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ABSTRACT

The protzin auantity and quality, caloric vilue,
and overall autrient content of oilseeds are quite
good. However, oilseeds arc high in phytic acid and
contain fiber and perhaps other binding agents which
reduce minzaral bioavailability from the seeds, Phy-
tic acid, thc hexaphosphate of myoinositol, functions
as the chief storage form of phosphate and inositol
in mature seeds. On a dry basis, whole oilsecds
contain about 1.5% while some oilseed protein con-
venirates can contain over 7.07% of the compound.
Phytic zcid is a strong chelating agent that can bind
mono- and divalent metat ions to form the complex
phytate. Published results from numerous znimal
feeding trials suggest poor dioavailability of minerzls
such as zinz, calcium, magnesium, phosphorus and
possibly iton from diets containing high phytate
foods. Recent studies involving the feeding of soy
products to rats suggest that zinc is the mineral of
most concern as its bioavailability Irom some soy
products is quite low. Prediction of nuneral bio-
availability from phytate~containing foods is compli-
cated by the complex interactions between the
minerals and phytic acid contained in the foods. in-
testinal and the meal phvrase activitics, previcus food
processing conditions (especially pH), digestibility of
she feods as well as the physiological status of the
consumer of the foods. Very little is known about the
chemistry of such interactions. Therefore, most of
the cmplasis in controlling or reducing mineral bind-
ing in oilsead products has hezn placad upo:x develop-
ment of methodology for phytate removal.

INTRODUCTION

True assessment of an individual’s or populaticn’s
mineral s-atus requires more than simple chemical ot
spectrophetometric aralysis of dictary compenents. Chem-
lval presencs of a mineral provides little essurance of its
availability for absorption and utilicaticn. Minerals tfrom
cereals, oilseeds and other plant foods, in contrast to
minerals from anirmal sources, aic in general poorly utilized
by man (1). Reduced intesting uptake of minerals from
plant foeds sxceeds that whi:ch might be attributed to the
lower digestibiity o these foods., Certain plant food
cortponents are kaown to chelate mirerals and reduced
their absorption. Although numcrous srudies have been
performed to identiiy these endogenous tactors, there is
little agrecment as to the relative .mportance of tae 1m-
dividual mincra® binders. Phytic acid (2-4), various types of
dictary fiber (5,6) and th2 tasic amino acids (7) al bird
metal ions.

This :cveew is primarily devoted to the chemistry,
biologica. occurrence, nutritional imptcations and methods
ol removal of phydc acid from cilssed products. This paper
highl:ghts anc¢ expands upon some excellent review articles
published on the subject (8-13). Thess pepers should be
consulted for more extensive literature coverage.

CHEMISTRY OF PHYTIC ACID

The chentical structare of phytic acid, tke hexasphos-
phate of myainositol, has teen continuaily questioned. At
issue has been the isomeric conformation of the phosphate
groups within the compounc and whether thres strongly
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bound wzater molzcules are incorporated into the structars.
Figarcs 1A and IB show the most acceptable structures
which were suggested by Anderson {14) and Neubterg (15).
Potentiometric titration of crystalline sodium phytate
shows the presence ol sia strongiy dissociated protons (pk's
< 3,5) and six weakly dissociated protons {pk's 4.6-10)
{16). These resuits support the Anderson structure for
phytic acid. Brown 2t al. (17), however, reported that ¢
more hydrogens (1o total 18) ware titratable in agueous znd
nonaqueous media. Thase last six hydregens were too
weakly acidic to be originzlly titiatable in water. This work
upholds the Neuberg siructure as the sorrect one. Although
additional suppor: 1oz each structurc has beer. published,
most evidence points to the Andersor. model {&,18-20) as
the predominant torm in plant materials. However, the
possible existence of two phytic acids should not be over-
looked (17,20).

As noted by Okerleas (10), the proper chemical designa-
tion for phytic acid is myoinositel 1, 2, 3, 4, 5, 6-hexa kis
(dihydrogan phosphate) (21). There is some qucsiion
whether five of -he phosphates lie in an axial or in an
equatorial plare. Figure 2A shows 2 structurc determined
bv x-ray crystzl analysis (18), while 2B depicts a structure
obtained with 3:P nuclear magnetic resonance (1Y), In
either case, the structures suggest tremendous chelating
poteritial. For current discussion of the molecular structure
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[FIG. 2. Proposed conformations of phytic acid. Structure ZA
suggested by Blank et al, (18) and structurc 2B suggested by
Johnson and Tate (19).

of phytic acid see Costello et al. (20).

Weingartner and Erdman (22) recently suggested a
partically dissociated Anderson—based structure for phytic
acid that might occur at a neutral pH (Fig. 3A) It is ap-
parent that various cations could strongly chelate between
two phosphate groups or weakly within 2 phosphate. Figure
3B is a conjectural depiction of a mixed salt chelate of
phytic acid {(phytate). The relative binding strengths of
various metal ions to phytic acid vary greatly and will be
discussed in a later section of this review,

BIOLOGICAL FUNCTION

Phytates are considered the chief storage form of phos-
phate and inositol in almast all seeds (8,23). The ripening
process is charactenized by active transport of phosphorus
to seeds from leaves and roots. Most of the transported
phosphorus is eventually found in phytic acid (23). In
cereal grains 60--80% of the total phosphorus is accumu-
leted in phytic acid. Formation -of phytic acid during
maturation of seeds and tubers is thought to prevent
accumulation of excessively high levels of inorganic phos-
phate {8).

It has been generally assumed that phytic acid is utilized
as a source of phosphorus at germination {23). Chen and
Pan (24) have reported a 227% increase in phytase activity
5 days after germination of soybeans, while in this same
period one variety of pea had a 3700% increase in phytase
activity. Phytic acid may also act as a phosphagen (23)
during germination. Evidence has been presented to show
the occurrence of transphosphorylation to ADP (25) and
the presence of an enzyme to catalyze transphosphoryla-
tion to GDP in the mung bean (26).

As phytic acid accumulates in various storage sites in
seeds and tubers, other minerals apparently chelate to it
forming the complex salt phytate. However, no evidence
can be presented to support a hypothesis that phytic acid
acts as a carrier or storage sité for trace minerals during
plant ripening (8).
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TEG. 3. Structures of phytic acid (A) and A phytic acid chelate
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OCCURRENCE

Phytic acid concentration in whole grain cereals such as
corn, wheat and rmice is ca. 1.0% (d.b.} (Table 1), while
defatted and dehulled oilseed meals such as soy, peanut,
and sesaime meals contain 1.5% or more of the compound
(Table II). In most seed types the phytic acid is associated
with specific components within the seed and can be
preferentially extracted with those components. For
example, the endosperm of wheat and rice kemels are
almost devoid of phytate as it is concentrated in the germ
and aleurone layers of cells of the kernel and in the bran or
hull, Corn differs from most cereals as almost 90% of
phytic acid is concentrated in the germ portion of the
kernel (27).

In oilseeds, which contain little or no endosperm, the
phytates are distributed throughout the kernel located
within subcelluiar inclusions cailed aleurone grains or
protein bodies {12). Phytate in peanuts, cottonseed, hemp-
seed, and sunflower seeds is concentrated in substructures
— crystaloids or globoids - within the protein body mem-
brane (28) Lui and Altschul {29} isolated globeoids from .
cottonseed aleurone grains and found them to be low in
protein, fat and carbohydrate content but high in phytic
acid (60%) and metals (10%). In contrast to other cilseeds,
soybean phytic acid, although concentrated within protein
bodies, appears to have no specifie site of localization (30).
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TABLEI

Phytic Acid Concentration in Morphological
Compaonents of Cerealsd

Phytic acigh Distribution®
Sample il %
Corn, Hybrid 0.8% -
Germ 6.38 88.0
Endosperm 0.04 3.2
Hul] .07 0.4
Wheat, Soft 113 -—
Germ 3.90 12,9
Endosperm < 0.01 2.2
Aleurone 4,11 87.1
Hull Naone detected None detected
Rice, Brown Q.8% -
Germ J.48 7.6
Endosperm 0.01 1.2
Pericarp 3.37 80.0

A¢Calculated Trom dats of O'Dell et al (27), assuming 28.2%
phosphorus in phytic acid.

bBased on air dry weight,

CPercentage of the element in the component patt.

Isolation of subcellular fractions of oilseeds can result in
quite variable concentrations of phytic acid. Dieckert et al.
(31) isolated two protein-rich fractions from peanuts and
found one to contain 0.5% phytic acid while the other, an
aleurone grain-containing, protein-rich fraction, had 5.7%
phytic acid., Some rapeseed concentrates have been re-
ported to contain over 7.0% of the chelator {(32). Current
literature suggests that wheat and oilsecd phytate ocours
primarily as potassivin-magnesium salts (33,34).

NUTRITIONAL IMPLICATIONS

Animal experiments have suggested that phytic acid in
plant foods binds dietary essential minerals making them
unavailable for absorption. [n vitro studics have shown that
many phytic acid mineral complexes are insoluble at
intestinal pH and are though to be biologiczlly unavailable
for absorption (10,35-37). The formation of these com-
plexes 18 pH-dependent. When two or morc cations arg
present, one may find a synergistic increase in precipitation
of phytate salts. This phenomenon has heen demonsirated
in vitro with zinc and calcium, and zinc and copper {(1,10),
Minera] interactions in situ are not clear and arc compli-
cated by protein-mineral-phytate interactions, for example.

Poor mineral utilization from high phytate foods cannot
be directly attributed to phytate binding since fiber and
other constituents of these foods may play major roles.
Some researchers have added pure phytate to food systems
and have found reduced mineral uptake. This type of
investigation reveals little insight into the chemical binding
of naturally oceurring phytic acid, especially when exces-
sive levels of sodium phytate are added to food systems (4).
However, many other studies strongly suggest a correlation
of phytic acid and mineral malabsorption. One cannot
directly e¢quate the phytate conceniration with mineral
bicavailability in phytate-containing food, since other
fuctors such us the food processing history are very im-
portant (38,39}, But, removal of phytate secems to improve
mineral bicavailability. Recently, for example, Ellis and
Morris (40) reported that incubation of high phytate, high
fiber wheat bran tc hydrolvze phytate resulted in higher
utilization of wheat bran iron and zinc.

Selected research reports dealing with the possible action
of phytic acid in reduction of the bioavailubility of calcium,
magnesium, Zine, iron und phosphorus from oilseed pro-
ducts are presented below, Except for 4 few recent studies
with rapeseed, most published reseurch dealing with the
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TABLE 11

Phytic Acid Concentration in Various Oilseed Productsd

Phytic acidb

Sample i
Soybean meal, full-fat or defatted and dehulled 1.4-1.6
Sovbean protein isolate, concentrate 1.6-2.2
Peanut meal, defatted und dehulled 1.7
Sesame meal, dehulled 3.6
Sesame meal, defatted and dehulled 5.2
Rapeseed protein concentrate 5.3-7.5
Cottonseed flour, glandad 2.9
Cottonseed Flour, glandless )

o
=2
=

Cottonseed globoids

aJee refs. 35, 31, 76, 32, 29, 34, 77 plus information from fhe
author’s lab,

Blyata in most cases is caleulated on the drv basis and assumes
28.2% phosphorus in phytic acid.

bipavailability of these minerals from oilseeds has been
carried out with soybean products, Results from soy studies

- cannot be directly applied to other oilseeds due to dif-

ferences in localization of phytic acid within oilseed kernels
(30).

CALCIUM

In & series of papers in the 1920s, Mellanby reported
anticalcifying and rachitogenic properties of certain cereals
fed to dogs. Mellanby (41) found that the rickets-producing
effects of oats could be reduced by boiling the oats with a
mineral acid or by subjecting them to 2 malting process. By
1949, Mellanby (42) demonstrated that phytate addition to
dog diets reduced calcium absorption and suhsequently
indiced rickets, A few years later Walker (43) warned that
low dietary calcium andfor vitamin D (or sunlight) were
important m the etiology of rickets and that the incrimina-
tion of phytic acid was far from conclusive. Thus began the
debate over phytic acid’s causative actions in mineral
malnutrition.

Walker and associates (44) reported that retention of
dietary calcium and magnesium improved in human sub-
jects after short periods en high phytate diets. They felt
that gradual adaptation takes place as the body increases its
absorption efficiency, Reinhold et al. (43) failed to confirm
human adaptation, as men fcd both naturally occurring and
purified phytate for 60 days maintained negative calcium
balance for the entire period.

The calcium content of oilseeds is not high, which may
explain why few studies have been reported in the literature
concerned with the bioavailability of calcium from vilseeds.
Rats, for examnple, fed diets containing 40% soy flour will
denive only 109 of their culeium requirement from the soy.

Experiments have been recently conducted at the
University of Ilinois (46) to test the effects of the presence
of various types of soy products in rat diets upon the
bioavailabity of calcium added in incremental levels to diets
as caleiom carbonate, A slope-rutio assay procedure {(47)
was used to compare the regression of femur caleium upon
total calcium added to soy or casein digts, Male albino rats
were fed ad libitum 18% protein diets from full-fat soy
flour, freeze-dried sov beverage, a commercial soy concen-
trate or casein for about 4 weeks, The results clearly
indicated that t(he bhioavailability of calcium added as
caleium carbonate to any of the thres soy products wus the
sume a3 when added to casein diets. These results suggest
that calcium fortification of oilseed products will result in
good utilization of calcium, However, as pointed out in
previous publications (1,3,10,48), calcium addition may
aggravate zinc, magnesium or copper utilization from
oilseed products which are high in phytic acid.
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MAGNESIUM

Raberts =nd Yudkin (49) reportad that nagnesicm
deficiency svmptoms could be aggrevated by addition of
sodium phyrtate te cascia-based diets. [erbes (30) found
that magnesiam aksorption, but not bzlance, was reduced
in youny vats fed isolated soy prolein dicts in comparison
lo egg white proicin dicts. Recent srudics from Forbes’
lakoratory (46) evaluated the bioavailability of magnesium
from three <landare soy preducts as coripared to MgCQO;
zdded to casein diets. Standard additions of magnesivm 1o
rat dicts resulted n linear increases in serum and tibia
mugacsium. Regress:ar of these citerta ca dietary magnes-
ium Zrom soy flour and soy heverage shewed “ull biocavail-
ability of the mineral while m.gnesium frem a commercial
soy concentrate was ca. 50 as aveilable as that from the
inarganic source. These results and others reported by Lo et
a. (51) demorstrate that the bicavaiability of magresium
from or added to soy products is very vood.

IRON

In some studies, foodstufrs centaring paytate have been
shown to be poarticularly inhibitory to iron absorpticn
(52-55), while in other studies nigh leve's of phytic acid
were reporied to be without an effect {56,57). Jron dio-
avaldab:lity from soybean proteins has been reported to
range from 28.5-80% (of inorgaric ircn) in rat studies
(57-59). The most recent work of Steinke ar.d Hopkins (59)
compared hemoglobin repletion in rats fed one of three soy
protein isclates with rass fed ferrous sulfate. They found 4
mean relative iron bicavzilabiiity of 61% for soyv solates
and furrher reporicd that inorganic Zron added to diets
confaining isolated sovbean protcin had biozvailabilities
s.ntilar to that of the iron present in the soybean. These
resudts, coupled with the relatively high iron content of
many soybzan products, suggest that the iton supplied by
taess preducts can be of significent value for the humar
diet (39).

ZINC

Perhaps the greatest impact of phvtic acid on human
nut-ition is its reduction of zinc bioavilability. Nu:ncrous
studics have implicated phytic acid as a causitive facto: i
poor zinc absorption from plant foocs (2—4). In the 196Us,
workers in the laboratories of O'Dell (3) and Forbes
3,50.60) established a4 general inverse relationship of
phytic acid centent of animal dicts and zin¢ bicavailabilizy
from those diets. Maddaiah ct al. (36) studied zinc defi-
cicrey in the chick @nc reported that at physiological pH
zine foimed the most stable {insoluble) complex with
phytic acid. The decreasing order of stability o phytuate-
mineral complexes wuy reported as zinc, coper, nickel,
cobalt, magnesjium anc calcium. Vohra et al. (37) investi
gated the stability of phytic acid-metal complexes at pH 5.4
by titration mezhocs ard reported tae decreecsing order of
stability as copper, zinc, nickel, cobalt, iron, and calcium.
Although calcium hes the lowest binding affinity, addition
of his cation *o dierts containing paytic acid was shown to
recuce zinc and magnesinm absorption (3,48).

Most recently, Forbes and Parker {(61)and Erdman ct al.
(463 atilized 1 slope ratio assay method Lo test the bio-
availability oI zinc using growth as well as log ot temur zinc
of young rats as a criterion of response to ircreased dietary
zinc concentrations. It was found that: (a) zinc was poorly
utilized from soy products as compared to other studied
minerals, (I:) zinc bioavailability from scy products seems
to vary from product to product, ie., zinc was better
utilized from a full far soy our than from a soy concen-
trate, and (¢) usually, the presence of suy producis in the
rat’s diet had little cffect upon the bioavailability of adéed
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inorganic zir.c carbonate. Mcmcilovic and Shah (62) con-
ciuded from work with rarsseed protein concentrates
(some of trese conccatrates contain in cxcess of 7.5%
rhytic acid [32] that the poor availability of zinc¢ from diets
containing the rupeseed protein concentrates was the
major rale-limiiing tactor lor growth and development of
youny rats. Furthermnore, they (63) fed a milk-based infant
formula and a soy-based formula to young rats ard founc
zinc utilization to be poorer with the latzer formula.

The role of fiber in decreasing zinc¢ uilization shouleé not
be overlookad (9). A current in vitro study by Reinhold’s
group (6) suggests that some dietziry fiber comocnents may
be more effective in rmineral binding than phytic acid.
However, Weingartne=, et al. (64} have found the zinc and
czleium binavailabilitizs were not affected by the addition
of soyhzan hulls (that contain aver 50% fiber) to dehulled
soy flour-based diets for rats.

Rickis and his colleagues (35,39) point out that zinc
utilizatior. from certain soy isolates has been shown to be
partieularly low as compared to zinc utilization from
scvbean oueals, They sugpest that the difference in zinc
bioavailability is most likely due o the varying food
psrocessing  conditions used in manufacturing the soy
proteir. prodacts. They feel that the type of phytate-pro-
tein-mineral complexes Z“ormed during processing, rather
than the specific phytate contents, arc responsible far
different absarption capacity. “Endogenous zinc carriers”
(65) (see recent review of regularion of zirc absorption.
Cousins [60]} mus* compete with phytate-inineral and phy-
tate-protein-mineral complexess within the lumen of the in-
testine tc “‘sclubilize™ zinc for absorption, Research is
needad to identify tae proccss steps that affect formation
of phytate complexes (11,38,39).

PHOSPHORUS

In mature cereal grains, 60-80% of the total phosphLorus
is tied up in phytic acid (23). Soybeans contain almost
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FIG. 5. Sotubility of nitrogen and phasphorius compounds of
defatted peanut. cottonseed, and sovbean meals at various plls. The
nozeentage of the total nitrogen and phosphorus of solvent-
extracted oilseed mezls which are soluble in HC1 and NaOH solu-
sions at differen: pH values. Svurce: Foataine et al. (73).

twice as much phesphorus as cereals, but 50-60% is phivtic
acid phosphorus (67). Binavailabil‘ty of the phospltorus for
animals scems to depend upon the level of phytase activity
in the intestinal (racts of the specific species (13.67).
Insatficient bioavailability studies with humans have been
published to predict pry:iate phosphoras availability.
However, one might suspect that it is rather poo: sace
monogastric animals have little or no phytase activity (8)
In this country adults generally consunie excessive levels of
phosphorus. Therefore, nre can assuime that phosphorus
bioavailabllity is ol little consequence tor this givup, On
the other hand, phesphorus tioavailabity for U.S, children
consuming soy-basec infant formulas is of considerable
importarce. Proper hone development of infants requires
adecuate leveis of available phosphorus.

OTHER MINERALS

Trace minerals, sach as copper, manganese, molybde-
aum, and cobalt, may also be affecrec by oiseed phytates,
[n additicn, mbalances of minerals may occur duc o
prefereatial binding of certain minerals (3 3), For example.
Klevay {6%) suggests that the sirong birding of zinc to
diezary vhytic acid at Intestinal pHs to forrm insoluble
complexes would favor dictary copper absorption and thus
charge the zinc-copper ratio. Accoiding to Klevay, this
charge would be beneficial frem the standpoin: of serum
cholesterol and coronary heart disease ; however, it would
be harmful from the standpoint of zine metabelisni.

METHODS OF REMOVAL OF PHYTATE AND
REDUCING PHYTATE-MINERAL BINDING

Research  papers discassed in the previous sections
suggest that phytic acid is at least partially responsthle foi
reduced  biosvailability of certain minerals from  high
phytate foods. Since smonogastnic anunais such as man have
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little or no intestinal phytasc activity, it would be advan-
tageous to develap methods to either remove phytic acid
from cereals and oilseeds or to reduce its mineral-binding
capacity. Figure 4 demonsirates the fmpracticality of using
hzat 10 cleave minerals from phytate. de Boland et al. (35}
clearly show that 30 minutes autoclaving reduces payvtate
content of cercal and oilsezd products by less thar 10%.

Tempering or souaking oilseeds is umnlikely -0 reduce
phytate appreciably due to rather low endogenous phytase
contents of oilseeds. However, veast will cleave phosphates
from phy:ic actd during fermentation o7 legumes. Ranhotra
et al. (69) demcnstrated that all of the phyratz in wheat
brzad ané more than three-fourths of that in soy-fortifiec
wheat flours (soy, 10%, wheat, 90%) was hydrclyzed during
the process of breadmaking, apparently due to phytases ir
the wheat and/or yeast,

Several groups oi workers have aitempted tc separate
phytate from soybeans ut:lizing the differential solubilitics
of phytate and soybean protein (70-73). From Figurc 3 it is
apparent that the so.ubility of phospherus compounds docs
not correspondd 1o that of nitrogenous censtituents of any
of three cilseeds, except in the general pH region of 1.5 to
3.5. Fontaine and coworkers (74) suggest that up to about
pH 3.5 most of the phosphorus appareatly is combined
with proteins, However, as the proteins approach and pass
through theur isoelectric poinats, the protein-phvtic acid
complexes dissociate. Above pll 7, defatted soybean meal
differs from peanut and ccttonsecd meals as ~here is litte
decrease in sc.ubility of phosphorus compounds. This may
be due to reassociation of phosphorus compounds with
protein, as suggested by Rackis et al. (38). The percentage
of total phosphorus in the three meals found to be in
inorganic form was generally less than 10%. Some increase
of inorganic phosphorus is evident i the arce ¢f pH 5, This
increase is undoubtedly due to the enzymatic activity of
native phytases, sutce the time elapsing between ihe prepa-
ration of extract and analysis was ca. 4 hr (74),

Figure 5 predicts that one could separate phytate from
sovbean products by solubilizirg the che.ator at pH 5.0 to
5.5, followed by centrifugaticn or ulzrafiltration. Forc et
al. {72) and Okubo et al. (70) describe procedures fcr
phvtate remaval inn this pH range, Ir addition, these same
groups wele able 1o remove phytic acid at DI 3.0t0 4.0 by
azdding valewm chloride zo disscciate the phytate-protein
coriplexes, Since calcium ions mediate phytate-protein
binding atove the isoelectric point {75), Okubo et al. (70)
were able to facilitate dissociation of phytete-protein
cemplexes  at pH 8.2 by chelating free cations with EDTA
zddition, Ultrafiltiation was then used to remove phytate.
Hartman (73) has described a phytare removal process at
pH 11.6.

Martinez (17) hiiy teviewed the cwireni knowledge of
fooi processing effects upen phytaie destiactior or re-
moval :rom plant toods. She po:nts out that the manner in
which oilseeds are fructionated and processed directly
affects the disraption of memoranes surrounding aleurone
protein bodies and membranes surrounding inclusions
vontaining phytic acid, Formation of inscluble phytate
complexes with protein or other food cecmponents curing
food processing then depends upon the extraction pH, and
the presence of minerals or other chelators. The extracta-
bility of phyzate phosphoras from itdividual oilsecds varies
due to the morpholorical differences between secd types.
Therefore, one caanol apply siznilar process techniques tc
alt types of oilseeds.

Obviously, more basis tesearch is nzedad to identify the
important mineral binders and to study the mineral chela-
tion curirg processing of vuarious oilseeds. Then, ccoromi-
cally feasible technology must be develop2d to eliminate
the chelztors or the chelztion. In addition, wa mus. ascer-
tain the effects of mincral addition {fortification) upon the
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bioavailability of both the fortified and the native minerals.
Such guestions must be addressed before tTue assessment of
the overall nutritional potential of oilseeds can be made,
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