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ABSTRACT

Recent interest in gossypol, the biologically active
phenol characteristic of the cotton genus Gossypium,
has been generated by concerns beyond its
physiologicsl effects on animals, These concerns are
ptimatily investigations into possible natural pest
resistance factors in cotton and were prompted by
differences noted in glanded and glandless varieties.
This work has Jed to the characterization of gossy pol-
like compounds in other parts of the plant as well as
in the seed, Likewise, work on the investigation of
color and flavor components of cottonseed, carried
out in an effort to characterize the product for food
use, has led to observations on the nature of
flavonoids. Phenolic acid fractions have also been in-
dicated in flour preparations of both glandless and
glanded cottonseed.

INTRCDUCTION

Any listing of the constituents of a living organism soon
expands to amazing numbers and cotton i3 no exception.
Hedin et al, (1) enumerated the constitutents of bolls, lint,
and sced from the cotton plant, which possess economic
value or biological activity, and arrived at a total list of 252
compounds. Table I presents the pigments Hedin et al. (1)
list as being present in cottonsced or the glands contained
in the seed. Not 2ll of these compounds are of interest or
practical concern, while others have been the subject of
much investigation and even confroversy. This paper deals
muinly with those compounds that affect the guality of
cottonseed flour or other protein products obtained from it
in an important manner.

Functionality, color, flavor, and of course, nutritional
value, as influenced by the presence of biologically active
compounds, are of primary imperiance in the consideration
of cottonsecd protein for human use, Indead, all of these
points have come under scrufiny in the development of
cottonseed protein for food use (2,3)

TERPENGIDS

Gossypol is biologically active, but also presents prob-
lems with regard to color. Casual inspection of cottonseed
meal teveals that the yellow pigments must be contended
with.

The terpenoid compound, gossy pol, historically has been
the compound of greatest concern in cottonseced. The
chemical characteristics have been outlined by Berardi and
Goldblatt (4). Gossypol is markedly reactive and shows
strongly ucidic properties. It can act as & pehnolic and as an
aldehydic compound. The phenolic groups react readily to
form esters and ethers. The aldehyde groups react with
amines to form Schiff bases and with organic acids fo form
heat labile compounds (5). The reaction with aromatic
amines such as aniline is important in analysis. Gossy pol,
with a molecular weight of 518.5, is soluble in a number of
organic solvents, and is insoluble in low boiling petroleum
ether (bp 30-60 ) and is also insoluble in water. Gossy pol
of mp 184 Cis obtained upon crystallization from ether, of
mp 199 C from chloroform, and of mp 214 C from ligroin.
Such a wide range of melting temperatures is attributed

by Campbell et al. (6) to the polymorphism of gossypol.

The postulation of the three tautomeric forms of gossy-
pel as proposed by Adams et al, (7} was nccessary to
explain many of the reactions of the compound. As shown
in Figure 1, (a) represents the hydroxy aldehyde tautomer,
(b) the lactol tautomer, and {c) the cyclic carbonyl tauto-
mer.

The reaction of native gossypol from the seed glands
with other sced components in the oil extraction process is
very imporiant to lhe practical use of the meoal in animal
feeding. The free gossypol reacts with, among other things,
available amino residues of the protein, especially the
epsilon amine groups of lysine, and in this state is much less
physiologically active in the animal gut (8). The gossypol
that is thus rcacted is called “bound gossypol”™ and that
gossypol that is still not bound to protein by the heat and
moisture of processing i3 designated as “free gossypol.”’
Thus, the main concern of nutritionists is the amount of
free, or unreacted, gossypol rather than the total amount of
gossypol that is consumed by an animal,

One of the bases for interest in gossypol is the physio-
logical activity of the pigment. There is a rather extensive
body of evidence detailing the toxicily of gossypol to
different animal species (4,9,10). Swine, guinea pips, and
rabhits are the most sensitive fo gossypol, while poultry,
mice, and rats are intermediate in their sensitivity, although
the effect of gossypol on ege damage and on yolk discolora-
tion of stored eggs is the most sensitive biological indicator
of gossypol activity (4). Functional ruminants have a very
high degree of tolerance to gossypol due to the action of
the rumen. The toxicological effects of gossypol on simple
stomached animals has been classified in three levels, Acute

TABLEI

Some Pigments of Cottonsecd from Hedin e al. {1)

Gossypetin alpha Carotene Violaxanthin
Leucodelpbinidin beta Carotene Auroxanthin
Vitamin A, Phytoene Necxanthin
Gossypitrin Phytofluene Neoachroms
Gossypol Lutein Goasyverdurin
Gossycaerulin Lsolutein Gossypurpurin
‘Gossyfulvin Flavexanthin

(lat

Hei Lie!

FIC. 1. Stmuctures of the various tantomeric forms of gossy pol
where (a) represents the hydroxy aldehyde tautomer; (h) the lactol
tautomer; and {c) the cyclic carbonyl tautomer.
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FIG. 2. Proposed pathway for biosynthesis of temenojd aldehydes ‘n cotton. dDHG=desoxy-6-deoxvhemigossypel; dHG=desoxyhemigos-

sypol: dMHG=desoxy-6-methoxyhemigossyp ol; HG=hemigossypol; MHG=6-mnethoxyhemigossy pol; HGO-hemigessy polene ; MHGQ-6-methoxy-
hemigossypolonc; G=gossypol; MG=6methoxygossypol; DMG-6,6° dimethoxygossypol; Hy-Ha=heliocices Hy-Hg; Bj-Bg-helocrdes By-By.

Adapted from Szipanovic et al (33),

doses cause circulation failure; subacute doses cause pul-
monary edama; and chronic doses cause sympiams of il
health and malnutrition (9).

Because possypol exhibits this dose response, it allows
for the sate use of cottonseed real in hvestocs rations.
Broilers can safely tolerate 150 ppm of free vr unreacted
gossy pol in their dics while layers should be restricted to 50
ppm free gossypol in the diet to prevent pigment discolora-
tien of c¢cge volks when stored. Growing swine can tolerate
190 ppm of free gossypol in the diet. The addition of iron
salts te the ciet in all these cases can increase :ree gossy pol
toizrances {_1). The practical load limits of free and totzl
gossypol on functional ruminarts have not been cstablished
and arc nct cncountercd under usual feeding conditions.

Any ccttenseed protein products intended for human
use 1n the United States must centain no more than 0.015%
free gossypo. as set by FDA. The Protein Advisory Gioup
ol the UN. had set Zmits of 0.06% of tiee possypol and
L.2% total gossypol for human consumption i therr
programs,

Gossypol is concentrated In discrete giands within ke
leaves, stems, roots, and seeds of the cotton plant. The
pizmznt glards in the loliage parts of the plang are locazed
helow the cpidermis and hypadermis. Tn the seed embryo,
or kerncl, these pigment-containing giends are 100 to 400
microns in diameter, Gossypol makes up ca, 20-40% of the
weight of these glands and results in levals of gossypol in
the whole kemels of 0.4 10 1.79(12).

The concern about the toxicity of gossypol resulted in &
series of events in the past two or three decades that have
recently led to a great expansion of knowledge about
cotten plant pigments. Iowever, these eveats have diverted
the main emphasis of gossypol research away from the arca
o? its effact in cottenseed protein for fcecd and food usoes,

In the carly 1560s, ccmmercial development of geneti-
cally dandiess varietia~ of cotion was undertaken on the

basis that the value of cationseed oll and meal coud be
improved dnd its usefulness extended if gossy pol weie 1ot
present. That assumption is still valid and has been the basis
for coutinuedé productive work on glandless varicties. The
feasibility of some glandless cottonsced plaatings in se-
lected pasts of tac cotton belt are now being considered.
W:th the advent cf the gland’ass varieties in the 1960s, it
was found that many of the insects which did 2ct attack
glanded cotton inflicted damage on glandless s rains (n areas
where the insect infestation was heavy (12-14). Such
observations then stunulated studizs on the importance cf
prsment gands in host plant resistance. Concem with
regard to agrcultural chemicals also emphasized the need
for natural control mezsurzs.

Toxicity of glanded flower buds to some insccts has
been correlated with gossypol content (12,13,15,16), The
traditional method of analysis commonly useé cmployed
aniline which is a nonspecific reagent for zromatic alds-
aydes, It is not knewn exac:ly how many aromatic zlde-
hydes exist in glands, and this left the above correlationin
doubt. In acdition to this, Bell und Stipanovie (12) sus-
nected that scme wild types of cotton had mors irsecticidal
activity thar could be accounted for by the gossypol
concentration alone. This sel the stuge for the extensive
work on terpenoics in cotton glends. Much of this work has
been carried cut by the USDA (12,13). Initzally, the toxic
sctivity was attribuzed to “X-factozs.” These X-faciors
have recently been identified as two sesquiterpenoids and 2
series of eight derived scsterterpenoids called aeliocides.
The sesquitcroenoids are illussrated in Figure 2 as HGQ and
mHGQ while the sesterterpenoids are keliocides Hy, H,y,
H3, and H,, and zlso By, By, B3, anc B,.

Although commenly cultivated varisties of cotton are
presenily almost all glarded, they are by no means _nsect-
free. The common cotion cultivars contain gossypol,
hemigossypolone, and the heliccides Hy, H,, Hjy, and Hy
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(Fig. 2). Insect resistant wild types of cotton are pbserved
to contain these same compounds, but the concentrations
are as much as thrce times as great (12). This is especially
true of heliocides H; and Hy. True glandless cotton cultivars
do not contain the terpenoid aldehydes (17).

The above research is directed toward insect control and
not toward possypol in seed products. Actually, since the
seed 1s not the site of the heaviest inscct attack, it has been
somewhat left behind in the most recent gossypol research.
One of the long range goals of host plant resistance re-
searchers is to develop cotion lines with optimal terpencid
biosynthesis far pest control while preserving the value of
the seed products. Thus, the beneficial terpenoids might be
concentrated in the vegetable plant parts, while the sced,
which is not the first point of insect attack, could be kept
terpenoid-free, and thus be more valuable for feod and
feed.

An enumeration cof the major terpenoid aldchyde
components in the glands of different tissues of commenly
cultivated cotton as presented by Stipanovic et al. {13) is
given in Table [1. As indicated, not all glands in all locations
of the plant bave a similar {erpenoid make up. The pre-
dominant terpenoid aldehyde of the seed is gassypol, but
Bell and his coworkers have shown that it is not the only
one (18). Table 11 indicates the relative terpenoid conient
of both a representative upland and a pima long staple
cotton. In both cultivars, gossypel is by far the most
predominant terpenoid aldehyde. The triterpenoids 6-meth-
oxygossypol and 6,6'»dimethoxygossypol are present in
much lower relative amounis, while the sesquiterpencids
hemigossypol and 6-methoxvhemigossypol appear in conly
trace amounts. There is no indication that there may be any
heliocides in the seed itself (13). Figure 2 illustrates the
structures of gossypol, which is by far the predominant
terpenoid aldehyde in cottonsecd, as well as 6-methoxygos-
sypol and 6,6-dimethyoxygossypol which are present in
slight but guantifiable amounis. Hemigossypol or 6-meth-
oxyhemigossypol are only present in trace amounts.

Hemigossypol may possibly be a branch poeint to either
the heliocides or gossypol and its related compounds. if
chlorophyll is present in a plant tissue, then the path may
lead to heliocides, whereas if it is not present, as in the
seed, then the path may go to gossypol (13).

Several gossypol-related compounds mentioned in Table
I that have not been included in the biochemical schemes
already presented should be noted. These gossypol-like
piginents of the seed have been mentioned in the older
literature and in review articles on gossypol. Recent analy-
tical techniques, however, leave some guestion as to the
actual presence of them in the intact seed since current
investigations do not identify these historically named
compounds, Two of these gossypol-like pigments that have
long been thought to occur in seed are gossypurpurin and
gossyfulvin (4), Gossypurpurin has been measured at ca. 1%
of the pland contents, while gossyfulvin has been measured
at ca. 2% of the gland contents. The structure of gossyful
vin has not been elucidated, but Russian workers have
proposed a structure for gossypurpurin {19). As well as
these two compounds, several others had been historically
identified as eccurting in various steps of cottonseed
processing, either in the meal or the oil or the soapstock.
These other products have been called gossyverdurin,
gossycaerulin, and diaminogossypol. Since there has been
no positive identification of the structures of these com-
pounds using the most recent laboratory techniques, the
possibility exists that these other pigments, long thought to
exist in cottonseed, might actually be oxidation or conden-
sation products of gossypol,

FLAVONOIDS

While the most recent investigations on gassypol have
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TABLE 11

Terpenoid Aldshydes? in Glands in Tissues of Colton
(G. Hirsutum) (Stipanovic, ¢f al. 13)

Seed embryo G

Stem corfex Hg, Hy

Stem phloem G

Leaf cotyledonary G

Leaf truc HGQ, Hy, Hy
Leaf petiole Hy, Hy
Flower bracts and calyx Hy, Hy
Flower petals and stamens G

Flower ovary and stigma HGQ, Ha, Hy
Root coriex G

Roogt phlcem

4G = Gossypol; HGQ = Hemigossypoione; Hy, Hy = Helio-
cides,
TABLE HI

Terpenoid Aldehyde Content? of Cottonseed
{Stipanovic et al. 18)

nG MHG G MG DMG
(unmoele/200 g fresh embryoe)

Upland T 1233 26 &
Pima b " 1925 62 &

SHG = hemigossypol; MHG = 6-methoxyhemigossypol; G =
gossypol; MG = &-methoxygossypol; DMG = 6,6 -dimethox ygossy-
pol.

b = race.

foeused on the follage of the plant, other workers have
continued to look at other pigments of the seed which
affect color and therefore quality of seed protein, In the
examination of color factors, the contributions of flavo-
noids have been found to be important,

Fifty years ago research workers concluded that antho-
cyaning and other flavonoids were present in the seed (20).
Bell and Stipanovic {12), who have concentrated their work
on insect control, have reported no evidence fot the accur-
rence of flavonoids in the glands themselves. Glandless
cotton tissues appear to contain the same quality and
quantity ot flavonoids as do their glanded counterparts.
The conclusion has been that the known color properties of
the pigment glands can be cxplained solely by the terpenoid
content. The flavonoids are present in the surrounding
embryo meats In both glanded and glandless varieties.

USDA workers have been conducting investigations on
the flavonoids of cottonseed proteins because of the need
for vegetable protein flours to be as color-free as possible
(21} This work is part of a program to obtain fundamental
infarmation on edible cottonseed protein being carried out
by USDA.

In a study of the flavonoids of cottonseed protein, the
USDA workers started with both flour from glanded
cottonseed that had been processed by the liquid cyclone
process (LCP) and also from glandiess cottonseed. LCP uses
differential centrifugation to remove intact gossypol-
containing glands from dehulled meats of currently grown
cultivars of cotton (22). Flours from both glandless and
glanded seed were ether-extracted to remove lipids, then
further extracted with zqueous alcohol to remove flavo-
noids. This fraction was separated into a nonflavonoid
component, a minor flavoneid fraction, and a major fla-
vonoid fraction that was 4-5% of the original aquecus
aleohol fraction of the flours. Thin layer chromatography
was used on the major flavanoid fraction with the result
that six major flavonoids were found in glanded Yquid
cyclone process flour.

The thin layer procedure was alse carried out on the
major flavonoid fraction obtained by gel filtration of the



JOURNAL OF THE AMERICAN QIL CHEMISTS’ SOCIETY

VOL. 56

of cottonseed or any new protein using guality lests of
existing protein sources as a yardstick since the applications
of the new source may be in wholly nontraditional areas.
The best applications of cottonseed protein products
should logically be in those food items that will likely be
benefitted most by their specific characteristics,

In order to use cottonseed protein properly, the backlog
of information must be increased. Color and flavor as well
as protein characteristics are important basic knowledge;
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TABLE 1V

Possible Flavor Contributions of
Phenclic Acids (Maga and Losenz, 24)
Taste
threshoid
Compound {(ppm) Cottooseed Peanut Sov

p-hydroxybenzoic a0 10 14 22
vanillic 3¢ 30 43 335
p-coumaric 40 21 20 16
o-coumaric 25 $ LO -]
ferulic a0 41 45 32
syringic 240 45 51 43
Total free phenols (ppm) 233 287 256

extract of glandless flour with the same result being ob-
tained as with the glanded flour. It thus appears that the
major flavonoids are the same in both glanded and glandless
flours (21} There has aiso been a tentative identification of
several flavonoids in the minor flavonoid fraction. An
attempt was made to identify some of the six major flavo-
noids found in both flours. UV spectral analysis showed
that four of the six, in both glanded and glandjess flours,
were 3-0-glycosides of quercetin, In earlier work, Pratt and
Wender (23) had also ¢laimed the presence of at least six
flavanoid pigments, two of which were identified as iso-
quercitrin  (quetrcetin-3-glucoside) and mtin {guercetin-3-
rhamneo-glucaside).

In a practical examination of the effects of these fla-
venoids on the color of buked biscuits by Blouin and
Cherry (21), biscuits were made from 80% wheat and 20%
cottonseed flour and were found to be vellow-brown in
color. When flavonoids were rcmoved, the hiscuits made
from the nonflavoneid fraction were light tan to near white
in color. When the flavonoid fraction was used, the biscuits
were bright yellow and closely resembled the color of
biscuits made with commercially purchased rutin added,

PHENOQLIC ACIDS

As with color, flavor is another impottant factor in the
acceptance of a vegetable protein for human food applica-
tions. With regard to flavor, cottonseed flours are notably
bland compared to other vegetable sources, bul there are
several frce phenolic acid fractions which have been identi-
ficd and may adversely contribute {o their flavor (24).
Table 1V illustrates the levels of some of the phenolic acids
that might contribute to taste in cottonseed flour as well as
peanut und soy. Quantitatively, there were differences in all
three protein sources, but the predominant free phenolic
deids in all three were found to be vanillic, ferulic, and
syringic acids. Table IV also shows the compounds which
could approach or exceed known taste thresholds for cuch
individual source. The combined totals of all the individual
free phenolic acids observed exceeds 700 ppm and, as a
group, could possibly contribute significantly to astrdng-
ency in these protein substances.

The use of cottonseed protein as a food source is in its
developmental stage with much research ground to be
covered. It is of dubious yalue to assess the unique qualities

work in these three areas should be encouraged.

14,

15.

16,
17.
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