D glucoside)
Limocitrol 3-B-D-glucoside (3,5,7,4'-tetrahydroxy-6,8,3"'-tri-
methoxyflavone 3-B-D-glucoside)
Luteolin 7-B-neohesperidoside (5,7,3',4'-tetrahydroxyflavone)
Natsudaidain (3~hydroxy-5,6,7,8,3',4"'-hexamethoxyflavone)
Neodiosmin (5,7,3'-trihydroxy-4'-methoxyflavone 7-B-neohesperido-
side)
Nobiletin (5,6,7,8,3',4' hexamethoxyflavone)
Rhoifolin (5,7,4'-trihydroxyflavone 7-Ff-neohesperidoside)
Rutin (3,5,7,3',4'-pentahydroxyflavone 3-B-rutinoside)
Sinensetin (5,6,7,3',4'-pentamethoxyflavone)
Sudachitin (5,7,4"'-trihydroxy-6,8,3"'-trimethoxyflavone)
Tangeretin (5,6,7,8,4'-pentamethoxyflavone)
Tetra-O-methylisoscutellarein (5,7,8,4'-tetramethoxyflavone)
Tetra-O-methylscutellarein (5,6,7,4'-tetramethoxyflavone)
Xanthomicrol (5,4'-dihydroxy-6,7,8-trimethoxyflavone)
3'-Demethoxysudachitin (5,7,4'-trihydroxy-6,8-dimethoxyflavone)
3-Hydroxy-5,6,7,3',4"'-pentamethoxyflavone
3,5,6,7,8,3",4"'-heptamethoxyflavone
5-Hydroxy-3,6,7,8,3',4"-hexamethoxyflavone
5-Hydroxy-3,7,8,3',4"'~pentamethoxyflavone
5-Hydroxy-7,8,3',4"'-tetramethoxyflavone
5-0-Desmethyltangeritin (5-hydroxy-6,7,8,4"'-tetramethoxyflavone)
5-0-Desmethoxynobiletin (5-hydroxy-6,7,8,3',4'-pentamethoxy-
flavone)
5,4'-Dihydroxy-6,7,8,3'-tetramethoxyflavone
5 Hydroxyauranetin (5-hydroxy-3,6,7,8,4"'-pentamethoxyflavone)
Flavanones
Citromitin (5,6,7,8,3',4'-hexamethoxyflavanone)
Dihydrokaempferol glycoside (3,5,7,4'-tetrahydroxyflavanone
glycoside)
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Eriodictyol new name Eriocitrin (5,7,3',4'-tetrahydroxyflavanone
7-B-rutinoside)

Hesperidin (5,7,3'-trihydroxy-4'-methoxyflavanone 7-B-rutinoside)

Isosakuranetin 7-B-rutinoside (5,7-dihydroxy-4'-methoxyflavanone
7-B-rutinoside)

Naringin (5,7,4'-trihydroxyflavanone 7-B-neohesperidoside)

Naringin 4'-B8-D-glucoside (5,7,4'-trihydroxyflavanone 7-B-neohes-
peridoside 4'~B-D-glucoside)

Naringenin 7-B-rutinoside (5,7,4'-trihydroxyflavanone 7~f-rutino-
side)

Naringenin 7-B-rutinoside 4'-B-D-glucoside (5,7,4'-trihydroxy-
flavanone 7-B-rutinoside 4'-B-D-glucoside)

Neoeriocitrin (5,7,3',4'-tetrahydroxyflavanone 7-f-neohesperido-
side)

Neohesperidin (5,7,3'-trihydroxy-4'-methoxyflavanone 7-f-neohes~
peridoside)

Poncirin (5,7-dihydroxy-4'-methoxyflavanone 7-f-neohesperidoside)

5-0-Desmethylcitromitin (5-hydroxy-6,7,8,3',4'-pentamethoxyflava-
none)

C-Glycosylflavones

Isomargariten (5,7-dihydroxy-4'-methoxy-6C-B-neohesperidosylfla-
vone)

Margariten (5,7-dihydroxy-4'-methoxy-8-C-8-neohesperidosylflavone)

2"-0-B-D-xylosylvitexin (5,7,4"'-trihydroxy-8 (2"-0-B-D-xylosyl-C-
B-D-glucosyl) flavone

6-C-B-D-Glucosyldiosmetin (5,7,3'-trihydroxy-4'-methoxy-6-C-3-D~
glucosylflavone)

6,8-Di-C-B-D-glucosylapigenin (5,7,4'-trihydroxy-6,8-di-C-g-D~
glucosylflavone; Vicenin-2)

6,8-D1-C-Glycosyldiosmetin (5,7,3'-trihydroxy-4'-methoxy-6,8-di~
C-glycosylflavone)

8-C—-B-D-Glucosyldiosmetin (5,7,3'-trihydroxy-4'-methoxy-8-C-3-D~
glucosylflavone)

Anthocyanins

Cyanidin 3-8-D-glucoside (3,5,7,3',4'-pentahydroxyflavylium 3-
B-D-glucoside)

Cyanidin 3,5,-di-8-D-glucoside (3,5,7,3',4'-pentahydroxyflavylium
3,5-d1i~fB~D~glucoside)

Delphinidin 3-B-D-glucoside (3,5,7,3',4',5"'-hexahydroxyflavylium
3-B-D-glucoside)

Peonidin 5-Bf-D-glucoside (3,5,7,4'-tetrahydroxy-3'-methoxyflavy-
1ium 5-B-D-glucoside)

Petunidin 3-B-D-glucoside (3,5,7,3',4"-pentahydroxy-5'-methoxy-
flavylium 3-B-D-glucoside)

Ref. Table taken from reference no. 62; see references 63 and 64

for further information.
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more resistant to bacterial degradation in the intestinal tract
(65,66,67). Reportedly, the methylation of hydroxylated flavo-
noids can be carried out in the intact animal by the liver enzyme
catechol-0-methyltransferase which catalyzes introduction of
methyl groups into B ring hydroxyls in flavonols (68,69). Report-
edly, quercetin given orally to rats was methylated in the 3'
position (68). This conversion increases the activity of the com-—
pound and raises questions as to whether certain methoxylated
compounds have an indispensable role in the body.

Certain bioflavonoids may play a preventive role against car~
diovascular diseases, Some citrus and other bioflavonoids have
been demonstrated to reduce serum cholesterol levels and to affect
fatty acid metabolism (70,71,72). The strong antiadhesive action
on red cells and platelets of highly methoxylated flavones such as
nobiletin, which also demonstrates antithrombogenic activity_LZi),
indicates an important role in blood rheology and tissue perfusion.
The antiadhesive action may indicate a preventive role in athero-
sclerosis since there is evidence that reduced perfusion of the
vascular wall may interact with serum lipids to promote
atherogenesis (74).

Also, a role is indicated for citrus bioflavonoids against
certain carcinogenic and cytotoxic agents. The methoxylated
flavones, tangeretin and nobiletin, reportedly induce aryl hydro-
carbon hydroxylase activity, enzymes which detoxify polycyclic
carcinogens (75,76). Most hydroxylated bioflavonoids have little,
if any, inducing activity on aryl hydrocarbon hydroxylase. The
inducing capacity of methoxylated flavones in most instances
parallels their anti-tumor activity which is demonstrated both
in vivo and in vitro against several strains of human carcinoma
cells (77). Recently, Swartz and Rate (78) found that four bio-
flavonoids (quercetin, fisetin, nobiletin, tangeretin) protected
cultured rat liver cells against aflatoxin B,-induced cytotoxicity
and inhibited binding of aflatoxin B, to cellular DNA, The two
methoxylated compounds showed greater protection than the hydroxy-
lated flavonoids., The hydroxylated bioflavonoid, quercetin,
reportedly inhibits the high aerobic glycolysis in tumor cells
in vitro (but this effect is negated by serum albumin and bicar-
bonate (79,80)). The effect is ascribed to inhibition of membrane
bound ATPases that generate the ADP and inorganic phosphate
required for glycolysis. Also, quercetin affects cyclic AMP by
inhibition of phosphodiesterase which is involved in control of
cell growth. 1In several types of malignant cells a low level of
cyclic AMP was observed and believed to be responsible for loss of
contact inhibition and uncontrolled growth of tumor cells. The
decreased concentration of cyclic AMP in malignant cells may be
due to reduced activity of adenylate cyclase, (the enzyme respons-
ible for formation of cyclic AMP) or an increased activity of
phosphodiesterase, (the enzyme which catalyzes its degradation)
(81). 1It should be noted that while quercetin acts consistently
in the above systems, it shows a trimodal action on blood cells
in human diseases (22).
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In addition to the kinds of activity enumerated above, the
highly methoxylated bioflavonoids exhibit a rather strong anti-
bacterial, antifungal, antiviral activity (82-86). The compounds
have shown inhibitory activity against organisms such as E. coli,
Typhi, Salmonella Typhi, Shigella Dysenteriae, Staphylococcus, B.
Abortus Bang, influenza Virus A and rhinoviruses. Some of the
compounds were active in concentrations as low as 2.5 pg per liter,

Are Certain Flavonoids Essential in the Diet?

The inevitable question arises: Are biloflavonoids essential
in the diet? Kuhnau (63) in a review called flavonoids semi-es-
sential nutrients and stated that flavonoids have shown in the
mammalian organism a great number of specific effects valuable or
even decisive for maintaining health and well-being. Certain
flavonoids have been reported to be feeding stimulants for certain
insects (87,88,89), growth factors for the cricket (90), vitamins
for the rat with a deficlency in the diet causing microscopic
structural alterations in tissues (91) and a decreased metabolism
of drugs (92). Nevertheless, it has not yet been demonstrated
that in the absence of certain bioflavonoids in the diet an ani-
mal sickens and dies; a rigorous and necessary definition of
essentiality. However, from another point of view, the methoxy-
lated flavones with their broad spectrum of activity might be
interpreted as a defense system against disease transferred from
the plant to the animal through the diet with an action directed
against biochemical and physiological mechanisms such as red cell
adhesion and impaired microcirculation that may be decisive in
prevention of degenerative processes (93). Thus the question of
essentiality in the case of man may HIEEE on the question of whe-
ther in the absence of these compounds in the diet physiologic
aberrations arise which uncorrected are eventually manifested as
degenerative diseases. Hence, 1f humans consuming certain biofla-
vonoids survive for a longer time than those without the bioflavo-
noids, then the compounds have met the rigorous test of essential-
1ty; without the compounds man sickens and dies. However, in such
a situation, cause-effect associations are difficult to make since
long periods of time may elapse between initiation of the deficien-
cy (or long-term ingestion of slightly active compounds) and the
appearance of ill-health and death, Further, confusion may arise
because similar deficiencies may be manifested in different people
by different sets of symptoms. Thus, essentiality is difficult to
demonstrate by the usual procedures.

Is a Theory Unifying Mode of Action Possible At Present?

The great number of flavonoids found in nature and the myriad
of physiological effects appears to defy an unifying concept of
mode of action, However, while flavonoids may exert a yet unde-
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termined nutrient role, present evidence suggests that flavonoids
(some at least) act as a broad spectrum defense system with activ-
ity against disease in both plants and animals. We appear to be
viewing in this case a primitive defense system generated in the
plant with vestiges of activity still demonstrated in the animal
body. There are evolutionary relations between plant and animal
cells. Vitamins and certain amino acids synthesized only in
plants are required by both plants and animals. Similarly, flavo-
noids synthesized only in plants may increase in concentration in
response to invasion by pathogens or other adverse conditions (94,
95), thereby exerting a defensive role in the plant. Some basic
similarities between metabolism in plant and animal cells underlie
activity in the animal body. There is some support for the above
point of view. 1In 1937 Schreiber and Elvehjem (96) reported that
Vitamin P appeared to exert a vitamin-like action only in stress
or emergency situations. Essentially in agreement, Hughes and
Wilson (28) state that available evidence suggested that flavo-
noids are of greatest significance in restoring the status—quo

to the animal body.

Possibly, the variety of flavonoid effects, i.e., trimodal
action on blood cells or other parameters; potentiation or inhibi-
tion of enzymes; antibacterial, antifungal, antiviral activity;
cytotoxic effects against tumor cells, etc. are manifestations of
a fundamental physiochemical mode of action which involves a bind-
ing or reaction of flavonoids with specific sites on tissues,
cells or cell constituents. Thus, flavonoid action occurs as an
expression of molecular configuration, reactivity, nature and
availability of specific binding or reactive sites in the body; a
diverse system of protection. Specificity is indicated by the
finding that the B antigen of the ABO blood groups is involved in
the trimodal action on human blood cells (25).

Microorganisms which succumb to action of a specific flavo-
noid evidently have not had previous exposure to the flavonoid.
However, animals have been exposed to a variety of flavonoids in
their diet throughout their evolution and adaptations have
occurred to where minimal binding or reactive sites are available
in tissues of normal animals. However, the disruptive processes
of diseases, traumas and stresses would appear to establish a
basis for flavonoid action since these adverse conditions may
cause alterations in tissue constituents such as morphological
alterations in proteins with which flavonoids react to exert their
reparative processes. For example, flavonoids bind (reversibly)
to blood cells to exert their antiadhesive action (20), bind to
abnormal proteins and stimulate phagocytosis to reduce edemas
(47), bind to enzymes to alter activity (32), bind to microorgan-
isms to exert inhibitory or lethal action (94). The exposure of
binding sites in disease or stresses appears to be corroborated
by findings that in rats on a flavonoid-free diet fine structural
alterations occur in blood vessels and tissues (91). The anabol-
ism involved in the reparative process, such as the above, may
explain stimulation of the basal metabolic rate by flavonoids (65).
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A specific disease or other damaging agent would not appear
to result always in precisely the same alterations in tissue con-
stituents thus, differences occur in reactive sites which suggests
why a particular flavonoid does not always exhibit the same effect
in a particular physiological or pathological condition. For
example, Grigor'eva 121) in a study of effects of bioflavonoids on
serum cholesterol observed that when the compounds were admini-
stered to 26 animals, serum cholesterol decreased in 18, did not
change in 4 and increased in 4, The effects observed may be due
to potentiation, no effect, or inhibition of enzymes which in turn
depends on available reactive or binding sites on enzymes. Also,
available binding sites and potentiation of enzymes may explain
the growth promoting effects of flavonoids in certain insects.

A theory of flavonoid action as described above appears to
explain several confusing features of their action, i.e., the
wide variety of effects in the animal body, why a comsiderable
number of flavonoids show activity, the trimodal action and the
apparent inconsistent effects.

Summarz

Subsequent to the discovery that the flavonone fraction of
lemons exerted a therapeutic effect on abnormal capillary perme-
ability and fragility, controversies arose concerning the identity
of the active substance and the nature of its role in the body.
The controversies have long hampered efforts to make effective use
of bioflavonoids in nutrition and medicine, but research of recent
years has shed considerable light on phenomena underlying incon-
sistent flavonoid action. Findings in the following areas have
made substantial contributions to understanding bioflavonoid
action:

1. 1In the early work on bioflavonoids, citrus extracts were used,
and later research has revealed the presence of highly active
methoxylated flavones in citrus. The amount of these flavones
recovered along with the more abundant hesperidin, naringin,
eriodictyol varies with the methods of extraction and purifi-
cation used. Thus, bioflavonoid preparations by the many
workers may have varied widely in activity.

2. Efforts to identify the most effective bioflavonoids have been
frustrated by the multiplicity of flavonoids which have demon-
strated some degree of activity against a particular biologi-
cal parameter. The early criteria of bioflavonoid activity,
i.e., action on capillary defects or beneficial effects in a
wide variety of diseases lacked discriminatory sensitivity.
Testing of bioflavonoids against biochemical parameters such
as isolated enzymes or a simple uniform physiological para-
meter, such as rouleaux formation of normal blood, has shown
that a variety of flavonoids will demonstrate their activity
as a family of curves differing significantly in activity.
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However, while many flavonoids may show activity, clinically
useful compounds are few in number. For example, only nobile-
tin and sinensetin of citrus and the semi-synthetic tetra-
ethoxy derivative of rutin are effective erythrocyte disaggre-
gating agents; compounds of choice at present.

Bioflavonoids have been discovered to exert an antiadhesive
action on blood cells. Erythrocyte adhesion is a general
accompaniment of disease and trauma and has rheological impli-
cations. Hesperidin or other of the less active flavonoids
administered to a series of patients or added to blood in

vitro may show three kinds of activity, inhibit blood cell

adhesion in some, no effect in others or accelerate adhesion
in still others, i.e., a trimodal action. This characteristic
feature of flavonoid action undoubtedly has been interpreted
as an inconsistent effect. However, all flavonoids do not
show a trimodal action. Also, there is considerable evidence
linking rheological effects of bioflavonoids to their effects
on capillary defects and beneficial effects in disease., Thus,
the trimodal effects may explain the apparent inconsistent
action against the above phenomena.

Research of recent years has moved bioflavonoids from a consi-
deration of their effects on capillaries into a more central
position in human health. Certain bioflavonoids intervene at
the molecular level to potentiate or inhibit enzyme action or
at the physiological leve!l to affect rheology of blood. The
broad spectrum of activity demonstrated by some of these meth-
oxylated flavones appears to be directed towards processes
which underlie degenerative diseases, at present our

greatest killers.

This survey of present evidence indicates that we have

arrived at a level of understanding of bioflavonoids to where we
can begin to make effective use of these compounds. Bioflavonoids
understood and applied in modern nutrition and medicine would
appear to confer advantages in increased resistance to a variety
of diseases against which we do not have effective measures at
this time.
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Limonin and Limonoids

Chemistry, Biochemistry, and Juice Bitterness

VINCENT P. MAIER, SHIN HASEGAWA, RAYMOND D. BENNETT, and
LINDA C. ECHOLS

U.S. Department of Agriculture, Science and Education Administration,
AR, Fruit and Vegetable Chemistry Laboratory, Pasadena, CA 91106

Limonoids are a group of chemically related triterpene derivatives
found in the Rutaceae and Meliaceae. Limonin, a bitter member of
the group, occurs widely in citrus juices. It has commercial sig-
nificance because bitterness (excessive bitterness in the case of
grapefruit) reduces juice quality. Dreyer (1) and Connolly et al.
(2) have reviewed the chemistry and biochemistry of limonoids.
More recently Maier et al. (3) published a comprehensive review of
the limonoid constituents of Citrus and the impact of limonin bit-
terness on juice quality. This paper summarizes the chemical,
biochemical and juice quality aspects of limonoids in Citrus (and
related genera) and presents relevant advances since previous re-
views.

Limonoid Structures and Relevant Chemistry

Limonin (I) is a highly oxygenated triterpene derivative
whose structural features include a furan ring, two lactone rings,
a five-membered ether ring, and an epoxide. All other citrus li-
monoids also contain the furan ring and at least one of the lac~
tone rings. Compounds I, III, V-XII, and XIV-XVI were known as
natural citrus constituents at the time of our last review (3).
Since then several other citrus limonoids have been isolated and
their structures determined: limonol (II), obacunol (IV), and de-
oxylimonol (XVII) from grapefruit seeds (4), isolimonic acid
(XIII) from sour orange and grapefruit seeds (5), deoxylimonic
acid (XVIII) from grapefruit seeds (6), and methyl deacetylnomi-
linate (VIII), calamin (XIX), retrocalamin (XX), cyclocalamin
(XXI), and methyl isoobacunocate diosphenol (XXII) from calamondin
seeds (7).

Table I (8) shows the concentrations of limonoids in seeds
of several citrus species, as well as the relative proportions of
neutral and acidic limonoids in each. Tables II and III (8) show
the relative amounts of the major individual neutral and acidic
limonoids, respectively, in several species. The cases in which
two different samples of the same species were analyzed show the
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Table I. Concentrations of Limonoids in Citrus Seeds (8)

Total, % of % of total limonoids

Seeds fresh weight Neutral Acidic
Grapefruit 1.5 77 23
Valencia Orange 1.1 84 16
Lemon 1.1 61 39
Calamondin 0.75 83 17
Kumquat 0.61 55 45

Journal of Agricultural and Food Chemistry

ranges of variation in composition which can be expected.

The chemical reactions of limonin have been reviewed previ-
ously (1,3). From a practical standpoint the most important re-
actions are the opening and closing of the lactone rings. 1In
citrus leaf and fruit tissue the naturally occurring form is a
salt of limonoic acid A-ring lactone (XIV), in which the A-ring
is closed and the D-ring is open. This tasteless compound is only
stable in the salt form. At acidic pH's, and more rapidly in the
presence of citrus limonoate D-ring lactone hydrolase, the D-ring
closes to form the bitter substance limonin (9). The gradual con-
version of XIV to limonin occurs whenever fruit tissues are dis-
rupted, such as, through severe bruising, freeze damage or during
juice expression (10). Limonin occurs as such, with both lactone
rings closed, in citrus seeds. The seeds also contain small
amounts of the salt of XIV (10,11).

Structural relationships and pathways

The citrus limonoids may be divided into groups on the basis
of structural similarities. One such criterion is the nature of
C-19, which may be either methyl, as in obacunone (III), or oxy-
methylene, as in limonin. Another characteristic feature is the
five-membered ether (A') ring in compounds such as limonin and
isoobacunoic acid (X). The calamondin limonoids XIX-XXII are
unique in two respects: the 3-carboxyl is methylated and C-6 is
oxygenated. While these structural groupings are helpful in sug-
gesting possible biosynthetic pathways, they do not allow a deci-
sion to be made as to the actual pathway by which limonin is syn-
thesized. For instance, X contains all of the structural fea-
tures of limonin except for 19-oxygenation and lactonization and
thus could be considered the immediate precursor. However,
ichangin (XII) is also a possible immediate precursor, containing
the A lactone ring but lacking the A'-ring. The true pathway
will ultimately have to be determined by incorporation studies of
possible precursors in radioactive form. Nevertheless, it seems
highly probable that deacetylnomilinic acid (VII) is a key limo-
noid intermediate. Lactone ring closure and/or acetylation
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Table II. Relative Concentrations of Neutral Limonoids in Citrus
Seeds (8)

% Distribution

Seeds Limonin Nomilin Obacunone Deacetylnomilin
Grapefruit 76 15 1 8
83 11 5 1
Valencia Orange 50 34 1 15
75 10 1 5
Navel Orange 87 10 1 2
Sour Orangea 37 26 1 11
39 21 1 17
Lemon 39 31 29 1
40 40 20 1
Lime 70 28 1 1
Tangelo 43 43 13 1
Tangerine 63 16 1 20
60 18 1 21

a
Also Ichangin 25
22 Journal of Agricultural and Food Chemistry
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Table III. Relative Concentrations of Acidic Limonoids in Citrus

Seeds

Grapefruit

Valencia Orange

Sour Orange

Lemon

Lime

Tangelo
Tangerine
Navel Orangea

a . .
Fruit tissues

Seeds (8)

Nomilinic Deacetylnomilinic Isolimonic
Acid Acid Acid
86 5 8
85 13 1
83 17 -

6 47 47

3 64 32
95 5 -
76 15 9
56 44 -
33 33 34
20 10 -

Journal of Agricultural and Food Chemistry
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reactions could convert it to deacetylnomilin (V), nomilinic acid
(IX), or nomilin (VI), and an elimination reaction could then
produce obacunone (III) from either V or VI. A 1l,4-cyclization of
VII would lead to X, which could form limonin by 19-hydroxylation
and lactone ring closure. 19-Hydroxylation of VII would form
XXIII, which could undergo 4,19-cyclization to produce isolimonic
acid (XIII) or 1,4-cyclization, followed by lactone ring closure
to limonin. Alternatively, XXIII could form XII by lactone ring
closure and the latter could then cyclize to produce limonin.

The biosynthetic pathway of the calamondin limonoids seems
straightforward. Methyl deacetylnomilinate (VIII) is an obvious
precursor of calamin (XIX), and the latter could then be con-
verted to retrocalamin (XX) by a retroaldol-type reaction.
1,4-Cyclization of XIX would produce cyclocalamin (XXI), which
could form methyl isoobacunoate diosphenol (XXII) by oxidation of
the 7-hydroxyl to a ketone, followed by enolization.

Biosynthesis

Since this subject was reviewed in 1977 (3) important pro-
gress has been made in studies of the biosynthesis of limonoids
in Citrus. Analyses of Citrus for XIV content at various matu-
rity stages and radioactive tracer work showed that limonoids are
actively synthesized in citrus leaves, particularly in young
leaves (12). Hasegawa et al. (13) attempted to locate limonoids
within mesophyll cells and found that limonoids are present in
chloroplasts. Further fractionation of this organelle showed the
presence of limonoids in grana. The grana isolated from lemon
leaves contained as much as 1,000 ppm of XIV. These findings
suggested that limonoids are most likely synthesized in chloro-
plasts, although further work is needed to confirm this point.

When 5-g-size navel oranges were_ fed with 44 x 10° cpm of
acetate—2—l4C at the rate of 4.4 x 10 cpm per day for 10 consec-
utive days either by injection of the fruit or by application on
the peel, no labeled XIV was detected in the fruit. Also, no 1 C
was incorporated into XIV when 5-g-size navel orange was similar-
ly fed with 20 x lO6 cpm of mevalonate-2—l4c. When labeled ace-
tate was fed to leaves adjacent to a 5-g-navel orange, radioac-
tivity was incorporated into XIV in the fruit (12). These re-
sults suggest that limonoids are most likely not synthesized in
the fruit tissues (12). However, they do not rule out the possi-
bility that a precursor(s) of limonoids beyond acetate or meva-
lonate is synthesized in leaves and translocated to fruit and
there converted to limonoids.

Citrus trees are capable of translocating limonoids from
leaves to fruit tissues (12). When 20,000 cpm of XIV, randomly
labeled, was fed to a leé§—adjacent to a 5-g-size lemon, about
13.3% of the total activity was translocated to the fruit during
20 hrs. These findings of Hasegawa et al. (12,13) show that 1li-
monoids in citrus fruit tissues are synthesized in leaves and
translocated to the fruit.
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It has been mentioned in the previous section that citrus
seeds contain high concentrations of limonoids. Datta and
Nicholas (14) showed the presence of limonoid biosynthetic sys-
tems in ge_rainated Valencia orange seeds by demonstrating the in-
corporation of mevalonate-2--"C into I. However, Hasegawa et al.
(8) could not find such systems in lemon seeds, immature or ma-
ture. Since limonoids are actively synthesized in young, imma-
ture leaves (12), most likely the radiocactive I found by Datta
and Nicholas was synthesized in the coleoptiles of the germinated
orange seeds.

The capability of Citrus to translocate limonoids from the
fruit tissues to the seeds was demonstrated by administering
1 x 10~ cpm of methyl—l4C deacetylnomilinate to the stem end of
detached calamondin fruits. After 16 hrs of incubation, 7,500
cpm of activity were translocated to the seeds, and over 90% of
the total activity in the seed extract was recovered as the orig-
inal substrate (8). These results show that limonoids present in
citrus seeds are translocated through the fruit tissue.

Inhibition of Biosynthesis. Triethylamine derivatives such
as 2-(4-ethylphenoxy) triethylamine and 2-(3,4-dimethylphenoxy) -
triethylamine markedly inhibit the accumulation of limonoids in
citrus leaves (1l5). For example, young lemon leaves sprayed with
500 ppm of 2-(4-ethylphenoxy)triethylamine contained only 27 ppm
of XIV 8 days after the treatment, whereas the control contained
344 ppm. Similarly, those sprayed with 300 ppm of the compound
contained 0.3 times as much XIV as the control.

Metabolism

Metabolism in Bacteria. Three species of bacteria, which
are capable of metabolizing limonoids, have been isolated from
soil by Hasegawa et al. (16,17,18,19), Table IV.

Table IV. Limonoid-metabolizing Bacteria and Metabolic Pathways

Bacteria Major Metabolites® Pathways

Arthrobacter globiformis 17-dehydrolimonoate 17~dehydrolimonoid

Pseudomonas sp. 321-18 deoxylimonate deoxylimonoid
deoxylimonin 17-dehydrolimonoid

No. 342-152-1 17-dehydrolimonoate 17-dehydrolimonoid
deoxylimonate deoxylimonoid
deoxylimonin

aWhen grown on limonoate
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Two metabolic pathways of limonoids have been established: one
via 17-dehydrolimonoids and the other via deoxylimonoids. A.
globiformis metabolizes limonoids via only the 17-dehydrolimonoid
pathway (17). Pseudomonas sp. 321-18, on the other hand, pro-
duces in its growth media only XVI and XVIII, which are metabo-
lites of the deoxylimonoid pathway, but this organism also pos-
sesses the 17-dehydrolimonoid pathway (18). This organism un-
doubtedly metabolizes limonoids preferentially via the deoxy-
limonoid pathway. Bacterium No. 342-152~1 produces metabolites
involved in both pathways (19). The ratio of XV to XVIII is
about 3 to 1, suggesting that this organism metabolizes limonoids
preferentially via the 17-dehydrolimonoid pathway.

Enzymes in Bacteria. Limonoate dehydrogenases, which cata-
lyze the conversion of XIV to XV, have been isolated from three
species of bacteria by Hasegawa et al. (17,18,19). Each dehydro-
genase has different characteristics (Table V).

0 0]

=~ .‘\\

LA OH NAD(P) NAD(P)H 20

- 05 P— CO;

0] 0

Table V. Bacterial Limonoate Dehydrogenases

Bacteria Cofactors Optimum pH
Arthrobacter globiformis NAD 9.5
Pseudomonas sp. 321-18 NAD or NADP 8.5
No. 342-152-1 NAD 7.5

These enzymes attack not only XIV, but other limonoids which con-
tain a furan ring and epoxide, provided that+the D-ring is open.
The enzymes require sulfhydryl groups and Zn for their cata-
lytic activity.
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Deoxylimonin hydrolase, which catalyzes the conversion of
XVI to XVIII, has been isolated from cell-free extracts of
Pseudomonas sp. 321-18 (20). This enzyme attacks only the closed
D-ring of XVI and requirég-no cofactor for its catalytic activ-
ity. Unlike other common hydrolases, this enzyme is inhibited by
P-chloromercuribenzoate and HgCl,.

Limonin D-ring lactone hydrdlase has been isolated from

Pseudomonas sp. 321-18 (21). Hydrolyzing activity is optimal at
pH 8.0, whereas lactonizing activity is optimal at pH 6.0. The
enzyme attacks limonoids whose structures differ from I in the
vicinity of the A or A'-ring. The enzyme does not attack XVI and
XVIII.

Metabolism in Citrus. Recently, Hasegawa et al. (6) have
established the presence of a deoxylimonoid pathway in Citrus.
Methyl-1l4c VIII was metabolized in leaves of calamondin to form a
deoxy derivative, showing the presence of epoxidase activity
which is required for the first step of the deoxylimonoid pathway.
Compound XVIII, the product of the second step, was also isolated
from grapefruit seeds (6). Furthermore, deoxylimonate A-ring
lactone hydrolase, which is involved in the third step of the
pathway, was also detected in grapefruit seeds (6). These find-
ings clearly show that limonoids are metabolized in Citrus not
only via the 17-dehydrolimonoid pathway as previously established
(22), but also via the deoxylimonoid pathway.

Limonin D-ring lactone hydrolase is the only limonoid enzyme
which has been isolated from Citrus and characterized (1ll). It is
of interest to note that this enzyme is extremely heat resistant.
It requires 15 min of heating at 100°C to inactivate it complete-
ly. 1Its functional characteristics are very similar to those of
the bacterial hydrolase mentioned previously.

Activities of limonoate dehydrogenase (22), epoxidase (6)
and deoxylimonate A-ring lactone hydrolase (6) have been demon-
strated in Citrus, but they have not been isolated yet.
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Organoleptic Aspects

Limonin has been known to be an intensely bitter substance
since it was first isolated in 1841 by Bernay (23). Beginning in
1966 the development of analytical methods for limonin allowed
correlations of apparent bitterness with juice limonin content to
be undertaken. The various reports of relative bitterness of
suprathreshold limonin levels have been reviewed by Maier et al.
(3). The general conclusions reached in these tests were that
limonin levels less than about 6 ppm were generally nonbitter and
that the bitterness perceived at higher limonin levels varied with
the sweetness, acidity and oil levels of the juice.

Individual vs. Group Bitterness Thresholds. A comprehensive
study of limonin thresholds in model systems and in orange juice
was reported by Guadagni et al. (24). Limonin thresholds, the
minimum concentration perceived by—human subjects, were determined
under closely controlled conditions by a screened panel. A panel
of 27 judges, chosen from a group of 60 for their individual con-
sistency in detecting bitterness, showed a wide range of sensitiv-
ity. The most sensitive individual had a limonin threshold in
orange juice of 0.5 ppm while that of the least sensitive was 32
ppm (Table VI). Thirty percent of the panel could detect 2 ppm
limonin and 62% could detect 4 ppm. The group threshold for this
test was 6 ppm in an orange juice of pH 3.8, Brix/acid ratio (B/A)
of 14.8.

Most taste studies concentrate on the group threshold rather
than the thresholds of the individuals in the group. The above
study demonstrates that both are important. The group threshold

Table VI. Thresholds of Individuals fgr Limonin Bitterness in
Orange Juice (3)

Limonin Threshold

(ppm) Cumulative % of Panel
0.5 8
1.0 17
2.0 30
3.0 49
4.0 62
5.0 70
6.0 75

10.0 91

32.0 99.5

apH 3.8, B/A 14.8 The AVI Publishing Company, Inc.
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is useful to determine the generalized effect of a particular
taste factor. However, individual thresholds are helpful in
studies aimed at determining the taste quality parameters of juice
acceptable to a wider segment of the population, especially those
individuals most sensitive to bitterness.

Influence of Juice Components on Bitterness. The effects of
a number of juice variables were also studied (24). A pH optimum
for the limonin group threshold was observed at pH 3.7 to 3.9 in
reconstituted orange juice concentrate systems. The threshold was
a maximum of 6.4 ppm at pH 3.8 with a threshold of 3.4 ppm at pH
3.5 and pH 4.1. Varying the pH while keeping the B/A constant
again showed a maximum threshold of 6.5 ppm at pH 3.8. At a con-
stant pH of 3.65, increasing the B/A from 10 to 16 increased the
limonin threshold from 6.2 to 8.5 ppm. A higher B/A had no great-
er effect. When judges were presented juices containing 4 ppm
limonin with different pH and B/A values, they indicated a defin-
ite preference for those juices whose pH and B/A levels resulted
in thresholds above 4 ppm as predicted from the above data. This
confirmed the correlation between high limonin threshold {(low
limonin detection) and taste preference in orange juice.

Another important interaction is that of limonin with the
bitter flavanone glycoside naringin. Both of these bitter sub-
stances are present in grapefruit juice and Guadagni et al. (25)
found that they interact at subthreshold levels in an additive
way. Less than threshold amounts of limonin or naringin contrib-
ute to the bitterness of a mixture of the two compounds. The
bitterness of the mixture can be predicted by adding the taste-
unit contribution of each component (taste unit = concentration/
threshold).

Influence of Sweeteners on Bitterness. In model system stud-
ies, natural fruit juice sugars were observed to raise the limonin
threshold (24). An expanded study of natural and artificial
sweeteners (26) demonstrated that sucrose, neohesperidin dihydro-
chalcone (NHD), hesperetin dihydrochalcone glucoside (HDG) and
aspartylphenylalanine methyl ester (AP) all raise the limonin
threshold. At low sweetness levels HDG was the most effective
followed by AP and NHD. Sucrose was without effect up to the 2%
level. At sweetness levels equivalent to 1% sucrose, HDG, AP and
NHD raised the limonin threshold in water from 1.0 ppm to 3.2, 2.5
and 1.3 ppm, respectively. Because of its high sweetness inten-
sity, the concentration of NHD (16 ppm) was considerably lower
than HDG (80 ppm) and AP (90 ppm). At 3-10% sucrose sweetness
equivalency, the effectiveness of NHD increased substantially,
sucrose moderately and HDG slightly, while that of AP decreased.
Therefore, the sweeteners HDG, AP and NHD can effectively suppress
limonin bitterness at low concentrations.

NHD has also been found to suppress naringin bitterness (26).
It was suggested as being especially useful in upgrading the
flavor of low B/A, early-season grapefruit juice (27).
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Bitterness Suppressors. Limonin bitterness suppression has
also been reported (28) to occur when the citrus constituent neo-
diosmin (NEO), the tasteless flavone analog of the bitter flavan-
none neohesperidin (29), is present in solutions or juices con-
taining limonin. Low levels of NEO were effective in raising the
limonin threshold in orange juice, reducing bitterness of supra-
threshold levels of limonin, and even reducing the bitterness of
very high levels of limonin. NEO is also an effective suppressor
of naringin bitterness and would, therefore, be especially useful
in bitter grapefruit juice which contains both naringin and limo-
nin. On the basis of the taste tests a process for reducing the
bitterness of citrus juices was proposed which comprises adding 50
to 150 ppm neodiosmin (30). BAnother tasteless flavone glycoside
that is present in grapefruit and bitter orange, rhoifolin, has
the ability to partially suppress the bitterness of naringin (29).

Preharvest, Postharvest and Processing Variables. These
factors have a substantial influence on the limonin content of the
juice. A detailed discussion of these influences is given by
Maier et al. (3). Preharvest factors such as species and culti-
var, rootstock, fertilization and irrigation practices, and time
of harvest all have an important bearing on the limonoid content
of the fruit. During the postharvest period, limonoid metabolism
gradually reduces the XIV content of the fruit tissues. The ex-
tent of XIV loss increases with holding time and temperature. The
metabolism is accelerated by brief exposure to ethylene gas or to
a dilute solution of ethylene generating substances such as
2-chloroethylphosphonic acid (31).

Commercial navel orange, Shamouti orange and grapefruit
juices, and laboratory samples of Murcott orange and Natsudaidai
juices from early season fruit contain high levels of limonin (3).
Under certain conditions limonin bitterness can be found in
essentially all types of citrus juices. The rootstock has been
shown to be an important factor in determining the time required
after commercial maturity is reached for the fruit to yield juice
with low limonin levels. The rootstocks promoting fastest at-
tainment of low limonin levels are trifolitate orange, tangelo
and Cleopatra mandarin, with sweet orange being intermediate, and
rough lemon, sweet lime, Kusaie lime and East India lime retard-
ing the disappearance of limonin (32).

The amount of limonin incorpozzfed into the juice is influ-
enced by a number of juice processing variables. Factors such as
the maceration of albedo, central vascular bundle and carpellary
membranes, the time of contact between the rag and the juice, and
the amount of pulp incorporated into the final juice product are
known to influence juice limonin content. The uneven distribu-
tion of XIV in the various tissues of the fruit (Table VII) is
largely responsible for the effects of processing variables (33).
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. . : . . . R a
Table VII. Limonoid Distribution in Desert Navel Orange Tissue

. b
Limonoic Acid A-Ring Lactone Content

ppm fresh weight mg per fruit
Albedo and Flavedo 415 22
Carpellary Membranes 305 10
Juice Vesicles 15 1.9

a
Harvested November 12
Determined as limonin

Only about 6% of the total XIV content of the fruit is present in
the juice vesicles. Any step in juice preparation that increases
incorporation of the other tissues into the juice or that increas-
es the extraction of XIV from those tissues will increase the
limonin content of the juice. Consequently, techniques that in-
crease juice yield, such as hard versus soft extraction, tend to
increase limonin content (gﬂ).

Limonin Levels of Citrus Juices. A compilation of limonin
values in various citrus juices is given in (3). Limonin has been
found in essentially all varieties of citrus juices examined.
Although there is a considerable range of limonin values reported,
certain trends are apparent.

Limonin levels generally decrease as the season progresses.
This decrease with maturity of the fruit is seen in most varieties
tested, although the magnitude of the change and the level at any
one time of the year or any part of the harvesting season is var-
iable.

Two extensive studies of limonin content throughout the sea-
son were recently conducted by Albach et al. (35). Commercial
orange and grapefruit juices from three citrus processing plants
in south Texas were sampled twice each day at three-week intervals
from early November to late June for two consecutive years. The
average limonin content of these juices is summarized in Table
VIII. The November orange juice samples were all above the group
limonin threshold determined by Guadagni (24). Some of the sam-
ples obtained through February were also above the 6 ppm limonin
group threshold. Throughout the season a significant number of
juices contained enough limonin for bitterness to be detectable by
30-50% of the individuals of Guadagni's taste panel. The limonin
content of these orange juices would, therefore, be likely to low-
er the taste quality of the juice for a substantial portion of the
population.

Another set of tests of two orange varieties from 5 locations
in Texas were sampled at two-week intervals throughout their sea-
son of maturity and juiced in the laboratory on a commercial test
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Table VIII. Limonin Content of Commercial Orange and Grapefruit
Juices Throughout the Harvesting Season

Limonin Content (ppm)

Processing
Date Orange Grapefruit
Range Average Range Average
November 6.2-8.2 7.2 11.2-12.2 11.4
December 4.2-7.8 5.3 7.1-11.6 10.0
January 3.3-5.5 4.5 7.4-16.6 9.1
February 2.3-6.8 3.8 5.3-9.7 7.1
March 2.5-3.9 3.3 4.4-7.1 5.1
April 2.1-3.8 2.7 2,2-4.7 3.8
May 1.7-2.1 1.9 2.4-3.8 3.1
June 1.8-2.4 2.1 -— 2.1
Source: (35)

extractor (36). Again the limonin levels decreased as the season
progressed for both Hamlin and Marrs early oranges on Texas sour
orange rootstock. The Marrs variety was suspected of having a
bitterness problem because it arose as a bud sport from the
Washington navel. The data show little consistent difference in
the limonin levels of the two varieties in any one grove. Much
more significant differences were seen in fruit of the same vari-
ety from the different grove locations, probably due to differen-
ces in cultural practices, soil type and environmental factors.

While most of the limonoids of Citrus have been isolated from
seeds, several occur in detectable amounts in other parts of the
fruit. Minor amounts of deacetylnomilin, nomilin, obacunone, de-
acetylnomilinic acid and nomilinic acid were identified in ex-
tracts of navel orange peel (37). 17-Dehydrolimonoate A-ring
lactone was isolated from peel and juice of navel oranges (38) and
nomilin has been reported to occur in grapefruit juice and juice
vesicles (39). The only Citrus limonoids known to be bitter are
limonin, VI, XII, obacunoic acid and IX (3).

Influence of Limonin Content on Juice Quality. Several stud-
ies have shown that limonin bitterness detracts from juice qual-
ity. The taste tests reported by Guadagni (24) using screened
laboratory personnel indicated that factors which raise the limo-
nin threshold in orange juice have a beneficial effect on prefer-
ence. Fellers (40) reported results of taste tests of grapefruit
juice with added limonin and naringin given to a Washington D. C.
consumer-type taste panel of 72 persons. These tests showed a
highly significant linear drop in preference ratings with
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successively higher levels of bitterness within each B/A group.
The inverse relationship between limonin content and taste pref-
erence was confirmed in another study (41l) using a stepwise mul-
tiple regression analysis of data from 60 samples of commercial
frozen-concentrated orange juice (FCOJ) packed during two seasons.
This and a latter report (42) concluded that limonin content was
highly correlated with the flavor quality of the juice.

Juice Quality Standards. In recent years limonin content
has become widely recognized as a quality factor in most citrus
juices. Previously limonin had been considered to be important
in the juice quality of only a few high limonin cultivars. Limo-
nin is being used routinely by some processors as a quality con-
trol element. In addition, limonin content is now included in
the Florida State Grades for canned and chilled grapefruit juice
and frozen concentrated grapefruit juice (43). Grade "A" juice
packed during the period from August 1 to December 1 must contain
less than 5 ppm limonin or less than 600 ppm naringin (Davis test
method). Grade "B" juice must contain less than 7 ppm limonin or
less than 750 ppm naringin.

Determination of Limonin Content. A summary of the methods
reported through 1976 for the quantitative determination of limo-
nin in citrus juices was published previously (3). Since then
improvements have been made in the high-pressure liquid chroma-
tographic method (44, 45) and advances have been made in the
development of enzymatic (46) and immunoassay (éZJ ég) (see
Chapter 15) methods. The Tatter methods hold great promise for
the future. However, in each case the required enzyme or anti-
body is not yet commercially available. Thus, while substantial
progress is being made the need still exists for a simple, sensi=-
tive, and rapid commercially available method for routine indus-
trial quality control purposes.

Control of Juice Bitterness. A number of advances have been
reported in this field since it was last reviewed (3). A commer-
cial application of the cellulose acetate adsorption technique
for the removal of limonin from citrus juices was undertaken (49).
New sorbent gel forms of cellulose esters for adsorption of limo-
nin were developed (§9). Knowledge was gained that limonoids are
biosynthesized in citrus leaves and translocated to the fruit (12)
and that specific bioregulators can inhibit accumulation of XIV
in citrus leaves (15). Additional studies were carried out on
the use of neodiosmin to suppress limonin and other types of bit-
terness (30,51). The influence of extractor and finisher pres-
sures on the level of limonin and naringin in grapefruit juice
was reported (34). Also, further studies were conducted on the
microbial sources and properties of limonoate dehydrogenase (52),
the enzyme that converts XIV to XV and can be used to prevent
limonin from forming in freshly expressed citrus juices (53).
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As these new techniques for reducing limonin bitterness are
developed and come into use, they will afford additional and more
direct means of achieving higher quality citrus juices. This will
be especially important for that significant portion of the pop-
ulation that has a limonin bitterness threshold in the vicinity of
and below 2 ppm. Until then, much can be done to reduce bitter-
ness by careful management of factors influencing juice limonin
levels (choice of cultivar, rootstock, ripeness, postharvest me-
tabolism, juice extraction parameters, pulp contact time, blending
of juice, etc.) and factors influencing the perception of bitter-
ness (juice pH, acidity, sweetness, etc).

Abstract

Limonoids are a group of chemically related triterpene deriv-
atives found in the Rutaceae and Meliaceae families. Limonin is
an intensely bitter limonoid that occurs widely in citrus juices
where its presence at above threshold levels generally detracts
from juice quality. Studies have shown that the metabolically ac-
tive form of limonin is limonoate A-ring lactone (LARL) which is
nonbitter. LARL is synthesized in the leaves and translocated to
the fruit and seeds. It is slowly degraded in the fruit to non-
bitter products by at least two metabolic pathways. LARL under-
goes acid catalyzed lactonization to limonin when the fruit tis-
sues are disrupted in juice preparation. Group bitterness thresh-
olds for limonin in orange juice have been reported to be in the
6 ppm range. On the other hand, individual thresholds as low as
0.5 ppm have been reported. In the latter study, 30% of the panel
had thresholds of 2 ppm or below. While limonin content tends to
be high in the juice from early-season navel, Shamouti, and
Murcott oranges, available data indicate that levels of 2 ppm are
not uncommon in commercial orange juice. Bitterness is modulated
by juice properties including soluble solids, citric acid content
and pH. 1In addition, several tasteless citrus flavonoids specif-
ically suppress bitterness and increase juice acceptability, as
do the flavanone glycoside derived dihydrochalcone sweeteners.

The above areas are reviewed in detail and new developments in
limonoid biochemistry are discussed.
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Flavonoids and Citrus Quality

RUSSELL L. ROUSEFF

Florida Department of Citrus, Institute of Food and Agricultural Sciences,
Agricultural Research and Education Center, P.O. Box 1088,
Lake Alfred, FL 33850

Flavonoids are one of the most widely distributed and di-
verse chemical groups in the plant kingdom. While flavonoids can
be found in nature in many organisms, from bacteria to higher
plants, they are most prevalent in the higher plants. They have
been found in the roots, stems, flowers, pollen, fruit, seeds,
wood and bark.

In terms of chemical structure, flavonoids are Cig compounds
arranged Cg-C3-Cg with the central group usually linked with oxy-
gen and numbered as shown below:

AN &

These compounds are differentiated primarily by the oxida-
tion state of the central three carbon atom unit. Thus, as shown
in Figure 1, some compounds are classified as flavones, flava-
nones, flavonols, anthocyanins, etc. {The A and B rings have
been left off for clarity). A secondary means of differentiating
flavonoids is by the position and numbers of attached hydroxy,
methoxy or sugar units. In citrus, flavonoids usually occur as
glycosides, although the polymethoxylated flavones are a notable
exception.

Metabolically flavonoids can be thought of as a combination
of two distinct units: 1) the Cg fragment of the A ring and 2)
the C3-Cg fragment of the B ring. However, while significant
progress has been made in the areas of biological origins and
interrelationships of flavonoid compounds the exact biological
function of these compounds remains a mystery.

Quality in any food product is usually defined in terms of a
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Figure 1. Flavonoid structures and nomenclature as determined by the central
C; group (A and B rings have been left off)
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number of factors. These factors are usually evaluated by the
human senses, namely, sight, taste, touch and smell. The primary
sense in evaluating a food item is taste, although other senses,
such as sight and smell, can influence the perception of taste.
Flavonoids play a major role in the determination of citrus qual-
ity primarily due to the taste of flavanone neohesperiodosides.
Flavonoids do not play a significant role in the visual deter-
mination of fruit or juice quality. Although many flavonoids in
the plant kingdom are highly colored, most citrus flavonoids are
colorless. The compounds responsible for the deep yellows and
oranges in citrus are carotenoids. Flavonoids play a significant
role in human nutrition but since this area is the subject of
chapter 3, the present discussion will be Timited to how fla-
vonoids affect citrus quality.

Physical and Chemical Characteristics

Chemical and physical properties of individual citrus fla-
vonoids and flavonoids in general have been discussed in other
reviews (1-5). In the flavonoid molecule the A and B rings are
stable and relatively unreactive. The central C3 group is the
most reactive portion of the molecule, especially if Tinked with
oxygen to form a heterocyclic ring. The dihydropyrone ring of
flavanones is very reactive and readily undergoes ring opening
reactions with base or acetic anhydride (3). However, flavonoids
are generally stable under normal processing or storage condi-
tions. Flavonoid physical properties, such as UV absorption
spectrum and solubility are highly dependent on the bonding and
arrangement of the atoms in the C3 group. Significant shifts are
observed in the absorption maxima from the UV spectra of flavo-
noids -when ring opening or complexing reagents are introduced.
Thus, much structural information can be inferred from the spec-
tral changes of these compounds (6). There is 1ittle enzymatic
activity to alter the flavonoid composition during storage as the
freshly extracted juice is pasteurized to inactivate most enzymes.

Hesperidin Solubility. Hesperidin, a tasteless flavanone
glycoside, is the Teast soluble of all citrus flavonoids. It is
found in practically every variety of citrus (5) and is the major
flavonoid in sweet oranges and lemons. In fruit or leaves,
hesperidin is found as a soluble complex which can be extracted
with water or alcohol (5). During juice extraction, the complex
js destroyed and hesperidin slowly precipitates as fine, white,
needle-shaped crystals. Once in the solid form, hesperidin can
be redissolved in formamide, pyridine or in dilute alkali.

Hesperidin crystals are found in frost damaged oranges (8)
where cells have been disrupted due to the formation of ice
crystals. It occasionally precipitates out of concentrated
orange juice products during storage and is often found as a
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thin crust on the surfaces of falling film evaporators used in
the production of frozen orange concentrate (9). Hesperidin
crystals have also been found to coat the surface of juice ex-
tractors. This crust reduces the rate of evaporator heat ex-
change which adds to the energy costs and slows the rate of con-
centrate production. If the evaporator surfaces are not cleaned
periodically, hesperidin crystals will flake off into the con-
centrated juice. Juice containing excessive amounts of hesper-
idin crystals is downgraded (10). Shown in Figure 2 are accept-
able and unacceptable amounts of hesperidin crystals from 710 ml
of reconstituted orange juice. It should be pointed out that the
presence of hesperidin crystals in a citrus product is a visual
defect and does not affect the flavor of the product.

Naringin Solubility. Naringin, the major flavonoid in grape-
fruit and pummeTo, has been observed (11) to crystalize in canned
fruit or juice during storage. This problem was found primarily
when slightly immature fruit was used. Since naringin concen-
trations are highest in immature fruit and generally decrease as
the fruit matures, the easiest way to preventthis precipitation
problem is to use mature fruit. Another means of reducing the
naringin content is to reduce or eliminate from the final product
those portions of the fruit containing high naringin concentra-
tions, i.e., the albedo and segment membrane.

Methods of Analysis

The establishment of precise objective measurements for
citrus quality has been hindered by the lack of good analytical
methods and the lack of consensus on a common definition of
quality. The evaluation of bitterness is a prime example.
Ideally the method should be rapid, specific, accurate and in-
expensive. Unfortunately, no method has been developed that
satisfies all four criteria. Compromises and trade-offs must be
made.

One of the earliest methods to measure the bitter naringin
and other flavanones in grapefruit juice was developed by W. B.
Davis in 1947 (12). This test is based on the reaction of dilute
alkali with flavanones to form the corresponding yellow chalcones.
The flavanone concentration is then determined by measuring the
absorbance of the chalcones at 427 nm. Davis pointed out that
the procedure was not specific for any flavanone but could be
used to determine the principle flavanones in citrus juice, i.e.,
naringin in grapefruit juice and hesperidin in orange juice.

He suggested that the method might also be suitable for the
determination of flavones and flavonols. This method is still
widely used to measure naringin in grapefruit juice; albeit it
is not specific for naringin, it is a simple, rapid and inexpen-
sive method of analysis. However, since grapefruit contains
both bitter and nonbitter flavanone glycosides, Davis values are
only a crude approximation of bitterness.
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SCORING GUIDE

FOR HESPERIDIN
FROZEN CONCENTRATED ORANGE JUICE
AND CONCENTRATED ORANGE FOR MFG.

UNACCEPTABLE ACCEPTABLE

Figure 2. USDA visual aids used to determine acceptable and unacceptable
amounts of hesperidin crystals in orange juice
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Other colorimetric methods have been developed to determine
flavonoid bitterness in citrus products (13, 14, 15, 16). The
basic approach involves the addition of a reduc1ng agent, such as
sodium borohydride or magnesium, to juice followed by the addition
of HC1 to form a characteristic color. Again, the color is due
to both bitter and nonbitter flavanone glycosides in addition to
the tasteless flavanone aglycones. An older and even less
specific method is the ferric chloride method (17, 18) for
naringin. Unfortunately, this method reacts with many flavonoids,
both bitter and nonbitter, as well as citric acid and other hy-
droxy compounds present 1n the juice.

Direct ultraviolet spectrophotometr1c methods have been
deve]oped to measure naringin in grapefruit (19) and hesperidin
in orange juice (20, 21). While these methods are rapid, they
are also nonspecific for flavonoid bitterness.

Chromatographic methods were developed to separate a few of
the citrus flavonoids from the complex mixture of citrus flavon-
oids. The early paper chromatographic methods for flavanones
(22, 23) were difficult to quantitate because of band broadening
and uneven solvent development. Several thin layer chromato-
graphic (TLC) methods were developed to separate the bitter from
the nonbitter flavanone glycosides (24, 25, 26, 27).

Gas-1iquid chromatography (GLC) has not “been n employed for
the analysis of flavanone glycosides because they are non-vol-
atile and thermally unstable. One GLC method (28) has been de-
veloped for the analysis of the flavanone aglycones. However,
the method is extremely time consuming in that the samples must
be extracted, hydrolyzed and derivatized before analysis.
Furthermore, the procedure cannot distinguish between bitter and
nonbitter flavonoids.

Swift (28) developed a TLC-spectrophotometric analysis of
five methoxyTated flavones from orange peel. Since the analysis
consisted of two stages, one for separation and the last for
quantitation, the analysis was rather time consuming and also
subject to some positive errors due to incomplete sample sep-
aration. Tatum et al. (29) developed several direct TLC methods
for methoxy]ated-Eha—hdeEXy1ated flavones, coumarins and
psoralens in citrus. Maier and Metzler (30) developed a semi-
quantitative, two-dimensional TLC procedure to determine a number
of citrus flavanones, flavanols, flavones, coumarins and psoralen
aglycones. High performance liquid chromatographic methods
(HPLC) have been developed for the separation of naringin from
narirutin (31, 32) in citrus juices. A method to determine the
major methoxylated flavones in citrus has been developed (33).
Gradient elution HPLC has been employed to separate a wide
variety of citrus flavanone glycosides, coumarins and psoralens
(34). Thus, with the recent improvements in methodology, it is
now possible to evaluate the relative contribution of individual
citrus flavonoids because the concentration of each can now be
rapidly and accurately measured.
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Citrus Flavonoids as Quality Factors

Flavonoids have no odor or mouth feel and, in general, do
not contribute significantly to the color of most citrus Jjuices.
Their primary effect on citrus quality is due to the bitter taste
of certain flavanone glycosides. Thus, quantitative descriptions
of desirable citrus qualities are usually based on the absence
or maximum concentration 1imits for these compounds.

Bitterness is a generally undesirable flavor component and
is usually detrimental to the quality of citrus products. Any
bitterness in orange or tangerine products reduces their quality,
whereas, a Tittle bitterness is actually desirable for grapefruit
products. However, it has been shown (35) that as the concen-
tration of bitter materials increase, flavor scores and overall
product acceptability decrease. Thus, excessive bitterness is
usually considered objectionable and the Florida Department of
Citrus has enacted regulations which 1imit the amount of naringin
which may be present during the early weeks of the season (36)

It is difficult to quantitatively define grapefruit quality in
terms of bitterness because individual taste thresholds and
bitterness preferences vary markedly. Guadagni et al. (37) found
that 7% of a 27 member taste panel could detect as Tittle as 1.5
ppm naringin in water. Yet, another 7% of that same panel could
not distinguish a 50 ppm naringin solution from water alone.

This represents over a 30-fold difference in taste thresholds.
Fellers (38) used a large population of grapefruit juice
users to evaluate naringin bitterness preference levels. Some of

his data is shown in Table I. Using a Tow naringin juice he
added various amounts of naringin to different lots of the same
juice. The tasters were not told the juices contained different
bitterness levels but were asked to evaluate each juice on a six
point scale from poor = 1 to excellent = 6. As expected flavor
scores fell as the naringin content of the juice increased.
Correspondingly, the percentage of the panel that thought the
juice was too bitter increased with increasing naringin concen-
tration. However, the surprising result of this study was that
at 1900 ppm naringin (an excessively bitter juice), 12% of the
tasters did not think the juice was bitter enough. These results
show the tremendous range in individual bitterness response, as
well as in sensitivity.

Taste and Structure of Citrus Flavonoids

Interestingly, flavanone glycosides exist as structural
isomers of which one will be intensely bitter while the other is
tasteless. The flavanone portion of the bitter molecule is
tasteless, while the glycoside portion is tasteless or slightly
sweet (1). Bitterness is observed only when the sugars and the
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Table I. Evaluation of naringin bitterness as a factor in
preference of Florida grapefruit juice

Naringin conc. (ppm)
300 700 1100 1500 1900
Mean rating 3.7 3.6 3.4 3.4 3.3
Bitterness

Too bitter 172 31 33 46 51
Just right 59 55 55 44 37
Not enough

bitterness 24 14 17 10 12
Don't know - - - -— --

(Number of
respondents) (201) (198) (198) (197) (197)

a Percentage of tasters
Source: (38)

flavanone aglycone are linked in a specific fashion. These com-
pounds have been thoroughly studied to determine the relationship
between taste and structure and has been thoroughly reviewed by
Horowitz (1, 37). While no single structural feature has been
associated with bitterness, the 1inkage of the sugars rhamnose
and glucose is very important. Linked from C-1 in the rhamnose
to the C-2 in glucose, the resulting disaccharide is called
neohesperidose (2-0-(rhammopyranosyl) glucopyranose). If the
essentially tasteless neohesperidose (40) is linked to a fla-
vanone through the 7-hydroxy position, the resulting flavanone
glycoside will be intensely bitter. However, if the same sugars
are linked C-1 to C-6 to form 6-0-(rhamnopyranosyl) glucopyranose
(rutinose) and linked in the same way to the identical flavanone
aglycone, the resulting molecule is tasteless. The different
rhamnose-glucose linkages are illustrated in Figure 3 for the
bitter naringin and its nonbitter isomer, narirutin.

A11 citrus flavanone neohesperidosides are bitter and all
flavanone rutinosides are tasteless (1). Since the neohesper-
jodose sugar plays such an important role in flavanone bitterness
one might expect other flavonoids with a neohesperiodose attached
at the 7 position to be equally bitter. Fortunately, this is not
the case, for even subtle changes in the flavanone molecule can
destroy its bitterness. As shown in Figure 4 if the bitter
neohesperidin is converted to neodiosmin (the corresponding
flavone) the resulting compound is tasteless (41). Similar
results have been observed for other flavanone nechesperidosides
(1). No citrus flavone glycoside has been found to be bitter.
Furthermore, if the rhamnose portion of the neohesperidoside is
removed from naringin, the resulting glucoside (prunin) is still
bitter, but at a much reduced intensity (See Table II). While
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Figure 3. Structural isomers of naringenin illustrating the two possible configura-
tions of the sugars attached at the 7 position. Naringin is bitter whereas narirutin
is tasteless.
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Figure 4. Minor structural changes to the aglycone portion of the molecule can
destroy bitterness. Adding a single double bond between Carbons 2 and 3 will
convert bitter flavanone neohesperidosides to tasteless flavone neohesperidosides.

In Citrus Nutrition and Quality; Nagy, S., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



92 CITRUS NUTRITION AND QUALITY

all flavanone neohesperidosides are bitter, some are more bitter
than others. Thus, as shown in Table II, naringin and poncirin
are two of the most bitter flavone glycosides found in citrus.
Each is about one-fifth as bitter as quinine dihydrochloride.
Neohesperidin and neoeriocitrin are only one-tenth as bitter as
the other two flavanone glycosides. Thus, it appears the number
and position of ring substitutions affects the degree of bitter-
ness of the overall molecule.

Table II. Relative Bitterness of Citrus Flavonoid Aglycones
and Glycosides

*
Compound Taste Relative Bitterness
Hesperetina S1. sweet --
Eriodictoyla No taste --
Naringem’nb No taste --
Hesperidin No taste -
Neohespergdinc Bitter 2
Narirutin No taste --
Naringigc Bitter 20
Didymin No taste --
Poncirin b Bitter 20
Eriocitrin No taste --
Neoerigcitrinc Bitter 2
Prunin Bitter 6

*

a On a molar basis with quinine dihydrochloride taken as 100

b Aglycones
Rutinosides

Neohesperidosides

Glucoside

Source: (1, 39)

Hagen et al. (42) determined the relative amounts of all the
flavanone gTycosides in Texas grapefruit. Their results are
shown in Table III. Naringin is the dominant flavonoid in grape-
fruit and is primarily responsible for the immediate bitter taste
in grapefruit. The equally bitter poncirin and the much less
bitter neohesperidin are present in relatively small amounts and
do not contribute significantly to overall bitterness.

While there are no bitter flavone glycosides in citrus,
there are some highly methoxylated flavone aglycones that are
reportedly bitter. Swift (28) identified sinensetin, nobiletin,
tetra-0O-methyscutellerein, 3, 5, 6, 7, 8, 3', 4' heptamethoxy-
flavone and tangeretin from the bitter fraction of orange peel
juice. He later determined the individual and collective taste
thresholds of these flavones and compared ,them to the concentra-
tions found in commercial orange juice (43). Orange juice with
an added total of 24 ppm of these flavones could not be differ-
entiated from the orange juice alone. Since the maximum total
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concentration found in orange juice over several years was 7 ppm,
he concluded that these flavones were not important contributors
to the flavor of orange juice.

Table III. Flavanone Glycosides in Texas Canned Grapefruit Juice

Compound Concentration (ug/ml)
Naringin 306

Naringin rutinoside 124
Neohesperidin 10.5
Hesperidin 9.9
Poncirin 17.0
Isosakuranetin rutinoside 5.3

Source: (42)

Flavonoid Bitterness Suppressors

A11 known citrus flavone glycosides are odorless and gen-
erally tasteless yet they appear to have an important function in
reducing the perceived bitterness of flavanone neohesperidosides
and Timonoids. Horowitz (1) was the first to identify the bitter-
ness suppressing function of these compounds. He found that
rhoifolin, the flavone equivalent of the bitter naringin, could
partially suppress the bitterness of naringin. Thus, higher
naringin concentrations were necessary before bitterness could be
detected, if the solution contained large amounts of rhoifolin.
Guadagni et al. (41) found neodiosmin, the tasteless flavone
analog of bitter neohesperidin, to be a very effective bitterness
suppressor. As little as 10 ppm in water increased the bitter-
ness threshold of naringin and 1imonin, a nonflavonoid bitter
compound, 3.5-and 4.0-fold, respectively. Neodiosmin was also
effective in reducing preceived bitterness of limonin in orange
juice.

It was speculated that these flavone neohesperidosides are
so similar in structure that they compete with flavanone neo-
hesperidosides for sites on the bitterness receptors in the mouth.
This explanation assumed that these flavones could be adsorbed at
taste sites without producing an appreciable taste response of
their own. Unfortunately, neither of these bitterness suppressors
has been found to occur naturally in the sweet orange (C. sinen-
sis) although Nakabayashi (44) found rhoifolin in the sour orange
TC. aurantium). Dunlap and Wender (45) reported finding rho-
ifo1Tn in grapefruit extracts but no attempt was made to deter-
mine its concentration in juice. Neodiosmin has yet to be found
in grapefruit. Thus, it remains to be shown if these compounds
play any role in the natural reduction of naringin bitterness as
grapefruit matures.
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Chalcones and Dihydrochalcones. Chalcones and dihydro-

chalcones are intensely sweet compounds (39) that are effective
in raising the threshold at which the bitterness of naringin and
Timonin is perceived (46). As illustrated in Figure 5, chalcones
are easily formed from flavanone glycosides by the addition of
alkali and dihydrochalcones are formed from hydrogenated chal-
cones. Like the flavanone nechesperidosides, the chalcones and
dihydrochalcones vary in the intensity of their taste response.
Dihydrochalcones are sweeter than chalcones and of the dihydro-
chalcones, nechesperidin dihydrochalcone (NHD) is the sweetest
(39). It has been estimated that NHD is 1,500 times sweeter than
sucrose on an equal weight basis. Thus, it has been proposed that
NHD be added to excessively bitter juice to reduce the perceived
bitterness and increase the quality of the juice (47). A 1969
Florida Department of Citrus Market Research Report indicated
favorable sales and consumer acceptance of artificially sweetened
grapefruit juice. Fellers (47) found the average taste threshold
of NHD in single-strength grapefruit juice to be about 8 ppm.
Neohesperidin dihydrochalcone levels between 8-12 ppm produced a
significant sweetening of the grapefruit juice with only a slight
but acceptable aftertaste. Higher levels of neohesperidin di-
hydrochalcone produced juices that were excessively and unaccept-
ably sweet. Thus, NHD employed in the proper amounts could be
used to upgrade the flavor of early season grapefruit juice or
replace a significant amount of sucrose used in covering syrups
in canned or frozen grapefruit sections.

Chalcones have been proposed (48) as a precursor that is
enzymatically cyclized to form flavanone glycosides. The enzyme
responsible for this stereospecific ring closure disappears or
is inactivated as the fruit matures (5). However, no chalcones
have been isolated from citrus. Therefore, if chalcones are a
part of the metabolic pathway that leads to the formation of
flavanone glycosides they probably exist as short lived, unstable
intermediates. It appears unlikely that these compounds play a
significant role in mitigating bitterness at their natural levels.

Taxonomic Significance of Flavonoids

In terms of its flavonoid composition, citrus is unique
within the plant kingdom. Some citrus flavaneids are found no-
where else. Furthermore, the relative flavonoid composition
varies with each variety. Thus, the flavonoid composition of
citrus juices has been proposed (2) as a measure of juice authen-
ticity.

In most of the plant kingdom, flavanones occur only in small
amounts compared to other flavonoids, yet they are the predom-
inant flavonoid in citrus. Citrus flavanones usually occur as
glycosides, whereas in other plants, flavanones are seldom found
in the glycoside form (1). Four types of glycosides have peen'
found in citrus. They are 0-glucosides, C-glycosides, rut1nos1qes
and nechesperidosides. Kefford {(2) was one of the first investi-
gators to recognize that flavanone composition could be used to
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Figure 5. Conversion of bitter flavanone neohesperidosides to the corresponding
intensely sweet chalcones and dihydrochalcones
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distinguish different varieties of citrus. He classified sweet
oranges, mandarins, lemons and citrons together because hesper-
idin was the predominant flavanone in each. Since the principal
flavonoid in grapefruit and pummelo was naringin, Kefford put
these cultivars in a separate group. Horowitz (1) observed that
the flavonoid glycosides of many varieties of citrus occurred
either all in the rutinoside or neohesperidoside forms. He thus
proposed that all citrus could be divided according to their
glycoside form.

Albach and Redman (49) confirmed this method of classifica-
tion with their flavanone survey of 41 citrus cultivars and 49
hybrids from Texas. They found that the relative amounts of
flavanones within different cultivars of the same species were
fairly constant. Some of their results are shown in Table IV.
Most of the commercial citrus cultivars contain only the non-
bitter rutinosides, whereas the sour orange and pummelo (C.
grandis) have only bitter flavanone neohesperidosides. Working
with hybrids of known parentage, they found if one variety con-
taining only flavanone rutinosides is crossed with another con-
taining only neohesperidosides, the resulting hybrid contained
both types of flavanone glycosides. An example of this is shown
in Table IV for the cross between C. sinensis x Poncirus tri-
foliata. Thus, it is suspected that the Meyers Temon (. 1imon)
and the grapefruit are hybrids rather than pure varieties because
they contain both flavanone rutinosides and neohesperidosides.

Kamiya et al. (50) divided citrus into 12 groups based on
the number and kind of flavanone glycosides found. With this
classification system, they were able to distinguish between
nucellar and zygotic seedlings using both leaves and fruit. Of
the 94 hybrids examined, 53 cultivars were judged as true hy-
brids. The remaining cultivars were not classified as true hy-
brids because their flavanone glycoside pattern was not suffi-
ciently different from the female parent.

Tatum et al. (29) used the presence of various methoxylated
flavones from Teaf extracts to distinguish between nucellar and
zygotic seedlings. They also identified the predominant fla-
vanone glycoside and three unidentified coumarins in their
samples. Ting et al. (51) showed that there were guantitative
as well as qualitative differences in the methoxylated flavone
content from the juices of different citrus varieties. They
further showed that certain blends of juices could be distin-
guished based on the amounts of methoxylated flavones found.

Both directly and indirectly, flavonoid composition affects
the quality of individual citrus cultivars and hybrids. Some
cultivars, such as the sour orange, are directly affected by the
presence of bitter neohesperidosides to the point they are un-
palatable. The quality of other cultivars may be indirectly
affected due to the presence of bitterness suppressing flavone
neohesperidosides. Certain hybrids, such as the K early, also
contain bitter flavanone glycosides at levels which reduce its
acceptability. Therefore, the knowledge of the relative type and
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Table IV. Thin Layer Chromatographic Survey of Flavanones
in Citrus Taxa
Relative fluorescence 1ntensitya
7-Rutinosides of: 7-Neohesperidosides of:
el (7] (o] =) —e - wn o he) -
3 [=}] a (1) > 3 QL o 1) 3
«Q =~ s -~ =] (Y] oy bl -3 =]
D < (9] 1+ 1) 1+ < O (1) 1+
S - + + =1 =} -5 (2 (ad =}
-do [o7) < -y -de e [o7) < —o —4e
3 3 o 3 3 3 3 9“ 3 ?
T < S =
& 3 & > &
= < c
O O
& 5 &
Citrus Taxa
Citrus sinensis (7) 4 2 - 10 1 - - - - -
C. reticulator (4) 4 2 - 10 - - - - - -
V. aurantifolia - - - 10 - - - - - -
C. limon “Lisbon" 2 - 10 10 - - - - - -
"Meyer" 1 - - 10 - - - - - -
? "Ponderosa" 1 - - 1 - 3 - - 10 -
C. grandis - - - - - 07 - - -1
C. aurantium (3) - - - - 0’ - - 10 -
C. paradisi (2) 4 - T 10 2 - T 1
Poncirus trifoliata - - - - - 10 10 - - -
Hybrids
C. paradisi x C. reticulata
"Minneola" Tangelo 4 2 - 10 - - - - - -
"Orlando" 31 - 10 - - - - - -
C. sinensis x Poncirus trifoliata
“Rustic" citrange 4 4 - 1 - 5 10 38
"Troyer" 4 4 - 1 - 10 10 2

@ The flavanone with the highest fluorescence intensity was

given a value of 10; T = trace; - = not detected.
( ) number of varieties tested
Source: (49)
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concentrations of flavonoids in potential parentage will be im-
portant to plant breeders in developing hybrids of desired
flavor.

Effects of Fruit Maturity, Rootstocks and Horticultural Variables

It is generally held that the amount of flavonoids in whole
fruit increase only during the very early stages of fruit develop-
ment. There is Tittle change in the absolute amount of citrus
flavonoids during most of the Tifetime of the fruit. Kesterson
and Hendrickson (7) found that the total amount of naringin (as
measured by the Davis Test) in several cultivars of grapefruit
remained constant once the fruit reached 2.3 inches in diameter.
However, as shown in Figure 6, the concentration of naringin
decreased continually because it was being diluted due to in-
creasing fruit size. They (52) reported similar results with
hesperidin in oranges. Huet {53) and Goren (54) conducted
monthly measurements on the flavonoid contents of Valencia and
Shamouti oranges grown in Morocco and Israel, respectively. They
also found that the absolute whole fruit flavonoid content changed
very little once the fruit reached a critical size early in its
development.

While there is general agreement as to the whole fruit fla-
vonoid content of citrus, there is considerable disagreement as
to what, if any, changes occur in juice flavonoid concentrations
as the fruit matures. Many investigators (7, 52, 53, 54) report
finding no significant change in flavonoid content until after the
fruit is past its peak maturity. These studies employed a variety
of extraction techniques on most of the common orange and grape-
fruit cultivars that were grown in different regions of the world.
Each used either the Davis test or the direct UV method to deter-
mine flavonoids.

An alternate view is that juice flavonoid concentration de-
creases continually during maturation. Lime et al. (55) using
the Davis Test found flavonoid concentration in Texas Ruby Red
grapefruit to decrease continually during the growing season.
Hagen et al. (25) used a thin layer chromatographic-fluorometric
method to measure the concentrations of each of the six major
flavanone glycosides present in Texas Ruby Red grapefruit. They
also measured total glycosides using the Davis Test. Since both
they and Lime et al. (55) used the same variety of grapefruit
grown at the same location, their results are compared in Figure
7. In both studies total glycosides decreased rapidly during the
early part of the season and then gradually diminished as the
fruit continued to mature. However, the differences in the Davis
values, shown as curves A and D, for these studies are too great
to be explained by seasonal variation. Comparing these values
with another report (7) on the same cultivar and method of anal-
ysis it was found that the values of Hagen et al. (25) were
unusually high. Since Hagen and co-workers separated the juice
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vesicles from the central core, segment membrane and albedo be-
fore extracting, there should be no contamination from these high
flavonoid sources. Rouseff and Dougherty (§§) found a small, but
consistent, decrease of naringin in Florida grapefruit juice as
the fruit matured. They also found that the major drop in fla-
vonoid content as well as naringin, occurred after the fruit
passed peak maturity. However, this was observed only when ex-
perimental conditions were tightly controlled, i.e., when a

large number (120) of carefully sized fruit from the same bloom
were extracted in exactly the same manner throughout the season.

Numberous factors, such as fruit size, horticultural con-
ditions and the age of the tree (57) all affect the flavonoid
content of the juice. The larger the fruit, the lower the fla-
vonoid content. Rootstock effects are most evident early in the
season (53) with only slight differences found at the end of the
season. Horticultural practices such as spraying immature grape-
fruit with Tead arsenate sprays for early maturity significantly
increases the flavonoid content (58). The application of a growth
regulator, such as gibberelin, to Shamouti oranges reduced their
hesperidin content (59).

Climatic differences will alter the flavonoid content of
citrus. Rouse et al. (60) and Maraulja et al. (61) found the
hesperidin contents in Florida oranges to be higher in colder
seasons. In a single season, Dougherty and Fisher (62) found the
naringin concentration of grapefruit to increase dramatically
after a freeze. Conversely, Herzog and Monselise (63) found the
naringin content of grapefruit grown in warm arid regions to be
Tower than that from cooler, humid areas. Thus, cooler temper-
atures appear to favor increases in flavonoid concentrations.

Effects of Processing on Juice Bitterness

Flavonoids are not evenly distributed within citrus fruit.
Flavanone glycosides are concentrated primarily in the albedo,
(the inner, white, spongy portion of the peel) with lower concen-
trations in the central core and segment membranes. Juice con-
tains the least amount of flavanone glycosides (7, 52, 53). Since
these flavonoids readily dissolve in the juice, additional amounts
of flavanone glycosides from other fruit parts may diffuse into
the juice during extraction. In the production of orange juice,

a higher flavonoid content is of 1ittle concern since most of
this material will be tasteless hesperidin, the predominant
flavonoid in sweet oranges. However, in grapefruit juice, the
additional flavonoid content will generally produce a 1ess_de—
sirable product because the principle flavonoid glycoside is the
bitter naringin. Thus, the technological challenge in the pro-
duction of good grapefruit juice is to minimize the amount of
naringin incorporated into the juice from other fruit parts.

Extractor designs that minimize squeeze pressure and juice
contact time with the albedo will produce grapefruit juices with
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Tower naringin levels. Designs which incorporate a prefinisher
to separate segment membrane, central core and seeds from the
pulp and juice immediately after extraction will also help to re-
duce juice naringin concentrations. It has been shown (52) that
naringin concentrations could be reduced by 1imiting the amount
of pulp incorporated into the juice. Juice naringin levels were
reduced by as much as 20% when the pulp was immediately separated
from the juice after extraction. The usual methods of pulp sepa-
ration, however, produce juices with 10% less naringin but with
no significant improvement in quality.

Extraction and finisher pressures can greatly influence the
flavonoid content of citrus juices. Generally, as the fruit is
squeezed harder more juice is recovered. However, excessive ex-
tractor pressures produce juice of a lower quality (35). As
shown in Figure 8, grapefruit flavanone glycoside concentrations
increase with increasing extractor pressures. In the early
portion of the season almost twice as much naringin was obtained
under hard squeeze conditions than was obtained with the soft
squeeze. The effect of finisher pressure is not as clear, and is
dependent on the composition of the raw juice which, in turn, is
dependent on the type of extractor used.

Attaway et al. (64) found that extractor pressure was pro-
portional to total flavanone glycoside values in several varieties
of orange juice. In a later survey of commercial orange juice
(65) it was found that there was a significant correlation between
total flavanone glycosides (Davis Values) and flavor score. Since
the flavanone glycosides in commercial orange juice are the taste-
less rutinosides, the relationship observed is probably due to
small amount of the bitter 1imonoid, 1imonin, whose concentration
also increases with increasing extractor pressure.

At one time it was thought that methoxylated flavones were
found only in the o0il glands of the flavedo (2). However, later
investigators (33) using more sensitive techniques found that they
are distributed throughout the fruit. Rouseff and Ting (66) re-
ported that of the five major methoxylated flavones in Valencia
oranges, 96% were found in the flavedo and during extraction very
little was incorporated into the juice from other fruit parts.

Thus, the type of extractor, extractor pressure, juice pulp
contact time as well as ultimate juice pulp content will all alter
the amount of flavanone glycosides found in the juice.

It should be pointed out that if extraction conditions are care-
fully controlled, the quality of the juice will be maintained. No
degree of manipulation of extraction conditions can yield a good
quality juice if poor quality fruit is used. The important role
that fruit variety and maturity play in determining the quality of
the final product cannot be overemphasized.

Enzyme Debittering. One of the more promising ways to reduce
naringin bitterness is to use enzymes to convert the bitter fla-
vone neohesperidoside into a less bitter glucoside or non-bitter
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aglycone. This can be accomplished by treating the juice with a
naringinase enzyme. The advantage of using enzymes is that they
are specific, i. e., under mild conditions they will selectively
alter naringin or other similiar compounds while, at the same
time, leave the majority of juice components unchanged. The
juice will be debittered and the grapefruit flavor and character
will remain intact. Other methods of destroying naringin bit-
terness, such as chemical hydrolysis, would also destroy the
flavor and most of the nutrients.

One early investigation (67) found that after treating grape-
fruit juice with re]at1ve1y high concentrations of pectinoi to
facilitate f11ter1ng, juice b1tterness and naringin values de-
creased. Pectinol is a commercial pectic enzyme of funga] origin.
It was later found (68) that the enzyme responsible for juice de-
bittering was an impurity in the pectic enzyme. The debittering
enzyme was found to consist of a o¢t- rhamnosidase and a 8- glu-
cosidase in about equal proportions (68 69). Theot- rhamno-
sidase will cleave rhamnose from naringin to produce prunin
(naringenin 7 - glucoside). This glucoside is about one-third as
bitter as naringin (1). B - glucosidase will hydrolyze glucose
from prunin to form the tasteless aglycone, naringenin. These
reactions can be written as follows:

ot~ rhamnosidase
naringin < prunin + rhamnose

| B - glucosidase
naringenin + glucose.

Naringinase solutions were found to rapidly convert naringin
to naringenin. The same process did not occur when naringinase
was added to juice. Due to the natural levels of glucose in
juice, the reaction rate of the second step was decreased by over
60% (68). Thus, prunin accumulated as an intermediate product and
was sTowly converted to naringenin. The inhibition of glucose on
the second reaction rate could be eliminated if the enzyme,
emulsin, was also added to naringinase. However, satisfactory
debittering was achieved with naringinase alone, and complete
hydrolysis to naringenin was not required (68).

Invest1gat1ons on possible commercial use of enzymes to re-
move naringin bitterness were carried out for juice (70, 71), con-
centrate (71), and fruit sections (72). Those 1nvest1gatT3hs
showed that it was technically possible to use enzymes to reduce
naringin bitterness on a commercial scale. However, due to en-
zyme expense, most of the industry has found it more cost effec-
tive to use more mature (less bitter) fruit rather than employ
debittering enzymes.

The Japanese have been very active in the use of enzymes to
reduce naringin bitterness. This is due in part to the presence
of naringin in Natsudaidai orange, an important cultivar in
Japan. They were one of the first to investigate the commercial
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Figure 8. Effect of extractor pressure on total flavanone glycoside concentration
for Florida grapefruit at different stages of maturity (35) ((®) hard squeeze; (O)
soft squeeze)

Table V. Effect of Enzyme Treatment on Naringin Content and Bit-
terness Perception in Grapefruit Juice.(79)

Juice Circulation Naringin Bitterness

Sample volume (mL) time (min) content (ug/mL) rating'
Control - - 285 3.8

18 1500 100-30 240 3.6

2a 1500 180-134 195 3.3

3a 500 120 122 3.2

43 500 125-150 95 2.9
a = blended samples of 2-6 batches of juice.
b = average bitterness scores from 20 member taste panel, where

1 = no bitterness, 2 = just perceptible, 3 = definitely
perceptible, 4 = moderately intense, 5 = very intense and
6 = extremely intense.

Journal of Food Science
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application of naringinase (73) and have done extensive studies
to find inexpensive sources for this enzyme (74, 75). The most
successful approaches have been to soak the peeled fruit in
enzyme solutions for up to 16 hour before processing (76) or
adding naringinase preparations with low pectinase activity along
with the fruit as it is being canned (77). Roe and Brummer (78)
successfully infused naringinase into whole shaved grapefruit
(flavedo removed). This reduced the bitterness of the albedo to
the point that it was as equally edible as the fruit segments.
In addition, the process increased the nutritional and dietary
fiber content of the final product.

Cost has not been the only problem in employing enzymes to
reduce naringin bitterness. The other problem was the undesir-
able loss of cloud due to pectinase impurities in the naringinases
employed (70). However, both problems have been reduced in a
promising new procedure. Olson et al. (79) have successfully
immobilized naringinase in a holTow fiber reactor to reduce
naringin bitterness. Enzyme activity was not affected even after
grapefruit juice was pumped through the hollow fiber reactor for
up to three days. Thus, much more juice can be treated with the
same amount of enzyme and the cost per unit of juice was reduced.
Pectinase impurities did not cause a loss of juice cloud because
the high molecular weight pectins could not diffuse through the
hollow fiber membrane to come in contact with the enzyme. As
i1lustrated in Table V, they could reduce juice naringin levels
by controlling the amount and the circulation time of the juice.
Naringin concentration was reduced from 285 to 95 ppm with a
corresponding reduction in the bitterness rating. This is a
promising approach to the problem of juice naringin bitterness,
however, the process still remains to be evaluated under pilot
plant conditions.

Enzymes have also been developed to reduce or eliminate
problems associated with hesperidin’s insolubility. Since hes-
peridin problems are visual problems, enzymes have been used to
convert the insoluble hesperidin to the more soluble glycoside.
The addition of these enzymes has greatly reduced the turbidity
in canned mandarin sections due to hesperidin crystal formation
during storage (80).
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The Role of Pectin in Citrus Quality and Nutrition

ROBERT A. BAKER

U.S. Citrus and Subtropical Products Laboratory, U.S. Department of Agriculture,
Science and Education Administration, Southern Region, P.O. Box 1909,
Winter Haven, FL 33880

Pectin is one of the major cellular structural components.
It exists both in the primary cell wall and in the middle lamella,
the intercellular cement between cells. In this capacity it
contributes significantly to structural integrity of fruits and
vegetables. As a soluble component of juice and an insoluble
component of juice particulate material, pectin affects many
facets of juice quality.

The basic structure of pectin consists of a chain of
galacturonic acid units linked via a(1l> 4) glycosidic bonds.
Although pure galacturonans have been reported (1), most pectin
probably contains small quantities of rhamnose as inserts in the
main chain (2). Soluble pectins may contain from 150 to 1500
units in the primary chain structure. In addition, most pectins
have side chains containing arabinans, galactans, xylose and
fucose (3, 4). These are attached by covalent bonding to the
free hydroxyl groups of either the rhamnose inserts in the
primary chain (5) or the galacturonic acid residues (6)

(Figure 1). Recent advances in structural elucidation of pectin
have been reviewed by Nelson (7).

In most pectins, many of the carboxyl groups of the
galacturonic acid residues are esterified with methanol. The
extent of esterification is expressed as the degree of
esterification (0-100% D.E.) or methoxyl content [0-16.32%, the
theoretical upper limit based on the molecular weight of a
methylated galacturonic acid unit (8)]. Citrus pectins that are
not deesterified by extractive procedures usually have a D.E. in
excess of 50%. When combined, the factors of varying primary
chain length, rhamnose inserts, side chains, and partial
methylation yield a family of molecules of almost limitless
heterogeneity. Any measurement made on a pectin solution is at
best an average for the molecular species present.

This chapter not subject to U.S. copyright.
Published 1980 American Chemical Society
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Figure 1. Segment of pectin molecule containing three galacturonic acid units
and one rhamnose unit
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Figure 2. “Egg-box model” of calcium pectate formation. Calcium ions (repre-
sented by circles) bound by chain-stacked sections of deesterified pectin molecules.
Adapted from Ref. 11.
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The attributes of pectin which most directly affect citrus
product quality--viscosity, gelling ability, and ability to
precipitate as pectates—-are primarily determined by chain length
(molecular weight) and degree of esterification. High molecular
weight, high D.E. pectins form gels when soluble solids levels
reach 65% and pH is in the range of 2.9-3.4 (9). Low D.E.
pectins will gel without sugar and at high pH if sufficient
calcium is present. If molecular weight is lowered below a
certain level, pectins lose thelr ability to gel in either
system. Precipitation of pectins as pectates and gel formation
are influenced not only by D.E. and molecular weight, but also
by the distribution of free acid and esterified sites along the
molecule (10). Rees (11) and Grant et al. (12) proposed an
"egg-box model”™ to explain calcium pectate formation (Figure 2).
In this model deesterified sections of pectin molecules chain
stack, cooperatively binding calcium ions in the intervening
cavities.

Pectin is often divided into three categories on the basis
of solubility (13). Water soluble pectin, that which can be
extracted from tissue with hot water, usually has a high D.E.
(2). 1Insoluble pectates are only soluble if chelating agents
such as ammonium oxalate or detergents are present. Insoluble
pectates are low D.E. pectins which have formed the insoluble
salt of a divalent cation, such as calcium. The third category,
protopectins, are solubilized only by heating with acid or
alkali, The chemistry of this class of pectins is poorly
understood, since harsh extraction procedures alter both
molecular weight and D.E. The insolubility of protopectins in
situ is probably a result of bonding to hemicelluloses and
mechanical intermeshing with other cell wall constituents (14).

Citrus frults, especially certain of their component parts,
constitute one of the richest sources of pectin. On a dry weight
basis, as much as 30% of orange fruit albedo may be pectin (8).
The rag, comprising the fruit core and segment membranes after
juice extraction, is also a rich source. Since pectin is a cell
wall component, it follows that comparatively little would be
present in juice expressed from fruit. TFor example, concen-
trations ranging from 0.0l to 0.13% in orange juice have been
reported (15). Much of this would be present as cell wall
fragments and particulate material in juice pulp and cloud.

Even at these levels, pectin influences juice quality, both
positively and negatively, by its contribution to viscosity,
gelation, and cloud stability.

Quality

Viscosity. 1In freshly extracted juice, viscosity imparted
by pectin is a desirable characteristic, commonly referred to
as body. If this viscosity 1s not present, or is lost throeugh
destruction of the pectin colloid, juice is described as thin,
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watery, and lacking a juice~like mouth feel. Fresh, single-
strength, or reconstituted juices should, therefore, contain
some soluble pectin for optimum quality.

However, when juice is processed into concentrate, excessive
pectin-induced viscosity can be detrimental. Increasing energy
costs for frozen storage and transport of concentrate make
production of very high Brix concentrates economically
attractive. Concomitant high viscosity is a technological
problem which must be dealt with if these products are to be
accepted. As total soluble solids approaches 657%, viscosity
increases rapidly. TIngram (16) noted that this level coincides
with the sugar level required for sugar-acid-pectin gels. Such
viscous preparations cannot be poured or reconstituted to
single-strength juice easily. To obtain flowable high solids
concentrates, soluble pectin levels must be reduced either
before or during concentration. This may be accomplished by
treating juice before concentration with a commercially
available polygalacturonase (PG) preparation (17). PG
hydrolytically cleaves primary pectin chains between adjacent
nonesterified galacturonic acid residues, reducing viscosity
rapidly at 30°. Subsequent pasteurization terminates added
PG and native pectinesterase (PE) activities, stabilizing
juice cloud.

An alternative approach is to treat concentrate to reduce
viscosity. Berk (18), using ultrasonic radiation, succeeded in
lowering viscosity of 60° Brix concentrate to 25% of its initial
level. Viscosity of 70° Brix concentrate prepared from this
material was only 50% higher than that of untreated 60° Brix
concentrate. Viscosity of 70° Brix concentrate prepared without
ultrasonic treatment was nearly 8 times that of 60° Brix
concentrate. Irradiation was more effective at an intermediate
stage of concentration (e.g., 60° Brix) than after concentration
to 70°Brix.

Viscosity poses a similar problem in the production of pulp
wash concentrate. Pulp wash consists of juice solids obtained
by countercurrent washing of pulp after its separation from
juice. On a °Brix basis, pulp wash liquids are higher in pectin
than juice from which the pulp has been screened (19).
Concentration of pulp wash above 40°Brix is at times hampered
by excessive pectin levels (20). To control viscosity
processors may be forced to reduce finisher pressure to minimize
pectin extraction, thereby curtailing yield. A more effective
solution is to treat pulp wash with pectinases to reduce pectin
levels (gl). If pectinases are incorporated into the wash water,
this method has the advantage of increasing total solids yield
by reducing juice retention in the pulp.

Gelation. Pectins can form two types of gels: 1) sugar-
acid-pectin gels, with a 65% sugar level, low pH, and highly
esterified pectin, and 2) pectate gels, requiring only low
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ester pectin and divalent cations. The former would be seen

only in very high Brix concentrates. Gelation seen in commercial
concentrate (42-45° Brix) is of the latter type, and varies

from soft curds to firm gels. This is a visual quality defect,
but in severe cases firm gels impair reconstitution of concen-
trate. Gelation is accompanied or preceded by clarification,
since both phenomena involve precipitation of low D.E. pectins
with calcium.

Gelation became a significant problem with the introduction
of frozen orange juice concentrate, which initially was often
packed without pasteurization. This product, when not frozen,
rapidly developed low ester pectins by virtue of the PE it
contained. Much of the research generated in response to this
problem has been reviewed by Joslyn and Pilnik (22). Briefly,
it has been found that gelation is the result of pectin
deesterification (23), and increases as juice pulp (24), PE
(25), and extraction pressures (24) increase. In concentrate
undergoing gelation, water soluble pectins tend to decrease,
while pectates increase (22). Gel formation is best prevented
by pasteurization at both sufficient temperature and holding
time to inactivate most PE, coupled with storage of concentrate
near -18°. Introduction of high temperature evaporative
systems has largely eliminated the problem of gelatiom.

Gel formation by pectins can be a positive quality factor
in some citrus products, for example, gelled citrus salads
(26). These salads consist of citrus fruit sections suspended
in a gel of low ester pectin, carrageenan, and locust bean
gum, Similar pectin mixtures have also been suggested as a
sealer for grapefruit halves (27). Ready-to-eat grapefruit
halves may be satisfactorily stored 48 hours if chilled.
Prolonged storage results in flavor deterioration, drying and
fungal growth. A stiff citrus flavored pectin gel applied
to the cut surface sealed the fruit, maintaining flavor and
preventing shrinkage or fungal invasion for up to 19 days.

This would be of particular value to institutional consumers.

Juice Cloud. Mechanical extraction of citrus fruits
yields a turbid suspension of wall fragments and cellular
organelles in a serum composed primarily of cell vacuolar
fluids. 1In most citrus juice products, such a suspension
of fragments and organelles is a desirable component, since
it provides most of the characteristic color and flavor (28).
Essence and peel oils suspended in juice contribute desirable
citrus notes to flavor, and these oils are rapidly adsorbed
by juice particulate material shortly after extraction (29).

If steps are not taken to stabilize cloud, most citrus
juices will clarify when allowed to stand., Clarification
occurs when native PE lowers the ester content of juice
soluble pectin until it becomes susceptible to precipitation
as insoluble pectates (23). If pectin levels are high
enough, as in concentrates, these pectates may form a gel.
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At lower levels, they settle out as a floc, occluding cloud
particulates and removing them from suspension (28). Estimates
of the D.E. necessary for such precipitation have been made,
ranging from 38% for a 25% cloud loss (23) to 27% in juice
which was 857 clarified (30). However, the critical ester
level at which pectin precipitates as pectate cannot be
established from assays on the D.E. of total juice pectin.
Pectins exhibit a natural heterogeneity with respect to ester
content (Figure 3a), and when this is coupled with nonrandom
blockwise removal of methoxyl groups by PE (10), a wide range
of ester contents may be expected (Figure 3b). A closer
approximation of the critical D.E. associated with clarification
can be made by examining pectins fractionated according to ester
content., In such a study, Baker (31) found that pectin
fractions with D.E. of 14% or less were able to clarify juice,
whereas those with D.E. of 21% or more were not. This indicates
that the critical D.E. for precipitation of pectins as pectates
lies between 14 and 217%.

Many early researchers of citrus juice cloud presumed that
a soluble pectin matrix supported and stabilized cloud;
destruction of this matrix was therefore seen as a contributing
cause of clarification (32). More recent work involving aqueous
suspensions of cloud showed pectin is not necessary for cloud
stability (33, 34). Orange juice cloud is quite stable
suspended in water, and can only be made to clarify if pectin,
calcium, and sufficient KCl to solubilize particulate-bound PE
are added (33). Even though pectin is not necessary for cloud
support, soluble high ester pectin may delay clarification by
"substrate flooding", that is, by diluting PE activity. Rouse
et al. (35), studying frozen orange juice concentrate, found
that packs with high pectin level were more cloud stable than
packs with low pectin level at corresponding PE levels. Pectin
may also retard clarification by inhibiting coacervation of
cloud particulates and precipitating pectates (36).

Although the addition of pectin may retard clarificationm,
this action does not represent a practical approach to
stabilizing cloud. To achieve cloud stability, deesterification
of soluble pectin to low ester pectin and precipitation of the
latter as pectates must be prevented (Figure 4). This sequence
may be disrupted by enzymic destruction of either pectin or
low ester pectin, by blocking the precipitation of pectates, or
by inactivation of PE. Commercially, inactivation of PE by
heat is the cloud stabilization procedure of choice, since
heat is also needed for pasteurization. In acid juices,
spollage organisms are more easily inactivated than is PE, so
cloud stabilization requires higher temperatures than
pasteurization (37). Thermal inactivation of PE is not
linearly related to stability. Guyer et al. (38) found most
PE in orange juice could be destroyed without an appreciable
effect on cloud stability; a further small decrease in PE
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Figure 3. Degrees of esterification of fractions from (a) citrus pectin separated
on DEAE-cellulose (adapted from Ref. 6) and (b) PE-treated citrus pectin sepa-
rated on DEAE-cellulose
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Figure 4. Possible pathways of pectin degradation in juice
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activity resulted in substantial cloud stability, This nonlinear
response was explained when Versteeg (39) found that orange juice
contains multiple forms of PE. One of these, a heat stable high-
molecular-weight isozyme, accounted for about 10% of total PE
activity. Presumably it is this form which contributes to cloud
loss in incompletely stabilized juice.

Enzymic depolymerization of juice soluble pectin before it
can be deesterified by PE also stabilizes cloud (30). This has
been accomplished with pectin lyase (PL), an enzyme which
degrades esterified pectin to oligogalacturonic acid esters.
Since PL cannot attack deesterified pectin, cloud stabilization
of PE active juice requires relatively large quantities of PL
to compete with PE for esterified pectin.

Cloud loss may also be prevented by enzymic destruction of
low ester pectins prior to their precipitation as pectates.
Commercial fungal PG preparations (40, 41) or PG derived from
yeast (42) have been used successfully to stabilize cloud of
unpasteurized PE active juice. As only the low ester pectins
need be destroyed to prevent cloud loss, considerably less PG
is required than PL (30). Cloud stabilization with pectinases
permits production of cloud stable juices with lower
pasteurization temperatures (40).

For low ester pectin to precipjtate as pectate and clarify
juice, divalent cations such as Ca must be available to
participate in the coacerviiion (gg). The use of hexameta-
phosphates to sequester Ca ions has been suggested as a
means to block pectate precipitation and stabilize cloud (43).

Clarified Juice. Some citrus juices, notably lime and
lemon, are in demand as clarified products. Natural clarifi-
cation, in combination with filtration, is often used to
achieve a sparkling clear serum. However, native PE action
is slowed by the high acidity of these juices, and may not
give satisfactory cloud removal. In this instance, modified
pectins can serve to enhance juice quality by removing cloud.
Low ester pectins obtained by treatment of citrus pectin with
either PE or NaOH clarify citrus juices over a wide pH range
(44). Ester content for optimum clarification depends both
upon juice pH and method of deesterification. Conversion of
all esterified carboxyl groups in the pectin chain to free
acids yields polygalacturonic acid, which is largely water
insoluble, If this acidic polymer is brought into solution
by partial neutralization with base, it can also function as
a clarifying agent for citrus juices (45). Cloud reduction
with polygalacturonic acid preparations is also influenced by
juice pH, but in this instance polymer molecular weight
determines pH optimum.
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Intact Fruit and Sections. A number of studies have been
made of pectic substances in citrus fruit during growth and
maturation. These have been reviewed by Kefford and Chandler
(46) and by Rouse (15). 1In general, once fruit has reached
full size, few notable changes are seen during maturation in
the balance of water-, oxalate—, or NaOH- soluble fractions of
pectin, or in its ester content. This may in part be due to
the fact that citrus fruit lacks a true climacteric ripening
with its attendant physiological changes. Freeze damage to
fruit affects its pectin content and distribution among water-,
oxalate—, and NaOH-soluble fractions, but the extent of the
changes depends largely on fruit variety (15). Valencia
oranges, for example, apparently are able to partially recover
in the interim between winter freeze and late Spring harvest.

Canned citrus sections consist of excised fruit segments,
normally with segment membrane removed, packed in water or
syrup. Firmness and freedom from broken sections are primary
determinants of quality in this product. Section firmness is
dependent upon their content of oxalate- and NaOH-soluble
pectin (15). Low ester pectin added to grapefruit sections in
water did not improve firmness or reduce section breakage, but
did improve drained weight (47). However, calcium salts (as
calcium lactate) added to syrup covering grapefruit sections
significantly increased the percentage of firm sections (48).
This would be analagous to the well known calcium firming of
canned tomatoes.

Nutrition

Interest in pectin from a nutritional standpoint has
increased with new evidence of its influence on several
physiological processes. Long acknowledged as an effective
antidote to diarrhea, pectin has now been found to be of
possible benefit in control of cholesterol levels and in
management of diabetes. As one of the richest potential
sources of pectin, citrus fruits could enjoy enhanced
nutritional status from these findings.

Metabolism of pectin. Pectin has only recently come. to
be considered a part of the dietary fiber complex. Previously
it was excluded because 1) it is not fibrous (except at the
molecular level), 2) it escapes detection in standard fiber
tests owing to its solubility, and 3) it usually does not
survive intestinal passage. In a reassessment of which
dietary components should be considered fiber, Trowell (49)
proposed that dietary fiber include those constituents of food
resistant to hydrolysis by man's alimentary enzymes. Spiller
(50, 51) suggested that confusion surrounding the term "fiber"
be avoided by using the term "plantix" to denote those plant
materials of polymeric nature not attacked by human digestive
enzymes.
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Regardless of terminology, pectin qualifies as fiber under
these definitions. Kertesz (52) showed that human saliva,
gastric juices, trypsin, and pepsin were ineffective in
hydrolyzing pectin. Werch and Ivy (53) demonstrated that pectin
passes relatively unchanged through the stomach and ileum.

Yet little if any pectin can be recovered in the stool, due to
rapid digestion by bacterial enzymes present in the colon.
Breakdown products include galacturonic acid, volatile acids
such as formic and acetic, and finally, carbon dioxide and water.
Although galacturonic acid is not absorbed by the human ileum

or colon, it does not appear in the feces (54). Apparently this
acid is further degraded to acetic and formic acids, which have
been seen to increase in fecal excretion of subjects fed 30 g of
pectin daily.

Despite the rather complete digestion of pectin in the
colon, there is some question as to the energy derived therefrom.
Viola et al. (55), studying weanling rats, reported pectins'
contribution to digestible energy was negative. This was
supported by Hove and King (56) who used a rat growth bioassay
to demonstrate pectin provided no measurable energy to young
rats. In contrast, Campbell and Palmer (57) cite two studies
(one on rats, the other on humans) which showed a net digestible
energy for pectin. To the extent that volatile acids resulting
from colonic pectin degradation are absorbed, pectin would
contribute to caloric intake. Whether this results in a net
energy gain depends on other pectin-induced effects. 1In rats,
increasing dietary pectin levels decrease digestive efficiency,
protein absorption (56), and lipid absorption (55). Positive
or negative digestible energy values probably depend on the
degree to which pectin interferes with absorption of other
dietary components.

Antidiarrheal Effect. Use of pectin (in the form of
scraped apples) has been acknowledged as a remedy for diarrhea
for over 200 years. Its efficacy is attested to by
commercial antidiarrheal preparations based on pectin. Despite
this long history of use, very little is known of the mechanism
by which pectin promotes a return to normal bowel function. It
has been suggested that pectin counteracts diarrhea by absorption
and removal of toxins, or by enlargement of stool volume and
sweeping of the colon with a formed stool (9). In a stable
digestive system pectin could not absorb and remove toxins, as
it is largely degraded in transit. Pectin is also much less
effective than other fibers in increasing stool bulk: even at
36 g/day intake, Cummings et al. (58) found stool weight
increased only 337%. However, during intestinal upset, normal
colonic retention times are greatly reduced. As a result, pectin
is not digested and can be recovered in the stool (9). Therefore
it could conceivably function to some extent in the manner
described above.
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Alternatively, Werch and Ivy (54) suggest the favorable
effect of pectin may be due to inhibition of undesirable
organisms by volatile acids (formic and acetic) derived from
pectin breakdown. Such acids promote a return to normal bowel
pH, and are bacteriostatic against many organisms (57). Werch
and Ivy also hypothesized that offending organisms may be
starved out or overgrown by desirable organisms which use pectin
as a source of food. Much more work is needed to establish
the mechanism governing the antidiarrheal effect of pectin.

Hypocholesterolemic Effect. No effect of pectin has received
more attention in recent years than its ability to reduce serum
cholesterol levels. Altogether there have been a dozen reports
relating dietary supplementation with pectin to serum cholesterol
levels in human subjects (see 59). The first of these reported
a study of middle-aged men whose normal diets were augmented
with a daily ration of biscuits containing 15 g of either
cellulose or pectin (60). Cellulose did not lower serum
cholesterol; citrus pectin did, to a level about 5% below control
levels. Pectin has also been administered as pills (61), in
water (62), or as a gel with added fruit (63). The
cholesterol-lowering effect of pectin was greatest when
administered as a gel (59). Levels have varied from 2 g/day
(61) to 40-50 g/day (64). Palmer and Dixon (61) reported
serum cholesterol levels of human subjects with normal
cholesterol levels were significantly lowered by pectin intake
of 6-10 g/day, but not 2-4 g/day. Pectin is particularly
efficacious in lowering serum cholesterol levels of hyper-
cholesterolemic patients (64). Delbarre et al. (65) were unable
to reduce serum cholesterol levels significantly with 6 g/day,
and concluded pectin did not lower serum cholesterol. However,
some reduction was observed. The 6 g/day level used by these
authors was the lowest level providing significant cholesterol
reduction observed by Palmer and Dixon. The conclusions of
Delbarre et al. (65) have been refuted by Kay et al. (66).

In studying results from both chickens and man, Fisher et
al. (67) concluded that pectin has a hypocholesterolemic effect
only when fed with dietary cholesterol. On cholesterol-free
diets, plasma cholesterol is not affected by dietary pectin.
Subjects fed pectin with a cholesterol-containing diet had plasma
cholesterol levels that were lower relative to those of subjects
on the cholesterol control diet, but not relative to those of
subjects on a cholesterol-~free control diet.

There are several ways pectin could reduce serum cholesterol.
In studies with human subjects, fecal excretion of bile acids,
fatty acids, and total steroids increased when subjects were fed
15-40 g/day of pectin (58, 63, 64). Since pectin usually lowers
serum cholesterol only when cholesterol is present in the diet,
it seems that pectin might act by reducing cholesterol
absorption. Several groups have found that in rats dietary

In Citrus Nutrition and Quality; Nagy, S., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



6. BAKER Role of Pectin 121

pectin does iniged reduce cholesterol absorption., Using
cholesterol-4-""C, Leveille and Sauberlich (68) and Kodama et
al. (69) showed cholesterol absorption was impaired by dietary
pectin. Kelley and Tsai (70), who also reported a decreased
cholesterol absorption in pectin fed rats, concluded that
pectin acted by interfering with cholesterol absorption and by
increasing cholesterol turnover. However, Leveille and
Sauberlich found rat liver and serum cholesterol levels were
lowered even when pectin and cholesterol were fed on alternate
days. From this the authors concluded that although pectin
did impair cholesterol absorption, it primarily affected
cholesterol levels by inhibiting bile acid absorption. This
hypothesis appears to be favored (71, 72).

Bile acid reabsorption may be impaired by binding with
pectin during transit of the ileum. Selvendran (Zé) observed
a greater adsorption of sodium cholate by vegetable fibers
containing pectin than by fibers containing lignin. Nagyvary
and Bradbury (74) have proposed a model for bile salt binding
by pectins or alginates complexed with Al+H ions. In support
of thelr hypothesis, the authors demonstrated strong
hypocholesterolemic activity for a pectin-aluminum complex.
Fu$$3 (75) has tested and extended this hypothesis, showing that
Fe complexes of natural insoluble pectinaceo fiber
(citrus albedo) are even more effective than Al complexes
in binding fatty acids. Using an equilibrium dialysis
technique, Baig and Cerda (76) were unable to demonstrate
binding of bile salts to soluble citrus pectin. This agrees
with the findings of Furda (75), who also found no Rindigg
of fatty acids to insoluble pectin complexed with H , Ca ,
or Mg . The effectiveness of pectin in binding bile salts
may well depend on the extent of its complexing with trivalent
cations.

Impairment of bile acid absorption and consequent loss of
these acids via excretion presumably causes an increase in
hepatic conversion of cholesterol to bile acids. This
conversion lowers serum cholesterol, particularly when serum
contains high levels of cholesterol derived from dietary intake.
However, when fed with a cholesterol-free diet, 10% pectin
supplementation stimulated a 3-fold increase in cholesterol
biosynthesis (77). Biosynthesis of phospholipids and trigly-
cerides also increased significantly; hence, it was suggested
that these increases occurred in response to diminished fat
absorption occasioned by pectin intake. This compensatory
biosynthesis of cholesterol and lipids may account for pectin's
inability (in most cases) to lower serum cholesterol levels in
animals fed cholesterol-free diets.

Regrettably, most studies relating dietary pectin to
hypocholesterolemia include no data on molecular weight or D.E.
of the pectin consumed. These omissions occur despite a report
as early as 1962 that high-molecular-weight, high D.E. pectins
were more effective in reducing rat liver cholesterol levels
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(78). Pectin with 62% D.E. largely counteracted the increase in
liver cholesterol levels brought about by dietary cholesterol.
Low ester pectin (30% D.E.), polygalacturonic acid (PGA), and
50% esterified PGA were all without effect. Conflicting reports
on the efficacy of pectin as a hypocholesterolemic agent may be
due to variations in these parameters. For example, citrus
pectin was found to be more effective than tomato pectin in
lowering serum and hepatic cholesterol levels of rats (79).

D.E. values for the citrus and tomato pectins were 56 and 40%,
respectively. Thus, differences in D.E. levels rather than
pectin source could have accounted for the superior effective-
ness of citrus pectin. Mokady (80) and Judd et al. (81)
confirmed that serum cholesterol reduction is most pronounced
with high D.E., high-molecular-weight pectin (Table I).

Table I. Effect of Pectin on Rats Fed a Cholesterol-
Free Diet (54).

Relative values
(% of control)

Blood Fecal Fecal

cholesterol lipids sterols
Control (no pectin) 100 100 100
Low MW pectin 91 458 278
Low ester pectin 86 390 222
High MW pectin 76 735 372

Recently the means by which pectin lowers cholesterol
levels and even the validity of this effect have been questioned.
Upon finding no bile salt binding capacity for soluble pectin,
Baig and Cerda (76) proposed that pectin lowered serum
cholesterol levels by forming insoluble complexes with the
serum low density lipoproteins (LDL) which transport circulating
cholesterol. Complexing of LDL by citrus pectin was observed
in vitro, but the way in which pectin or some component thereof
enters the blood stream to effect such binding in vivo has not
been determined.

Pfeffer et al. (82) have found that bile salt binding
activity of commercial citrus pectins was lost if these
products were dissolved, filtered, centrifuged, and
reprecipitated before testing. Binding activity was concen-
trated in the residue pellet from centrifugation, which was
found to be fine diatomaceous earth. This contaminant was
probably introduced during filtration steps in processing
and purification of pectin. The authors concluded that any
hypocholesterolemic effect of commercial pectin was due solely
to its diatomaceous earth contamination.
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Glucose Tolerance. Ingestion of carbohydrates temporarily
increases serum glucose levels and, in response, serum insulin
levels. Diminished insulin levels of diabetics permit an
excessive blood glucose rise, with urinary excretion of glucose.
In 1977 Jenkins et al. (83) reported that both hyperglycemia
and insulin peaking after consumption of carbohydrates were
reduced by dietary pectin, Addition of 10 g of pectin to
food reduced blood glucose measured 15 min after eating, and
decreased the insulin peak for 30 min. Iwasaki et al. (84)
also reported on the possible use of pectin in treatment of
diabetes. These authors observed a significant reduction of
urinary glucose excretion when 15 g/day of pectin was incorporated
in the diet. Consumption of 8 g of pectin with 30 g of glucose
in peeled oranges lowered the blood glucose response when
compared to consumption of an energetically equivalent quantity
of orange juice containing only 0.2 g of pectin (85). Similar
results with apples, apple puree, and juice have been discussed
by Heaton (86). Recently Holt et al. (87) reported that normal
subjects fed 50 g of glucose with 14.5 g of pectin had lower
blood glucose levels than controls. The authors hypothesized
that the depression of glucose response was an indication of
delayed absorption. To test this hypothesis, they fed subjects
pectin with acetaminophen. Absorption of acetaminophen was
also slowed by pectin, but total absorption was unaffected.
Further, depression of the blood glucose response by pectin
did not occur in a patient whose stomach had been removed.
Thus, it was suggested that pectin may moderate the glucose
(and hence the insulin) response by delaying the rate at which
stomach emptying occurs.

Detoxication of Metals. Pectins or pectin derivatives
have been proposed as antidotes for heavy metal poisoning for
nearly 200 years. Kertesz (9) has reviewed the early work
in this area. Pectin complexes lead so strongly as to quantita-
tively remove it from solution. Absorption 6f lead, arsenic,
and selenium by several animal species has been reduced by
pectin- or apple-containing diets. Use of pectin as a prophy-
lactic agent in lead poisoning continues to be of interest.
Bondarev (88) recently reported an increase in excretion and a
decrease in bone accumulation of lead when rats fed 6 mg/day of
lead also received 72-432 mg/day of low ester pectin. Paskins-
Hurlburt et al. (89) achieved an 87% decrease in lead absorption
by pectate fed rats. These studies bear out the early
observations of Fellenburg (see 9, p. 572), who concluded that
pectin of decreased ester content would have an enhanced
ability to complex metals.

In concluding this review of potential nutritional
applications of pectin, one might ask: Can levels of pectin
comparable to those used in these studies be obtained by a
reasonable consumption of fruit or fruit products? The answer
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would appear to be a qualified yes. Truswell, for example,
cites two studies attributing a hypocholesterolemic effect to
the daily consumption of several apples (59). Kay and Stitt
(85) slightly reduced the hyperglycemic response to glucose with
whole oranges. However, subjects consumed 624 g of fruit, and
fruit was "thinly peeled", presumably leaving much of the albedo
for consumption.

In most citrus fruit products as currently consumed, pectin
content would not meet even the minimum levels found effective
in nutritional investigations. Those portions of citrus richest
in pectin--the peel, core and segment membranes—-are usually
discarded as inedible. Juice pectin levels are far too low to
allow for the necessary intake. Juice sacs or pulp of grapefruit
as normally eaten contain only 0.3% pectin on a fresh weight
basis (90). An intake of 6 g of pectin [the minimal dose giving
a significant hypocholesterolemic effect (61)] would require
consumption of 2 kg/day of grapefruit. By comparison, grapefruit
peel is approximately 3.5% pectin on a fresh weight basis (91).
Since 40% of a grapefruit may be peel, a 500 g fruit would
contain 7 g of pectin in the peel alone. Edibility of this
peel is diminished in part by presence of the bitter compound
naringin in the albedo, and in part by oil from glands in the
flavedo. These obstacles to consumption of peel have been
partially overcome with a procedure described by Roe and
Bruemmer (92, 93). Flavedo of fruit is removed with a
mechanical peeler, and albedo is vacuum infused with a solution
containing naringinase, sugar, flavor, color and gelatin.
Naringinase reduces bitterness; sugar, flavor, and color
enhance palatability and acceptability; and gelatin reduces
leakage of the infused solution. This treatment improves the
hedonic rating of grapefruit peel from inedible to marginally
acceptable (93). With further refinement, this technique
could perhaps make available a new dietary source of pectin.
Nutritional benefit could thus be obtained from a source now
considered as waste,
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Color as Related to Quality in Citrus

IVAN STEWART

University of Florida, Institute of Food and Agricultural Sciences, Agricultural
Research and Education Center, P.O. Box 1088, Lake Alfred, FL 33850

Peel color is probably the most important factor in
determining whether consumers purchase fresh citrus fruits.
Normally, the purchaser does not taste the fruit before buying,
and has come to associate a bright peel color with a highly
palatable interior. Although this conclusion may not always
hold, everyone from the producer to the retailer tries to
uphold this belief. The color of citrus processed products is
also important. Advertisers have been very successful in
relating sunshine and bright orange color of orange juice with
good health. Hence, highly colored juice brings a premium
price. With the importance of color in citrus established,
it is the purpose of this review to describe some of the
factors that contribute to color, how color can be controlled,
relationship between color and vitamin A and grading for color.

Chlorophyll in Peel

The color of citrus peel is due mainly to chlorophyll and
carotenoids. Chlorophyll is responsible for the deep green
color considered typical of premium quality limes (l). For all
other types of citrus, chlorophyll is considered an unsightly
and unwanted contaminant. For many years, an effort has been
made to rid ripe fruit of chlorophyll. From the time fruit
sets on the trees at blossoming until it commences to mature,
the peel is green. Following the first cool nights in the fall
there is a color break in the peel of early-maturing cultivars.
Some factors known to be associated with delay in fruit coloring
at time of maturity are: use of high rates of potassium (2) or
nitrogen (3) in the fertilizer, spraying with gibberellin (4),
or benzyladenine (5).

The most important factor related to chlorophyll breakdown
in citrus peel is cool temperatures. According to Stearns and
Young (6), a color break results from temperatures below 13°C
in Florida. In California studies, the daytime air, the night-
time air and soil temperatures were all found to be important
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for peel color (7). With temperatures of 20°C for daytime air,
7°C for nighttime air and 12°C for soil, brightly colored fruit
were produced. Higher temperatures for any one of these con-
ditions resulted in less orange color for Valencia oranges.
Sonnen et al. (8) observed the effect of root temperatures on
the fruit color of two citrus cultivars. When comparisons were
made with satsumas at 14°C and 30°C and with calamondins at
12°C and 25°C, there were higher amounts of carotenoids and
better color in the peel from fruit grown at the lower root
temperatures.

It is not uncommon for fruit grown in the tropics to have
a green peel even when mature. Green or mostly green is the
accepted color of citrus fruit grown at low latitudes and sold
in markets around the world. The reason for the green peel in
the tropics is that high temperatures prevent the breakdown of
chlorophyll. In controlled postharvest experiments, Wheaton
and Stewart (9) found when citrus fruit was stored at 30°C there
was no loss of green color; at 25°C there was some loss; at
20°C there was a decided color break and at 15°C most of the
chlorophyll disappeared in 4 weeks. These studies were performed
with less than 0.005 ppm ethylene produced by the fruit. Vines
et al. (10) also reported only traces of ethylene were found in
the internal atmosphere of unstressed citrus fruits. Other
studies have indicated citrus fruit give off 0.007 to 0.110 pl/
kg/hr of ethylene (ll). The low levels of ethylene would
suggest only threshold amounts exist in fruit and the activity
of these ethylene concentrations is highly temperature sensitive.
At higher temperatures, i.e. 30°C, the endogenous concentrations
of ethylene are not sufficient to bring about chlorophyll break-
down. However, when excess ethylene (10 ppm) is supplied to
green fruit, then chlorophyll breakdown takes place at a faster
rate at 30°C than at lower temperatures. A partial answer to
this phenomenon may be the differential degradation of
chlorophyll-a and chlorophyll-b. Shimokawa (l2) discovered there
was preferential breakdown of chlorophyll-b when satsuma manda-
rins were degreened with ethylene. Conversely, chlorophyll-a
was more predominantly degraded than chlorophyll-b in the non-
treated fruits. Similarly, Jahn and Young (13) observed that
citrus fruit with a deep green color could not be satisfactorily
degreened with ethylene. They assumed this was due to a high
residual chlorophyll-b level. They pointed out that tangerines,
which are easily degreened, have an a/b ratio near 3, whereas,
Hamlin oranges, which are more difficult to degreen, have a
ratio near 2.

Degreening of peel has been related to chlorophyllase
activity. Barmore (l4) demonstrated that chlorophyllase activity
in peel increased following treatment of fruit with ethylene.
This increase in enzyme activity was associated with chlorophyll
degradation. These observations have been confirmed by
Japanese studies (l53).
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Shimokawa et al. (1l6) examined the changes in chloroplast
structure induced by ethylene in satsuma mandarin. Electron
micrographs showed peel of ethylene-treated fruit had fewer
chloroplasts and of smaller size. The inner membrane system
of the chloroplasts was found to disintegrate prior to the

breakdown of other cell structures.

Commercial Aspects of Degreening

It has been a common practice for almost a hundred years to
treat green splotchy fruit in various ways to overcome the green
color. At first, it was customary to "cure' the fruit with
kerosene heaters (1l7). However, in 1923 Denny (18) recognized
that ethylene was the constituent in the burned kerosene that
caused degreening. Degreening with ethylene is a common practice
in most places where citrus is grown. It is generally carried
out by taking the fruit directly from the orchards in ventilated
boxes and storing in large rooms. In Florida, the temperature
is maintained between 29°C and 30°C and the relative humidity
at 90 to 96%. Ethylene is supplied at a rate of 1 to 5 ppm and
air is circulated throughout the rooms with at least one change
per hour (19, 20). Degreening is generally carried on for 36
hr or less. Similar conditions are used in most places except
the ethylene concentration and temperature may vary.

Cohen (21) has suggested the use of an "intermittent"
exposure to ethylene and heat for degreening. The method con-
sists of treating fruit with 10 ppm of ethylene at 25°C for 12
hr intervals. During the 12 hr interruption, the ethylene
dropped to 0 to 1 ppm and the temperature dropped 1 to 2°C.
Using this procedure, there was a decrease in respiration rate
with less loss in fruit weight. There was less decay and the
color development was similar to fruit treated by continuous
degreening.

In Japan, degreening of satsuma mandarins is a relatively
recent practice, becoming important in about 1970. According
to Kitagawa et al. (22), two methods are used: (a) the common
trickle system used in large packinghouses where the fruit is
exposed to 5 to 10 ppm ethylene; (b) the system used by
individual growers consists of treating fruit with 500 to 1000
ppm ethylene in a closed chamber for about 15 hr. The
chlorophyll starts to disappear when the fruit is exposed to
fresh air after the treatment.

Chlorophyll can also be a problem in the peel of late
maturing Valencias. In this case, the peel generally attains a
good color in the winter but during the following spring and
summer, regreening, starting usually at the stem end, takes place.
This is an especially important problem in California where the
Valencia crop is carried over into the late summer and fall.
Eaks (23) noted that ethylene accelerated the loss of chlorophyll
of regreened Valencia but even after 8 days exposure to 10 ppm
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considerable chlorophyll remained. This researcher questioned
the practicality of degreening regreened Valencia oranges.

Degreening and Disease

There are certain problems connected with the use of
ethylene for degreening. Fruit treated with ethylene during
postharvest has a greater amount of decay than untreated (24).
Anthracnose in Robinson tangerines became progressively worse
with increasing concentrations of ethylene up to 50 ppm during
degreening. The anthracnose fungus was shown to survive on the
surface of tangerines in the form of appressora which, in most
instances, did not produce infectious hyphae until stimulated
with ethylene. Using the same cultivar, Barmore and Brown (25)
found that spraying with ethephon, an ethylene-producing compound,
5 to 7 days before harvest significantly reduced the incidence
of anthracnose. Control was attributed to accumulation of
ethylene in the internal portion of the fruit which induced
physiological changes required for development of resistance.
Orange-colored fruits are more resistant to the disease than
pale yellow or green colored fruit. The spraying with ethephon
brought about some color changes while the fruit was still on
the trees.

Carotenoids in Peel

The bright orange and yellow colors of citrus peel are due
to the lipid soluble carotenoids. The more common ones in peel
and juice are shown in Figure 1. Some of the first studies on
citrus carotenoids were by the European workers, Zechmeister
and Tuzson, in 1931 (26, 27, 28). They isolated B-carotene,
cryptoxanthin, lutein, zeaxanthin, p-citraurin, and probably
violaxanthin. 1In 1952, Natarajan and MacKinney (29) found
phytofluene and o, B, and zeta carotenes. These studies were
followed by those of Curl, who between 1953 and 1967 reported
the presence of some 74 carotenoids in several citrus cultivars.
A list of these can be found in a review by Stewart and Wheaton
(30). Yokoyama and Vandercook (31) found 35 carotenoids in
lemons; Gross et al. (32) isolated 57 pigments from Shamouti
orange juice. Subbarayan and Cama (33) reported 19 in the
Nagpur orange. 1In a recent count (34), approximately 115 caro-
tenoids have been reported in citrus or about one-third of all
those known to occur in nature (35). It is important to under-
stand some of the reasons why such large number of carotenoids
have been reported in only one genus of fruit. Carotenoids are
generally unstable and have some unusual properties. Although
they are visible in extremely small quantities, they are deceiv-
ingly difficult to separate and identify. Finally, the lack of
sophisticated techniques by researchers has undoubtedly led to
questionable identification of many carotenoids. The carotenoids
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in citrus consist of those having 30 and 40 carbon atoms. They
are highly unsaturated compounds from which the chromophores are
derived. The carotenes are hydrocarbons and the xanthophylls
contain oxygen in hydroxyl or aldo groups or epoxides.

Isomer and Artifact Formation of Carotenoids

Carotenoids are sensitive to heat, light, acid, oxygen and
chemicals. They may react in various ways during the process of
isolation. The most important change is the formation of cis-
isomers. Lycopene is said to form 1056 isomers (36), each with
different properties. 1In some cases, cis-isomers separate more
easily than carotenoids that differ by rearrangement of a
double bond, i.e., zeaxanthin and lutein. However, a mixture
of isomers can often be identified by their failure to
crystallize and to give sharp separations on chromatographic
columns.

The most difficult pigments to separate in citrus a.2z
antheraxanthin and violaxanthin. These carotenoids contain one
and two epoxides, respectively. In the presence of a trace of
acid, the 5,6-epoxides change to stable 5,8 furanoid rings.
During isolation it is common to have many combinations, such
as the 5,6 trans with many cis-isomers, conversion of one
epoxide to the 5,8 ring with many isomers and conversion of two
epoxides to the furanoid form with numerous isomers. In prac-
tice, there is usually a mixture of all of these. It has not
been possible to determine which occur in nature and which are
artifacts formed during isolation. The isomers of these two
carotenoids are so numerous in processed orange juice that we
have been unable to separate them. In our studies with fresh
orange juice or peel, the main isomer of both violaxanthin and
antheraxanthin has, in each case, been a cis form. For each
pigment, the visible absorption spectra showed a very low cis
peak suggesting the bending took place near the ring. These
cis-isomers could readily be crystallized. During crystalliza-
tion, about 10% of the trans was formed. However, this is to be
expected since the equilibrium is in the direction of the trans
isomer. Isomers were readily formed on chromatographic columns,
and length of time on the column was important (37). Isomeriza-—
tion caused in this manner could be partly overcome by use of
the antioxidant BHT in the solvent system. Chromatographic
column packings can induce other changes. Rodriquez et al. (38)
found (-carotene, p-carotene and lycopene underwent hydioxyl-
ation when passed through a column containing MicroCel C. This
packing has been used to separate and identify citrus caro-
tenoids.

Other problems in identification are the formation of arti-
facts during saponification. Carotenoids in citrus occur mainly
as esters. For ease of separation, they are saponified with a
strong base to their alcohols. During this reaction, traces of
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acetone or other ketones will react with the aldo carotenoids
to form artifacts (39).

Identification of Major Carotenoids in Orange and Tangerine Peel

Studies using HPLC (37, 40, 41) would suggest there are
fewer carotenoids in citrus than have been reported. The single
most important one in the peel of oranges and tangerines is
B-citraurin, a reddish-orange carotenoid. Others include B-
cryptoxanthin, zeaxanthin, lutein, antheraxanthin, violaxanthin
and to a lesser extent PB- carotene and B-apo-8'-carotenal. The
carotenes do not contribute very much to the color of the peel

per se.

Quantitation of Citrus Peel Carotenoids

There is very little quantitative information on the amounts
of various pigments in the peel. Most researchers have reported
on percentage of carotenoids based on the total carotenoids.
Total carotenoids were determined using B-carotene as a standard.
More recently, HPLC techniques have been used. These methods
are more reproducible and it is possible to measure each caro-
tenoid based on its extinction co-efficient. The data in Table
I was obtained in this manner. About 12 fruit were sampled at
random from the outside of the trees. A total of 30 discs of
peel were taken for a sample using a No. 1l cork borer, 16 mm
in diameter. The extraction procedure (39) and the chromato-
graphic method (40) have been reported previously. Rather than
measure an approximation of the 'total carotenoid'", it is better
to measure reflectance with a colorimeter, which is closely
related to visual color (42). Color measurements made using a
Hunterlab D25 Color Difference Meter, measures reflected light
using a L,a,b system that gives units of approximately visual
uniformity throughout the color solid. The "a'" value corres-
ponds to a red-green scale on which red colors are positive and
green values negative. The "b' value corresponds to a yellow-
blue scale on which yellow values are positive (Figure 2). The
a/b values correlated well with the USDA color standards.

Carotenoids and Peel Color

The values given in Table I of the major carotenoids in the
peel of seven cultivars are useful in understanding the quanti-
tative changes that take place during the coloring process.
However, the understanding of the contribution of each caro-
tenoid toward the total color of the peel remains entirely
qualitative. For example, violaxanthin occurs in the largest
amounts of any pigment in the peel in most cultivars. It is
yellow and is important in the color of lemons and grapefruit.
Yet, increasing the amounts in orange or tangerine peel hardly
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helps the orange and red color of these cultivars. On the other
hand, B-citraurin, a reddish-orange pigment and p-cryptoxanthin,
an orange carotenoid, contribute greatly to the desired colors
of these fruit.

30-Carbon Carotenoids

Undoubtedly, the most interesting group of carotenoids in
citrus peel are those that contain 30 carbon atoms (Figure 3).
Until recently, these were considered to include B-citraurin and
B-apo-8'-carotenal. There has been speculation that B-citraurin
was a breakdown product of zeaxanthin (43). However, with the
discovery of two other related compounds, f-citraurinene (44)
and pB-citraurol (45), it was suspected there may be a C-30 caro-
tenoid metabolic pathway. Later, some additional evidence was
added to this belief when another C-30 compound (C-30 phytoene)
was tentatively identified in a peel extract with the use of a
high resolution mass spectrometer. The fragment found was one
with a mass of 408.3763. Mass calculated for C-30 phytoene
C30H48 was 408.3756. Taylor and Davis (46) reported a mass of
408.375995 for C-30 phytoene in bacteria. If subsequent studies
demonstrate a C-30 metabolic pathway in citrus peel, this could
open up a new approach toward improving the peel color of oranges
and tangerines.

Ethylene in Carotenoid Synthesis

Ethylene has been used for many years to reduce the
chlorophyll content of citrus peel; however, more recently it
was found equally important in bringing about the accumulation
of certain carotenoids. Stewart and Wheaton (47) found the
major red pigment in tangerine and orange peel, B-citraurin,
could be greatly increased during postharvest storage by use
of ethylene. Initially, it was believed that B-cryptoxanthin
increased from the use of ethylene (47) since this pigment was
isolated from a chromatographic band associated with an increase
in color following exposure of the fruit to ethylene. Subse-
quently, the band was found to be a mixture of B-cryptoxanthin
and a new C-30 carotenoid, B-citraurinene (44). The new caro-
tenoid and not B-cryptoxanthin was found to increase simul-
taneously with B-citraurinene during color formation. This
increase of C-30 carotenoids in the peel of citrus was not only
dependent on ethylene but also on temperature. When the fruit
was stored at 30°C, virtually no B-citraurin was found but at
25°C, 20°C and 15°C the red carotenoid increased progressively.
At lower temperatures, decreasing amounts of ethylene were
required to produce maximum color (9). At 15°C significant
amounts of color developed without the addition of ethylene;
presumably, this was caused by the endogenous ethylene in the
fruit. Optimum ethylene concentrations varied from 0.1 to 1 ppm
at 15°C to 10 ppm at 25°C. During the postharvest coloring
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Carotenoid Content (in ug/100 cmz) of Peel from Seven Citrus Cultivars

Table I.
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Figure 3. (C-30 carotenoids in citrus peel
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Figure 4. Comparison of vitamin A and B-carotene. The bond between CY and
C' is broken as an initial step in forming vitamin A.
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period, the synthesis of carotenoids could be virtually con-
trolled by changing temperature and ethylene concentrations (9).

Carotenoids in Juice

The carotenoids in citrus juice in comparison with those in
the peel differ in two important respects. In Florida, we have
found no C-30 carotenoids in juice. This is based on observa-
tions made on several hundred samples, using a variety of tech-
niques. However, Gross et al. (32) reported finding citraurin
in Shamouti orange juice and in Valencia orange juice (48).
Secondly, our studies (49) indicate that the main carotenoids
in orange and tangerine juice are g-carotene, B-carotene, zeta
carotene, (-cryptoxanthin, B-cryptoxanthin, lutein zeaxanthin,
antheraxanthin and violaxanthin (Figure 3). Alt