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Preface

FOOD crops such as cereals, legumes, and oilseeds are grown in over 90% of
the world’s total harvested area. Foods derived from these crops provide a
major source of nutrients to mankind. Phytic acid is an important constituent of
these food crops. The salt form, phytate, commonly exists in cereals, legumes,
and other crops, where it serves several physiological functions, especially seed
germination. Phytate is the major storage form of phosphorus and represents
more than 80% of the total phosphorus in cereals, legumes, and other seed
crops. Historically, phytate was considered solely as an antinutrient because it
is a strong chelator of divalent minerals such as calcium, magnesium, zinc, and
iron, and binds with these minerals and decreases their bioavailability. Under
normal physiological conditions, phytate-mineral complexes are unavailable
for absorption. However, recent investigations have focused on the possible
beneficial effects of food phytates, based on their strong mineral-chelating
properties. The possible beneficial effects of food phytates include lowering
of serum cholesterol and triglycerides and protection against certain diseases
such as cardiovascular diseases, renal stone formation, and certain types of
cancer.

This book consists of fourteen chapters providing a comprehensive and suc-
cinct review of various facets of food phytates. It covers global estimates; occur-
rence, distribution, content, and daily intake; biosynthesis; genetics of synthesis
and accumulation; phytase expression; stability of plant and microbial phytases;
methods of analysis; in vitro and in vivo degradation; antioxidant effects; the use
of phytate as an antioxidant in meats; phytate and mineral bioavailability; the
role of phytate in cancer and disease prevention; and the influence of processing
technologies on phytate removal. This publication is intended as a reference
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for food scientists, technologists, and nutritionists, especially those involved in
the phytate research, technology, and processing of cereals, legumes, and other
food crops.

The editors would like to thank Drs. Brian Q. Phillippy and John N.A. Lott,
who reviewed certain chapters of this book and made several constructive com-
ments. Special appreciation is extended to Eleanor Riemer of CRC Press.

N. RUKMA REDDY
SHRIDHAR K. SATHE
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CHAPTER 1

Introduction

SHRIDHAR K. SATHE
N. RUKMA REDDY

1. HISTORICAL BACKGROUND

DISCOVERY of phytate has its beginning in 1855-1856 when Hartig isolated
small particles, nonstarch grains, from several plant seeds. He considered
these small particles to be a source of essential reserve nutrients for seed ger-
mination and plant growth [1]. Later, in 1872, Pfeffer [2] further characterized
the grains isolated by Hartig into three groups: crystals of calcium oxalate,
a protein substance, and a compound that gave no reaction when tested for
protein, fat, or inorganic salts. The third group was found in all of the 100
different seeds that he examined. Pfeffer [2] characterized the third group as
having rounded surfaces, assuming spheroidal shapes, and frequently twining
so as to present a convoluted appearance. He found that the third group was free
of nitrogen but contained calcium, magnesium, and phosphorus. He named this
group of grains “globoids.” Organic matter was also noted in the globoids, and
the suggestion was made that the substance was a phosphate combined with
a carbohydrate. Later studies by Palladin [3] and Schulze and Winterstein [4]
confirmed the presence and chemical composition of globoid particles in Indian
mustard (Sinapis niger). Subsequently, Schulze and Winterstein [4] suggested
“inosite-phosphoric acid” as the proper name for the “globoid,” because globoid
hydrolysis could yield inosite and phosphoric acid.

Extensive studies in the ensuing two decades by several researchers [5-16]
indicated various chemical structures for this compound. However, the precise
chemical structure of this compound remained elusive for over the next half
century. The structure of phytic acid (Figure 1.1) had been a subject of con-
troversy, which centered around the structure proposed by Anderson [17] and
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a 0PO3H, 0OPO3H,

P(OH)3

Figure 1.1 Proposed structures of phytic acid. Structure (a) was suggested by Anderson [17], and
structure (b) was suggested by Neuberg [18].

the structure suggested by Neuberg [18]. Modern chemical analyses, including
X-ray crystallographic and *'P nuclear magnetic resonance data support the
molecular structure [Figure 1.1(a)] originally proposed by Anderson [17] in
1914, which is the predominant form found in plant seeds and/or grains. The
currently accepted name of phytic acid is Myo-Inositol 1,2,3,4,5,6 hexakis di-
hydrogen phosphate or Myo-Inositol hexakisphosphate, and phytic acid salts
are generally referred to as “phytate(s).” A detailed account of the historical
background of phytic acid and deduction of its chemical structure are presented
earlier [19,20].

2. IMPORTANCE

Because phytic acid and its salt(s) usually occur simultaneously in many
seeds, researchers often do not make a distinction between these two forms.
We will collectively refer to them as “phytates” in this chapter. Phytates are the
primary storage form of both inositol and phosphate in all seeds and grains [21].

Phytic acid is a strong chelator of divalent minerals such as copper, calcium,
magnesium, zinc, and iron. The ability of phytic acid to chelate these minerals
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was recognized as a potential concern in animal and human mineral nutrition.
Several in vitro and in vivo studies in animals and humans clearly indicate
that phytates decrease mineral bioavailability by forming complexes with these
minerals [20,22]. Many of the phytate mineral complexes are insoluble and,
therefore, may become unavailable for absorption under normal physiological
conditions. Because phytates are ionic in nature, they also react directly with
charged groups of proteins or indirectly with the negatively charged groups
of proteins mediated by a positively charged mineral ion such as calcium.
The resultant phytate-protein and phytate-mineral-protein complexes may also
adversely influence protein digestion and bioavailability [23,24]. Phytate can
also bind with starch either directly by hydrogen bonding with a phosphate
group or indirectly through the proteins [25], which may result in a decrease of
starch solubility and digestibility.

Phytates are heat stable—they withstand heat, harsh field conditions, seed/
grain transportation, and storage environments. Food processing (at home and
in industry) includes a variety of methods: soaking, cooking, germinating,
seed irradiating, extruding, milling, frying, fermenting, roasting, microwav-
ing, and several combinations of these methods. Each of these processing
methods may decrease phytate to a degree, depending upon the food to be
processed and the type of processing method employed. In many instances,
phytate reduction is not complete and, therefore, some phytate typically re-
mains in the processed food. Therefore, food processing alone may not prevent
the potential adverse effects of phytate. Use of exogenous enzymes for phytate
reduction in monogastric nutrition has been recently reviewed, and develop-
ment of thermostable phytases for the purpose of phytate reduction has been
suggested [26].

Recent investigations have begun to focus on possible beneficial physio-
logical/health effects of food phytates. The possible beneficial effects of food
phytates include lowering of serum cholesterol and triglycerides and protection
against certain diseases such as cardiovascular diseases, renal stone formation,
and certain types of cancers [24,25,27-31]. Graf [31] has also reviewed medical
and nonmedical applications of phytic acid. The primary mechanism by which
the beneficial health effects of phytates may be explained is the strong mineral-
chelating ability of phytates. For example, because phytates can chelate copper,
iron, zinc, magnesium, and several other minerals, and many of these minerals
are essential cofactors for numerous oxidoreductases, several investigators have
suggested that phytates may act as an antioxidant in vivo [32—34]. Such antiox-
idant activity has been suggested to be responsible for free radical scavenging
action in vivo that may lead to anticancer activity [28]. Mineral-chelating ability
of phytates has also been suggested to be responsible for antimicrobial (mold
inhibition, for example) activity. Calcium and fluoride binding by phytic acid
can insolubilize the minerals and, therefore, may be useful in the development
of dental enamels [20,31]. Experimental data supporting many of the health
benefits of phytates are inconclusive, at best. Careful, extensive, and in-depth
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studies must be completed before making any recommendations on beneficial
health effects of phytates.

3. PURPOSE AND SCOPE

Research interest in phytic acid continues to increase, as evidenced by the
number of research publications, reviews, symposia, and technical presenta-
tions at various national and international meetings. A comprehensive review
was published on phytates in cereals and legumes to develop a succinct summary
of what was known at that time [19]. Subsequently, we published a monograph
on this subject [20]. During the intervening years, substantial advances in our
understanding of this fascinating molecule have occurred. The major advances
are not limited to development of analytical methodologies that permit detailed
analysis of phytic acid and its various isomers and hydrolysis products, but there
is a significant shift in thinking about the biological effects of this molecule.
For these reasons, we organized a symposium entitled “Food Phytates: Antinu-
trients or Anticarcinogens” at the 1998 Annual Meeting of the Institute of Food
Technologists (June 20-24, Atlanta, GA). The purpose of this symposium was
to bring together leading authorities in phytate research to discuss recent ad-
vances and to identify certain future research needs. Following the symposium,
we invited additional contributors to develop this book. The primary purpose of
this book is to provide a comprehensive and succinct review of various facets of
phytate research to date and to identify future research needs. Throughout this
book, an attempt has been made to focus on recent literature in phytate research,
but pertinent references to some of the older works have been retained for the
purpose of continuity and perspective.

4. REFERENCES

1. Rose, A.R. 1912. A resume of the literature on inosite-phosphoric acid with special reference
to the relation of that substance to plants. Biochem. Bull. 2:21-49.

2. Pfeffer, M. 1872. Comprehensive study of aleurone grains, identification of globoid and
approximation of its chemical nature. Johrb. Wiss. Bot. 8:429-574.

3. Palladin, W. 1894. Discovery of inosite-phosphoric acid by chemical procedure. Z. Biol.
31:191-203.

4. Schulze, E. and Winterstein, E. 1896. Physiol. Chem. 40:120 (cited from Reference [20], Reddy
et al., 1989).

5. Posternak, S. 1903. Sur la constitution de 1’acide phosphorganique de reserve des plantes
vertes et sur le premier produit de reduction du gaz carbonique dans 1’acte de I’assimilation
chlorophyllienne. Compt. Rend. Hebdomad. des Seances de L’Acad. des Sci. 137:439-441.
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Compt. Rend. Soc. Biol. 55:1190-1192.
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CHAPTER 2

A Global Estimate of Phytic Acid
and Phosphorus in Crop Grains,
Seeds, and Fruits

JOHN N. A. LOTT
IRENE OCKENDEN
VICTOR RABOY
GRAEME D. BATTEN

1. INTRODUCTION

HIS chapter considers phytate more from the perspective of what plants
deposit into the crop seeds/grains/fruits that we use than from the human
and animal nutrition perspective. We provide a synopsis of the results of a
global survey by Lott et al. [1] of the phosphorus (P) and phytic acid (PA)
deposited each year in the world’s major seed/grain/fruit crops, correct an error
in those data, and extend the data to give information nutritional scientists
can access more easily. It is important to point out that the beneficial and
problematic aspects of phytic acid extend beyond animal nutrition aspects.
Phytates, which are consumed in food by humans, swine, poultry, and other
monogastric animals, often end up contributing to the eutrophication of our
lakes and rivers through deposition of P-containing waste products [2]. The
manure disposal problems associated with intensive animal farming operations
are now widely recognized [3]. When animals are fed on grains/seeds, most of
the total P consumed is PA-P, and thus, a large amount of the P in manure must
be from phytate phosphorus that was not absorbed by the farm animals [4,5].
Phytate occurs in protein bodies and often, but not always, assembles
into small, dense spheres called globoids [6—8]. Phytate concentration may
vary in different tissues of a seed/grain/fruit [9,10]. Phytate is used by all
seeds/grains/fruits as a mineral nutrient store for the growing seedlings. Gener-
ally, phytate accounts for one to several percent of the dry weight of grains and
other dry seeds [1,11]. It provides substantial myo-inositol, P, K, and Mg to the
growing seedling, and perhaps Ca, Fe, Zn, and Mn [11-15]. The synthesis and
roles of phytate in plants have been reviewed by Greenwood [16], Lasztity and
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Lasztity [17], Raboy [18], and Raboy and Gerbasi [19]. Thus, from the plant
nutrient perspective, phytate is important for seedling establishment and fosters
good crop yields, even though from an animal nutrition point of view, phytate
may be an antinutritional substance [20]. The low phytic acid mutants recently
isolated by several groups have normal levels of seed total P and have potential
for improved bioavailability of P and other nutrients in humans and livestock.

The large growth of the human population makes the study of phytate sig-
nificant. The importance of P and K in crop yields and the fact that a very
significant amount of P, K, and Mg is removed with seeds/grains as phytate,
links our understanding of phytate to the global food supply [1].

Given the results of the “green revolution” that resulted in a major increase in
food production, there may be a perception in some minds that increases in food
production will be sustainable almost without limit and that good nutrition is
merely a matter of choice. It is important that we point out that the impending cri-
sis of human population growth potentially will drive many agendas—political,
economic, and environmental. The world population of humans reached
6 billion in 2000. It is projected to increase to 7.2 billion by 2010 and likely
will reach 11 billion by the year 2100 [21,22]. The widening gap between hu-
man population in developed and developing countries is a serious problem for
human nutrition. If the predictions given above are realized, then by 2100, only
1.5 billion of the total human population of 11 billion will be living in countries
now regarded as prosperous. Many of the areas of the world that have high hu-
man populations are located in areas with low soil P availability to plants [23].
In the long term, this problem is compounded by the fact that high available P
rock phosphate is a limited commodity [24].

2. MAKING A GLOBAL ESTIMATE

Global estimates are very useful but not perfect. Oerke et al. [22] in discussing
this point, concluded that because the data can always be improved, the only
alternative to an imperfect estimate is no estimate at all. The global estimates
of P and PA in crop grains/seeds/fruits [1], parts of which are summarized here,
made detailed notations of where data came from, what assumptions were used
to fill in missing information, and what calculations were used to calculate
phytic acid concentrations from phytic acid-phosphorus (PA-P) values. These
data can clearly be improved in many places, but at least, this is a start.

Using the Raboy and Dickinson [25] procedure based on a formula weight of
659.02 for PA, the PA values were calculated from published values for PA-P.
The PA-P value was multiplied by 3.55 to obtain the PA amount. Because grains
produced on field grown plants generally have lower P concentrations than those
grown in greenhouses [26], our estimate used data from field grown plants,
wherever possible. Lott et al. [1] estimate contains information on how the
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total seed/grain/fruit tonnage was corrected for tissues that do not contain PA
(for example, the hard shell of a nut). Many of these corrections can be improved
by study of larger samples. Where possible, our estimate used the average of
several published values for the % P and % PA. In terms of reliability, it was for-
tunate that those seeds/fruits that humans produce in the largest tonnages were
also those for which four or more published values from different laboratories
were available for averaging to calculate a value for % PA for a given species.
Thus, the errors are likely to be smaller with regard to our major seed/grain/fruit
crops estimates than with more minor ones.

However, the readers will recognize that a mean % PA cannot take into
account all the possible variables that can lead to differences in % PA in a
crop seed/grain/fruit. Some of the possible sources of such variation include
the following:

(1) Climatic factors such as the amount and timing of rainfall [27]

(2) Fertilizer applications and soil type [28,29]

(3) Procedures to measure PA-P that cannot distinguish between PA (Ins Pg)
and less substituted inositol phosphates such as Ins Ps, Ins P4, and Ins P3
(Because only Ins Pg and Ins Ps effectively inhibit uptake of Ca and Zn
in monogastric animals, the contribution of lower substitutions of inositol
phosphates may be misleading [30]. There is a general consensus that in
mature seeds, the myo-inositol phosphates are almost exclusively in the
form of Ins Pg, but because of the methods used to identify PA, some of
this data may also not be as accurate as one would like.)

(4) Cultivar differences [31-34]

(5) Differences in moisture content of the crop seeds/fruits at the time of weigh-
ing for sale

(6) Fertilizer applications and the starting soil conditions [28,29]

(7) Choice of years for production tonnage [In our estimate, we averaged three
years (1994-1996) of data from the Food and Agriculture Organization
(FAO) of the United Nations (UN). Values would be slightly different if
data from different years were used.]

In making our global estimate, we recognized that total production of crop
seeds/grains/fruits was underestimated, and correction factors were put in to
raise the total production. These correction factors, which total 45%, are our
educated guesses as to what these correction factors should be, but they could
be too high or too low. At least by mentioning these correction factors, we have
highlighted the need for such adjustments. The FAO production estimates used
in our survey are low because they do not consider such items as (1) losses
of seeds/grains/fruits during harvesting, shipping, and storage; (2) losses due
to pests or environmental conditions; (3) under-reporting of seed/fruit produc-
tion where farmers grow grain to feed livestock but only report the sale of
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animals; (4) production of seeds/fruits that are consumed locally; (5) produc-
tion of seeds/fruits not reported by the UN; and (6) production of seeds/fruits
used to plant many types of crops.

3. RESULTS OF A GLOBAL ESTIMATE

A global estimate [1] of annual production of PA and sequestration of P in
the world’s seeds/grains/fruits is presented in Table 2.1. Details of the % total P,
% PA, and corrections for tissue not containing PA can be found in the original
estimate. Production estimates for dry cereal grains, dry legume seeds, other
dry seeds/fruits, and fleshy fruits with seeds are listed in Table 2.1. The largest
tonnages of food come from maize (corn), wheat, and rice, each with over
550 million metric tonnes (1000 kg = 1 metric tonne) per year (Table 2.1). Of
these three largest crops, wheat produces the most PA (over 5.6 million tonnes)
and rice the least (over 4.0 million tonnes), without corrections for production
underestimates (Table 2.2). The next largest producers of PA are soybean (over
2 million tonnes without corrections) and barley (over 1.5 million tonnes). Other
crops in which over 300,000 tonnes of PA are produced without corrections for
production underestimates are rapeseed (canola), sorghum, cotton, peanut, and
oats. When corrections for production underestimates are applied, the total PA
synthesized is higher (Table 2.2).

The totals for the four categories are listed in Table 2.3. Dry cereals account
for 69.5% of the total global crop seed/grains/fruit production each year but
synthesized 77.3% of the total PA. Legumes account for 7.6% of the annual
global production of crop seeds/grains/fruits and 13.0% of the total PA. The
fleshy fruits with seeds have a high water content, up to 95% in some cases, and
as a result, this category accounts for 17.2% of the tonnage produced each year
but less than 1% of the total PA. In many fleshy fruits listed in Table 2.1, the
seeds are not eaten as food (e.g., apricot, mango, papaya). The largest consump-
tion of PA by animals eating fleshy fruits occurs from fruits where mature or
nearly mature seeds are eaten (e.g., tomatoes). At least 22 million metric tonnes
of PA are produced by crop seeds/grains/fruits each year, and with corrections
for underestimates, the total is likely to be over 33 million tonnes (Table 2.3).

Table 2.4 lists the crops that produce a high concentration of PA, on a percent
of weight basis of the seed portions eaten by humans. Sesame, pumpkin/squash,
and flax (linseed) have 3.7 to 4.7% PA on a dry weight basis. Rapeseed (canola),
sunflower, and mustard are in the 2% PA range, and many others listed in
Table 2.4 exceed 1.0% dry weight. Percent PA concentrations do not take into
account that PA exists in nature mainly as phytate, which is commonly a K and
Mg salt. Other elements binding with PA in varying, but usually trace amounts,
include Ca, Fe, Zn, and Mn [7,11]. A model K and Mg salt of PA was used
to approximate phytate in crop seeds/fruits. While recognizing that this is a
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TABLE 2.1. Estimate of Annual Production of Phytic (PA) Acid and Sequestration of Phosphorus (P)
in the Crop Seeds/Grains/Fruits of the World.

Annual Global Annual Global Annual Global
Production@ Sequestration of PP Synthesis of PAP
Taxonomic Name Common Name (Metric Tonnes) (Metric Tonnes) (Metric Tonnes)
A) Cereals (dry grain only)

Hordeum vulgare barley 153,099,000 581,776 1,561,610
Zea mays maize 553,968,000 1,606,507 4,764,125
Digitaria sp. millets 28,287,000 107,491 260,240

Echinochloa frumentaceae

Eleusine coracana

Eragrostis abyssinica

Panicum sp.

Pennisetum sp.
Avena sativa oats 31,155,000 130,851 317,781
Oryza sativa rice 550,084,000 1,398,314 4,059,620
Secale cereale rye 22,792,000 86,610 221,082
Sorghum bicolor sorghum 61,795,000 247,180 655,027
Other cereals may include 16,671,000 66,684 148,372

Triticale secale triticale, wild

Zizania sp. rice, buckwheat

Fagopyrum esculentum
Triticum sp. wheat 552,480,000 2,044,176 5,635,296

B) Legumes (dry seeds only)
Phaseolus sp. beans 18,247,000 89,410 257,283
Vicia sp. broad beans 3,421,000 23,605 37,973
Cicer arietinum chickpeas 8,287,000 27,347 45,579
Lens esculenta lentils 2,820,000 10,716 19,740
(continued)
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TABLE 2.1.

(continued).

Taxonomic Name

Common Name

Annual Global
Production?
(Metric Tonnes)

Annual Global
Sequestration of PP
(Metric Tonnes)

Annual Global
Synthesis of PAP
(Metric Tonnes)

Other beans
Vigna sp.
Cajanus indicus
Canavalia sp.
Lupinus sp.

Arachis hypogaea

Pisum sativum

Glycine max

C) Other dry seeds/fruits
Prunus dulcis

Anacardium occidentale

Ricinus communis
Castanea sp.
Theobroma cacao
Cocos nucifera
Coffea arabica
Gossypium sp.
Corylus avellana
Corylus cornuta

Cannabis sativa

Linum usitatissimum

Brassica sp.

Other tree nuts
Bertholletia excelsa
Macadamia ternifolia
Carya illinoinensis

may include cow
peas, pigeon peas,
jack bean, lupines

peanut (groundnut)
peas
soybean

almond

cashew

castor bean
chestnuts

cocoa, coco beans
coconut

coffee

cotton

filoerts, hazelnuts

hemp

linseed (flax)

mustard

includes Brazil nuts,
macadamia nuts,
pecans, pili nuts,
sapucaia nuts

11,775,000

28,898,000
12,248,000
130,761,000

1,175,000
682,000
1,463,000
497,000
2,800,000
45,711,000
5,821,000
34,851,000
647,000

36,000
2,489,000
182,000
497,000

44745

93,052
56,341
889,175

2209
1228
6952
725
10,114
21,393
11,060
228,274
1101

252
36,837
1401
1118

102,443

343,886
122,480
2,026,796

6674
5374
22,753
443
25,043
61,801
27,359
671,126
2738

626
91,844
3640
4473
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TABLE 2.1. (continued).
Annual Global Annual Global Annual Global
Production? Sequestration of PP Synthesis of PAP

Taxonomic Name Common Name (Metric Tonnes) (Metric Tonnes) (Metric Tonnes)

Canarium sp.

Lecythis sp.
Elaeis guineensis palm nut (oil palm) 4,872,000 658 1900
Pistachia vera pistachio 395,000 1106 2726
Brassica sp. rapeseed (canola) 31,577,000 318,928 789,425
Carthamus tinctorius safflower 818,000 2290 5726
Sesamium indicum sesame 2,434,000 16,551 114,641
Helianthus annuus sunflower 24,414,000 100,097 256,347
Camellia sasanqua teaseed, tung 495,000 1114 4455

Aleurites sp.
Juglans sp. walnuts 1,004,000 2024 3036

D) Fleshy fruits with seeds
Malus x domestica apple 50,528,000 5871 2077
Prunus armeniaca apricot 2,323,000 906 585
Persea americana avocado 2,082,000 866 167
Vaccinium sp. blueberries, cranberries 260,000 26 26
Prunus sp. cherries (sweet and sour) 1,595,000 391 215
Citrus sp. citrus including oranges, 90,333,000 19,164 2927
lemons, tangarines, limes,
grapefruit, etc.

Cucumis sativus cucumber, gherkins 22,442,000 6773 240

Cucumis anguria
Ribes sp. currants, gooseberries 667,000 200 84
Phoenix dactylifera date 2,435,000 1683 1013
Solanum melongena eggplant 11,460,000 4584 6347

(continued)
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TABLE 2.1. (continued).

Annual Global Annual Global Annual Global
Production? Sequestration of PP Synthesis of PAP
Taxonomic Name Common Name (Metric Tonnes) (Metric Tonnes) (Metric Tonnes)
Ficus carica figs 1,500,000 300 396
Vitus sp. grape 55,806,000 10,268 2079
Phaseolus sp. green beans including as well 3,552,000 2131 7459
Dolichos lablab lablab but not others
Pisum sativum green peas, immature fruits 5,072,000 2556 8947
Actinidia sp. kiwifruit 1,020,000 306 396
Mangifera indica mango 18,919,000 1892 10,525
Cucumis melo melons, cantaloupes 15,788,000 4269 6783
Olea europaea olive 11,318,000 2807 2173
Carica papaya papaya 5,835,000 5088 10,083
Prunus persica peaches, nectarines 10,414,000 3832 4999
Pyrus sp. pears 12,337,000 1360 318
Capsicum sp. peppers, chilies 13,663,000 5547 3798
Prunus sp. plums 6,593,000 1437 475
Cucurbita sp. and others pumpkins/squashes, gourds 9,602,000 7355 5798
Rubus sp. raspberry 329,000 66 221
Fragaria x ananassa strawberry 2,602,000 520 437
Zea mays sweet corn (maize) 5,540,000 5540 13,850
Lycopersicon esculentum tomatoes 83,545,000 25,064 10,401
Citrullus lanatus = watermelon 39,824,000 4072 5958
(Citrullus vulgaris)

aAlmost all of the production estimates given here are an average calculated from the FAO Yearbook on Production 1996 [35] using data from 1994, 1995, and
1996. A metric tonne equals 1000 kilograms. The latest values for cherries are from 1971-73 given in the FAO Yearbook on Production 1973 [36]. Mustard
production figures are from Ensminger et al. [37]. Teaseed and tung were estimated from values in Vaughan [38]. Vaccinium and kiwifruit estimates are based
on Macrae et al. [39]. Date and sweet corn production is based on Considine and Considine [40]. Fig production values are based on Janick et al. [41].
bThese values, without any correction for production underestimates, are from Lott et al. [1].
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TABLE 2.2. Annual Synthesis of Phytic Acid (PA) in
Seeds/Grains/Fruits.

Annual Synthesis of PA (Metric Tonnes)
Plant Without Corrections With Corrections?
Wheat 5,635,296 8,171,179
Maize 4,764,125 6,907,981
Rice 4,059,620 5,886,449
Soybean 2,026,796 2,938,854
Barley 1,561,610 2,264,335
Rapeseed (canola) 789,425 1,144,666
Cotton 671,126 973,133
Sorghum 655,027 949,789
Peanut 343,886 498,635
Qats 317,781 460,782
Millets 260,240 377,348
Dry beans 257,283 373,060
Sunflower 256,347 371,703

aThe United Nations crop production data, upon which the Lott et al. [1] estimate
was based, are clearly underestimates of the tonnage of a given crop that is ac-
tually produced by plants. For example, losses during harvesting, shipping, and
storage are not considered and losses due to spoilage, pests, or weather are also
not considered. The FAO production estimates do not cover many species used as
food, do not consider production in small gardens as occurs widely in many coun-
tries, and often do not consider the seeds/fruits used to feed livestock. In many
cases, seeds/grains are consumed by poultry and livestock on the farm and are
not recorded in production figures. The 45% correction factors applied by Lott et al.
[1] and shown here are educated guesses that we assume are conservative.

simplification of the complexities found in nature, it is still a useful estimate.
Without and with corrections for production underestimates, the phytate pro-
duced each year by crop seeds/grains/fruits is certainly over 33 million metric
tonnes and may well be near 50 million metric tonnes (Table 2.5). Within this
amount of phytate are over 6.4, 8.1, and 2.5 million tonnes of P, K, and Mg,
respectively, if presented without corrections for production underestimates.
Correction factors increase those values considerably.

4. DISCUSSION AND SUMMARY

The negative effects of phytate in food on human health are likely to be
most pronounced in people on marginal subsistence diets that consist mainly
of seeds/grains/fruits. Over two billion humans, largely located in developing
countries, have micronutrient deficiencies [42—44]. Considerable scientific lit-
erature indicates that the strong chelation capacity of PA can decrease the uptake
of elements such as Ca, Fe, and Zn in monogastric digestive tracts [20,45-47].
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TABLE 2.3. Total Phosphorus (P) and Phytic Acid (PA) Sequestered in One Year in Seeds/Grains/Fruits
of Crop Plants without and with Correction Factors for Underestimates.

Annual Global Annual Global Annual Global
Production Total Production Sequestration of Production of PA Total PA
Category (Metric Tonnes) (%) P (Metric Tonnes) (Metric Tonnes) (%)
A) Cereals 1,970,331,000 69.5 6,269,589 17,623,153 77.3
(dry grains only)
B) Legumes 216,457,000 7.6 1,234,391 2,956,180 13.0
(dry seeds only)
C) Other dry 162,860,000 5.7 765,432 2,102,150 9.2
seeds/fruits
D) Fleshy fruits with 487,385,000 17.2 124,874 108,777 0.5
seeds in different
stages of formation
Subtotal (no 2,837,033,000 8,394,286 22,790,260
corrections)
Estimated 1,276,664,850 3,777,429 10,255,617
underestimate 45%2
Total with 4,113,697,850 12,171,715 33,045,877
corrections

aRefer to the note under Table 2.2.
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TABLE 2.4. Seeds/Grains/Fruits with Seeds that Are
Commonly Eaten by Humans that Contain Phytic Acid
(PA) Concentrations of One Percent or More on a

Weight Basis.

Plant® Structure % PA
Sesame dry seed 4.71
Pumpkin/squash embryo 4.08
Flax (linseed) dry seed 3.69
Rapeseed (canola) dry seed 2.50
Sunflower embryo 2.10
Mustard dry seed 2.00
Cashew embryo 1.97
Brazil and other tree nuts embryo 1.80
Hemp dry fruit 1.74
Peanut seed in shell 1.70
Tomato seed only 1.66
Soybean dry seed 1.55
Almond dry embryo 1.42
Eggplant seed only 1.42
Beans dry seed 1.41
Pistachio embryo 1.38
Watermelon seed only 1.36
Kiwi fruit fleshy fruit 1.34
Broad beans dry seed 1.1
Cucumber immature seed 1.07
Sorghum dry grain 1.06
Coco beans dry seed 1.04
Barley dry grain 1.02
Oats dry grain 1.02
Wheat dry grain 1.02
Peas dry seed 1.00

aData obtained from Table 2.1 in Lott et al. [1]. A number of species were
excluded from this table, including (a) cases where the seeds generally are not
eaten by humans (e.g., apple, pears, melons, papaya), (b) cases where the
seeds constitute a very small portion of the total weight (e.g., strawberry), and
(c) cases where humans eat very little of the seeds (e.g., cotton, castor bean,
teaseed/tung).

While reductions of bioavailability of minerals by phytate is the most prominent
negative aspect of phytate ingestion, there are other impacts that may be benefi-
cial. Possible positive effects of PA in food are likely to be most pronounced in
humans with high red meat consumption, because there is a link to iron intake
and certain kinds of cancer [48]. Antioxidant effects of phytate may help reduce
colorectal cancer and mammary cancer [49-51].

The P, K, and Mg that are common in phytate in seeds are important mineral
macronutrients for humans and animals [52]. Those elements come from many
food sources, not just seeds/fruits/grains [53]. However, it is worth pointing
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TABLE 2.5. Estimates of the Weight of Phosphorus (P), Potassium (K), and Magnesium (Mg)
Associated with Phytate that Are Removed Annually Worldwide by Crop Seeds/Fruits.?

Estimated Weight Estimated Weight Estimated Weight Estimated Weight
of Phytate of P in Phytate of K'in Phytate of Mg in Phytate
Category (Metric Tonnes) (Metric Tonnes) (Metric Tonnes) (Metric Tonnes)
Major crops 33,501,682 6,432,323 8,140,909 2,512,626
(AtoDin Table 2.3)
Corrected for 15,075,757 2,894,545 3,663,409 1,130,682
underestimates (Table 2.3)
Total 48,577,439 9,326,868 11,804,318 3,643,308

aThe data has been recalculated from Lott et al. [1]. The model phytate, which is a simplified approximation of what is found in seeds, has
complete substitution of the twelve negative binding sites per molecule of PA. The model phytate has six potassium and three magnesium per
molecule. PA values from Table 2.3 were converted to phytate by multiplying by 1.47, a factor based on atomic weights. The proportions of P, K,
and Mg in the model phytate are 19.2%, 24.3%, and 7.5%, respectively.
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out that for humans, the recommended dietary allowance for P, a level that is
designed for maintenance of good nutrition, varies from 300-500 mg per day
for infants to 800—1200 mg per day for children and adults [53]. A reasonable
average dietary requirement for P is thus 1 gram (1000 mg) per person per day
or 365 g per person per year.

If we assume the following: (a) all the P found in seeds/grains/fruits was
bioavailable for humans, (b) the entire global production of seeds/grains/fruits
was used to feed humans, (c) this P supply is distributed equally to all people
across the globe, and (d) no P was coming from other food groups, then each
of the 6 billion humans alive today would receive about 1399 grams of P per
year, based on the total uncorrected P value from Table 2.3. This is 3.8 x the
needed 365 g of P per year. If the anticipated population increase occurs, then
in a century, the 11 billion humans would equally get 763 g of P per year,
just two times above the yearly requirement. Clearly, the assumptions made
above do not reflect current realities. However, this calculation shows that even
for a nutrient like P, that is commonly considered not to be a problem with
regard to deficiencies in man, there are limits that we are approaching more
rapidly than some would anticipate. The proportion of nutrients coming from
seeds/grains/fruits is higher for humans on subsistence or vegetarian diets than
for those living in wealthier countries, where food variety is high. The Oerke
et al. [22] estimate predicts that by 2100, the human population will be about
11 billion and that about 85% of that population will be in developing countries.
Itis in these countries where food shortages are likely to be most acute. Low soil
P in those areas also will result in minimal P in the seeds/grains/fruits produced
[23].

One of the assumptions made above is that all the P found in seeds/
grains/fruits is bioavailable for humans. Realistically, at present, if people ob-
tain most of their P from grains and legumes, a significant fraction of the total P
consumed is PA-P and, thus, may be largely unavailable. Clearly, the bioavail-
ability of P is complex and depends upon many factors including cooking and
other food preparation procedures as well as the initial composition of the
grains/seeds/fruits. If the calculation done above is corrected for 50% and 75%
of the P being not bioavailable, the amounts for 6 billion humans fall to 700 g
and 350 g, respectively, and for 11 billion humans fall to 382 and 191 g per
person per year, respectively. This calculation highlights the need for higher
available P from our cereal and legume crops, because several of these calcu-
lated values are close to or lower than the 365 g per person per year required
for good nutrition, and several other of the assumptions above are not likely to
occur.

We estimate that the P in the phytate in the world’s crop seeds/grains/fruits
is about 9.3 million metric tonnes per year (Table 2.5). Total global usage
of elemental P from mineral sources for fertilizer for all purposes is in the
13-16.6 million tonnes per year range [1]. Thus, a weight of elemental P,
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equivalent to 56-71% of the total elemental P applied globally each year as
fertilizer, is removed in the form of phytate in seeds/grains/fruits. Keep in mind
that P is one of the most widely used plant fertilizers. Not only do fertilizers
add significantly to the cost of producing food [54], but the removal of these
elements from soils in the form of phytate in harvested seeds/grains reduces the
sustainability of crop production by that soil.

The development of low phytic acid ([pa) mutants of several important crop
plants (see Chapter 5) offers a particularly interesting nutritional opportunity.
About 75% of the total P in grains is PA-P that is not readily bioavailable to
nonruminant animals. In the /pa mutants, the higher inositol phosphates are
greatly reduced, so the available P is much greater [55-57]. If more of the
phosphorus in seeds/grains was absorbed by humans and animals, the environ-
mental problems related to P pollution would be reduced. One option is the
use of Ipa varieties to improve bioavailability of P and other minerals in crop
seeds/grains/fruits. The world total tonnage for PA in crop seeds/grains/fruits
is about 22.8 million metric tonnes, without corrections (Table 2.3). Currently,
Ipa mutants are available for wheat, rice, maize, soybean, and barley. If we
assume that 25% of all the world cereal and legume crops were replaced by Ilpa
mutants with 66% PA reduction, that would reduce the world total for PA in
seeds/grains/fruits by about 3.4 million metric tonnes or about 15% of the total.

Some major findings are listed below.

(1) We report here a summary of the Lott et al. [1] estimate of the P and PA
in most of the world’s crop seeds/grains/fruits. We made some changes
in the way data were presented and corrected small errors. Without and
with corrections for underestimates in production, the tonnage of crop
seeds/grains/fruits was in the 2.8—4.1 billion metric tonne range. The P
content was in the 8.3—12.1 million tonne range, and the PA content was in
the 22.7-33.0 million metric tonne range. Calculations showed that use of
low phytic acid mutants of important crop plants could bring about consid-
erable reductions in the PA in crop seeds/grains/fruits.

(2) The cereals represented 69.5% of the production but accounted for 77.3%
of the total PA. The legumes were the next largest category with 7.6% of
the production and 13.0% of the PA. Fleshy fruits with immature or mature
seeds formed 17.2% of the production, but because water content is high
and concentration of seed tissue is generally low, this category accounted
for only 0.5% of the PA. Other dry seeds/fruits accounted for 5.7% of
the production but 9.2% of the PA. This reflects the fact that a number of
high-phytate-containing seeds are in this category.

(3) The crop seeds/grains/fruits with the concentration of PA over 2% in the
edible portion on a weight basis were sesame, pumpkin (squash), flax,
rapeseed (canola), and sunflower.

(4) Using a model K 4+ Mg salt of PA, one that is an approximation of the
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phytate found in seeds/grains/fruits in nature, we estimated that at least
33.5 and perhaps close to 50 million metric tonnes of phytate are produced
each year globally in crop seeds/grains/fruits. The higher values are based
on correction factors for production underestimates, but these may be too
low or too high. We believe that at least 8.1 and perhaps up to 11.8 million
tonnes of K is likely sequestered in phytate in crop seeds/grains/fruits each
year and 2.5 to 3.6 million tonnes of Mg.

5. SUGGESTIONS FOR FUTURE WORK

We have begun additional estimates to more closely relate P and PA in crop
seeds/grains/fruits in relation to total production, fertilizer usage, and hectares
farmed in different countries and continents. Because the /pa mutants have con-
siderable potential to provide better nutrition, there is a need for many structural,
compositional, nutritional, and agronomic aspects of these mutants to be better
characterized. Development of additional /pa mutants is continuing, and these
will require ongoing study. For example, whether or not these /pa mutants have
altered levels of Mg, Ca, Fe, Zn, and other nutritionally significant elements
needs to be ascertained, because trace element deficiencies are nutritionally
very important issues.
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CHAPTER 3

Occurrence, Distribution, Content, and
Dietary Intake of Phytate

N. RUKMA REDDY

1. INTRODUCTION

PHYTATE (myo-inositol hexakisphosphate, InsPg) widely occurs in plant
seeds and/or grains [1-4], roots and tubers [1,3,5,6], fruits and vegeta-
bles [3,5,6], nuts [3,5], pollen of various plant species [7-9], and organic soils
[10,11]. The phytate fraction of organic soil contains a mixture of phosphory-
lated derivatives of myo-, chiro-, scyllo-, and neo-inositol [12]. Inositol phos-
phates with fewer than six phosphate groups, such as myo-inositol 1,3,4,5,6-
pentakisphosphate, have been isolated and identified from the nucleated
erythrocytes of birds, turtles, and freshwater fish [13-17].

2. OCCURRENCE

Phytate occurs primarily as a salt of mono- and divalent cations in discrete
regions of grains and seeds [18-20]. It rapidly accumulates in grains and seeds
during their ripening period and maturation, accompanied by other substances
such as starch, proteins, and lipids [21-25]. The accumulation site of phytate
in grains and seeds is within the subcellular single membrane particles, aleu-
rone grains or protein bodies [18,20,26,27]. The aleurone grains are located in
the aleurone cells of monocotyledonous seeds such as cereals. The aleurone
grains of rice are composed of at least two major parts: high phytate-containing
particle and surrounding coat that consists of protein and carbohydrate
[28,29]. The aleurone grains of rice are spherical, about 1-3 wm in diameter
[30].
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In dicotyledonous seeds such as legumes (beans) and many other seeds,
globoids are located within the proteinaceous matrix of protein bodies
[31-33]. Globoids are present in the cotyledons of dicotyledonous seeds but not
their seed coats. They vary in size and number depending on the species. For
example, Prattley and Stanley [34] reported that isolated soy globoids varied
in size from 0.1-1.0 pm and were comparatively small in relation to protein
bodies (2-20 pm). Some dicotyledonous seeds, namely peas, lack globoids
within the protein bodies but still contain phytate [32]. Occurrence and biogen-
esis of globoids within the protein bodies may be controlled by the calcium,
magnesium, and potassium contents [19,33]. The presence of phytate within
the globoids has been shown for a wide range of cereals such as oats [35],
barley [36,37], wheat [26,38], rice [28,30], sorghum [39], and corn [40], and
dicotyledonous seeds such as peas [27,33], soybeans [28,34], peanuts [41,42],
and broad beans [43,44].

Phytate content can range up to 60-80% of the dry weight of globoids [45,46].
The chemical composition of phytate-rich particles of rice, globoids of cotton-
seed, soybean, and peanuts, and phytate-rich isolated particles of Great North-
ern beans is presented in Table 3.1. These were isolated by different isolation
methods. The chemical composition of these isolated particles or globoids is
characterized by high phytate, potassium, magnesium, and calcium concentra-
tions. The isolated globoids of cottonseed had low amounts of protein, car-
bohydrate, and lipid and 60% and 10%, respectively, of phytate and metals
(potassium, magnesium, and calcium) [46]. Major components of globoids
from peanuts [42] were protein (35.1%), phytate (28%), and metals (5%). The
isolated phytate-rich particles of Great Northern beans [47] contained 34.3%
protein, 30% carbohydrate, 26.6% phytate, and 3% metals. Over 90% of the
compounds of the isolated particles of rice bran were reported to contain phy-
tate, potassium, and magnesium (Table 3.1). The isolated particles of rice bran
and embryo had low amounts of protein and carbohydrate.

Phytate occurs primarily as a potassium-magnesium salt in rice [18,28],
wheat [26], broad beans [27], and sesame seeds [48], and as a calcium-
magnesium-potassium salt in soybeans [27,34] and Great Northern beans [47].
Prattley and Stanley [34] indicated that phytate in protein bodies of soybeans
is present in water-soluble as well as water-insoluble forms as salts of metals
and proteins. Great Northern beans contain phytate in the water-soluble and
water-insoluble forms [47,49]. Reddy et al. [49] found that phytate is present as
a water-soluble salt with a molecular weight <1000 daltons and water-insoluble
complex with molecular weight > 1000 daltons in Great Northern beans. How-
ever, the exact water-soluble forms of phytate in Great Northern beans have
not been identified. Lott et al. [32] suggested that most phytate in peas is
water soluble and present as potassium phytate. Further studies are needed
to identify the chemical form(s) in which phytate occurs in many grains and
seeds.
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TABLE 3.1. Chemical Composition of Phytic Acid-Containing Particles? Isolated from Cottonseed, Peanuts,
Soybeans, Great Northern Beans (GNB), and Rice.

Isolated Particles of

Composition Globoids of Globoids of Globoids of Isolated
(Weight %) Cottonseed Peanuts® Soybeans Particles of GNB Rice Bran Rice Embryo
Nitrogen 0.70 — — — — —
Protein — 35.10 — 34.30 0.66 0.84
Carbohydrate 1.35 N.S.C — 30.00 0.72 0.78
Phytic acid — 28.00 23.80 26.58 66.68 70.30
Organic phosphorus 13.85 7.30 — — — —
Inositol 13.21 7.00 — — — —
Minerals
Potassium 6.40 2.00 3.61 0.26 14.55 22.83
Magnesium 1.70 2.50 1.59 2.05 11.97 9.50
Calcium 1.30 0.50 0.86 0.64 0.83 0.73
Moisture 9.71 8.60 — — — —

aFor details of isolation procedures, see References [28,29] for rice, [46] for cottonseed, [34] for soybeans, [42] for peanuts, [47] for Great

Northern beans.

bGloboids of peanuts were obtained after centrifugation at 20,000 g.

°N.S. indicates that result is not significant.
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3. PHYTATE DISTRIBUTION AND CONTENT

In many seeds and grains, phytate accumulates during seed development
and reaches its highest level at seed maturity [18,21-23,50,51]. Yao et al.
[50] reported that during soybean maturation, phytate content increased from
0.87 to 1.26% on a dry weight basis (Table 3.2). Phytate content increased
from 1.0 to 2.2 mg between stage 1 and stage 3, when calculated on a per bean
basis. Welch et al. [52] found that during maturation of peas, the phytate con-
tent increased from 0.16 to 1.23%. The proportional increase of phytate at four
developmental stages of seed maturity in soybeans and winged beans has also
been reported [23,51].

3.1. PHYTATE DISTRIBUTION

In monocotyledonous seeds such as cereals, phytate is associated with spe-
cific components or parts within the grain and can be preferentially separated
with those components. The starchy endosperm of wheat and rice grains is
almost devoid of phytate, as it is concentrated in the germ and aleurone layers
(pericarp) of the cells of the grain (Table 3.3). Corn differs from most other
cereal grains, as 88% of phytate is concentrated in the germ portion of the grain
[53]. Corn endosperm has small amounts of phytate (3.2% of total phytate).
Rice and wheat germ portions contain appreciable amounts of phytate, but a
major portion of phytate is found in the aleurone layers or pericarp. Of the total
phytate, 84-88% has been reported to be present in the bran part of the rice [54].
In pearl millets, the majority of the phytate appears to be present in germ and
bran fractions [55]. However, the distribution of phytate in different fractions
of pearl millets has not been determined.

In dicotyledonous seeds, such as beans and other seeds, phytate is distributed
throughout the cotyledon and located within the subcellular inclusions of protein
bodies [19,20]. Ferguson and Bollard [56] found that 99% of the phytate in dry
peas was in the cotyledons, and 1% was in the embryo axis. Phytate phosphorus
represents about 65% of the total phosphorus in the pea cotyledons and 20%
of the total phosphorus in the pea embryo axis. Beal and Mehta [57] reported

TABLE 3.2. Phytate Content of Soybean Seeds at
Three Stages of Maturity.2

Stage of Maturity Harvest Date Phytate (%)

Stage 1 September 20 0.87
Stage 2 September 26 1.08
Stage 3 (mature) October 3 1.26

aSoybeans were planted on June 16, 1980.
See Reference [50] for details.
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TABLE 3.3. Phytate Concentration and Distribution in Morphological
Components of Cereals and Legumes.

Morphological
Cereal or Legume Component Phytate (%) Distribution? (%)
Commercial hybrid Whole 0.89 —
corn Endosperm 0.04 3.20
Germ 6.39 88.00
Hull 0.07 0.04
High lysine corn Whole 0.96 —
Endosperm 0.04 3.00
Germ 5.72 88.90
Hull 0.25 1.50
Soft wheat Whole 1.14 —
Endosperm 0.004 2.20
Germ 3.91 12.90
Aleurone layer (bran) 412 87.10
Brown rice Whole 0.89 —
Endosperm 0.01 1.20
Germ 3.48 7.60
Pericarp 3.37 80.00
Pearl millet Whole 0.89 —
Endosperm 0.32 —
Germ 2.66 —
Bran 0.99 —
Peas Whole 0.79 —
Cotyledon 0.78 88.70
Germ 1.23 2.50
Hull 0.01 0.10

2Percentage of phytate in the component part; see References [53,55,57] for details.

that more than 88% of the phytate is present in the pea cotyledon (Table 3.3).
The hull or seed coat fractions contain little or no phytate.

3.2. PHYTATE CONTENT
3.2.1. Cereals and Cereal Products

The phytate contents of cereals, cereal products, and cereal-based foods are
presented in Table 3.4. The amount of phytate varies from 0.06 to 2.22% in
cereals, 0.08 to 6% in cereal-milled fractions and protein products, 0.03 to 2.41%
in various types of breads and other products, 0.05 to 3.29% in ready-to-eat
cereal products, and 0.06 to 1.38% in infant cereals. Among all cereals, polished
rice contains the lowest amounts (<0.25%) of phytate. Some of the ready-to-eat
cereals such as wheat cereals (100% Bran, Shredded Wheat, Wheaties, Raisin
Bran), and infant cereals have the highest phytate content (Table 3.4). White
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TABLE 3.4. Phytate Contents of Cereals, Cereal Products, and

Cereal-Based Foods.

Cereal/Cereal Products

Phytate (%)

References

Cereals

Wheat

Hard wheat

Soft wheat

Durum wheat

Corn

Yellow corn

White corn

Corn (high lysine)
Popcorn (unpopped)
Triticale

Oat

Barley

Rye

Sorghum

Sorghum (low tannin)
Sorghum (high tannin)
Common millets

Proso millets

Pearl millets

Pearl millets (dehulled)
Ragi

Wild rice

Brown rice (long-grain)
Polished rice (long-grain)
Polished rice (medium-grain)
Polished rice (short-grain)
White rice (enriched)
Glutinous rice (Vietnam)
Rice (Basmati)

Rice (Egyptian)

Cereal milled fractions and

protein products

Wheat flour

Wheat flour (India)
Wheat bran

Wheat gluten

Wheat germ

Corn meal

Corn germ

Rye flour

Triticale flour

Oat meal

Oat white flour

Oat bran

Oat groats

Rice bran

Wheat protein concentrate

0.39-1.35
0.84
0.94-1.13
0.88-1.16
0.75-2.22
0.72
0.76
0.97-0.99
0.62-0.68
0.50-1.89
0.42-1.16
0.38-1.16
0.54-1.46
0.67-1.35
0.57
0.96
0.50-0.70
0.60-1.67
0.18-0.99
0.30-0.52
0.55-0.67
2.20
0.84-0.99
0.34-0.60
0.14-0.19
0.14
0.23
0.23
0.06
0.17

0.25-1.37
0.50-0.55
2.02-5.27
2.13
0.08-1.14
0.79-1.07
1.94
0.33-1.08
0.18-0.48
0.89-2.40
0.40
0.60-1.42
1.37
2.59-6.00
1.88-2.70

[62,64,65,72-78,223]

[63]

[53,78]
[66,73,74,79]
[6,66,73,74,76]
[80]

[80]

[66]

(3]
[59,76,78]
[62,67,72,74-76,80,81]
[62,65,72,73,76,83-84]
[65,72,73,76,85,86]
[6,67,76,87,88]
[69]

[69]

[6,89]

[6,90]
[6,55,91-94]
[94]
[6,70,95]

[73]
[6,66,74]
[6,60,83]
[61,74]

[61]

[96]

[97]

[98]

[98]

[3,78,99,100,222]
[101]
[64,65,73,76,81,102-104]
[105,106]
[97,222]
[3,222]

(3]
[3,78,222]
[3,59]
[3,73,222]
[67]
[67,76,104]
[76]
[64,65,76]
[107,108]
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TABLE 3.4. (continued).

Cereal/Cereal Products

Phytate (%)

References

Cereal-based foods
Wheat breads

Whole wheat breads 0.43-1.05 [8,71,74,109,110]
Whole wheat bread (flat) 0.43-0.83 [71,74,111]
Wheat breads 0.28-1.00 [71,96]
Honey wheat berry bread 0.73 [71]
Wheat bread (high fiber) 0.37 [3]
White breads
White bread 0.03-0.23 [3,73,109,110]
Other breads
Corn bread 1.36 [110]
Rye bread 0.03-0.41 [5,110]
French bread 0.03 [110]
Raisin bread 0.10 [110]
Mixed flour breads 0.03-0.19 [86]
Sour rye bread 0.03 [86]
Sour buckwheat bread 0.03 [86]
Coffee bread 0.08 [86]
Crisp breads 0.08-0.68 [5,86]
Pumpernickel bread 0.16 [110]
Plain hamburger bun 0.12 [3]
Pita bread 0.12-0.16 [3,112]
Indian chapaties (flat bread) 0.25-0.56 [101,111]
Norwegian flat bread 0.68 [3]
Iranian flat breads
Bazari (leavened) 117 [58]
Sangak (leavened) 1.38 [58]
Tanok (unleavened) 2.41 [58]
Kuwaiti breads
Brown pita bread 0.23 [98]
White pita bread 0.14 [98]
Brown toast 0.27 [98]
Iranian type bread 0.30 [98]
Pakistani flat breads and other foods
Flat breads 0.67-0.68 [113]
Roti 0.47-0.52 [113]
Nan 0.04 [113]
Puri 0.03-0.04 [113]
Roasted corn 0.55 [80]
Popped corn 0.60 [80]
Corn chapati 0.36 [80]
Wheat porridge 0.16 [113]
Italian cereal foods
Breads 0.06-0.26 [114]
Crackers 0.37-0.58 [114]
Biscuits 0.11-1.05 [114]
(continued)
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TABLE 3.4. (continued).

Cereal/Cereal Products Phytate (%) References
Other foods
Wheat bran muffins 0.77-1.27 [102,115]
English muffins 0.12 [3]
Wheat germ pancakes 1.76 [3]
Doughnut cake, sugar-coated 0.48 [3]
Brown rice, parboiled 1.60 [116]
Barley, parboiled 0.54 [3]
Corn chips 0.24-0.66 [3]
Corn tortillas 0.11-0.95 [117,220]
Crackers 0.09-0.34 [3]
Rabadi (Indian fermented food) 0.11-0.15 [118]
Kenkey (fermented corn) 1.60 [119]
Ready-to-eat-cereals
Wheat cereal (40% Bran) 112 [3]
Wheat cereal (100% Bran) 3.29 [3]
Wheat cereal (Bran Chex) 1.39 [3]
Wheat cereal (Bran Flakes) 1.10 [3]
Wheat cereal (Raisin Bran) 0.72-1.83 [3,73]
Wheat cereal (Shredded Wheat) 0.95-1.53 [3,73,76]
Wheat cereal (Wheaties) 1.52 [3]
Other wheat cereals 0.06-0.69 [3,73]
Corn cereal (Corn Flakes) 0.05-0.09 [3,73,86,109]
Corn cereal (Corn Bran) 0.24 [3]
Corn cereal (Corn Pops) 0.10 [3]
Mixed grain cereals 0.18-0.52 [3]
Rice cereal (Rice Krispies) 0.18-0.24 [3,73]
Other rice cereals 0.14-0.19 [3]
Quick oats 0.99-1.03 [102,121]
Old fashioned oats 0.64 [121]
Instant oats with bran and raisins 0.99 [121]
Puffed oats 0.66 [86]
Puffed rice 0.07-0.11 [86]
Rolled oats 0.80-1.08 [6,222]
Instant porridge 0.50-0.68 [5]
Infant cereals
Infant cereal 1.38 [73]
Barley cereal 1.00 [3]
Rice cereal (dry form) 0.98 [3]
Mixed grain cereal (dry, instant) 0.81 [3]
Weaning foods? 0.06-0.70 [120]
Children’s biscuits 0.13 [5]

aPrepared with cereal and legume mixtures using processes such as roasting, malting, and
fermentation.
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breads, French, rye, raisin, mixed flour, sour rye, sour buckwheat, coffee, crisp,
pita, pumpernickel, Kuwaiti, and some Pakistani flat breads have low amounts
of phytate when compared to certain wheat breads and Iranian flat breads. The
differences in phytate contents of various breads could be due to degree of fer-
mentation during preparation and use of different extraction rate flours. These
factors influence the phytate content in breads [58]. During fermentation of
bread dough, some of the phytate in the dough is hydrolyzed by wheat and
bacterial and yeast phytases, which may result in reduced phytate content, es-
pecially in breads made with white flours. As most of the phytate in cereals is
located in the aleurone layers (bran), milling of cereals and subsequent sepa-
ration of bran results in a significant reduction of phytate in flours [59]. Singh
and Reddy [59] reported that the bran fractions of triticale, wheat, and rye had
higher amounts of phytate than the corresponding flours.

Phytate phosphorus accounts for the major portion (>80%) of total phos-
phorus in cereals and cereal products. Of the total phosphorus, phytate phos-
phorus represents 73.7-81% in brown rice, 51-61% in polished rice [6,60,61],
60-80% in wheat [53,62,65], 55-70% in barley [62,65], 48.7-70.9% in oats
[62,67], 38—66% in rye [59,62,65], 18-73% in triticale [59,65], 71-88% in
corn [6,20,64,66], 87.1% in high lysine corn [20], 63.9-90.5% in sorghum
[6,68], 88.9% in high tannin sorghum [69], 58.3—78% in ragi (common millets)
[6,70], 70.4% in foxtail millets [6], 64—85.7% in rice bran [6,64,65], 49.6—
93% in wheat bran [6,64,65,121], 59-76% in wheat middlings [65], 54% in oat
bran [67], 80% in oat white flour [67], 84% in Quaker instant oats with bran
and raisins [121], 34% in Quaker® old fashioned oats [121], 15-33% in white
breads [71,121], 55% in brown bread [71], and 38—-66% in whole wheat breads
[71].

3.2.2. Beans and Bean Products

Phytate content ranges from 0.17 to 9.15% in whole beans, 0.58 to 4.20%
in bean flours and bean protein products, 0.05 to 5.20% in bean-based foods,
and 0.004 to 0.03% in crude soybean oil (Table 3.5). Among all whole beans,
dolique beans contain the highest amount of phytate, i.e., 5.92-9.15%. Crude
soybean oil and soy milk appear to contain the lowest amounts (<0.12%) of
phytate. The wide variations reported for phytate content within the same type of
bean may be due to differences in cultivars, growing conditions, and locations.
Because most of the phytate in beans is distributed in the cotyledons, removal
of the hull or seed coat typically leads to a higher phytate content of beans
(Table 3.6) [57,111,122-124].

In beans and bean products, phytate phosphorus content constitutes a major
portion of the total phosphorus. For example, of the total phosphorus, phytate
phosphorus accounts for 50-70% in soybeans [6,62,125], 27-87% in lentils
[6,125], 40-95% in chickpeas [6,125,126], 39.5-95% in broad beans [20,125],
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TABLE 3.5. Phytate Content of Whole Beans, Bean Flours and Protein
Products, and Bean-Based Foods.

Bean/Bean Products Phytate (%) References
Whole beans

Adzuki beans 0.86 [77]
African yam beans 0.10 [133]
Dolichos beans 1.00-1.40 [130]
Winged beans 0.63-2.67 [6,51,131,134-136]
Soybeans 1.00-2.22 [6,62,66,87,99,137,138]
Broad beans (faba beans) 0.51-1.77 [97,123,125,139-143,222]
Dolique beans 5.92-9.15 [125]
Peas 0.22-1.22 [3,52,83,125,139,143-144]
Dwarf grey peas 0.40 [145]
Early Alaskan Pea 0.67 [145]
Pigeon pea 0.22-7.00 [6,111,125,146-149]
Pigeon pea (early maturing) 1.25-1.64 [150]
Pigeon pea (medium maturing) 1.10-1.60 [150]
Pigeon pea (late maturing) 1.10-1.63 [150]
Lentil 0.27-1.05 [6,83,97,99,111,139,151-155]
Linseed 2.15-2.78 [125]
Peanuts, Spanish 1.88 [96]
Peanuts, Bambara 0.29 [148]
Peanuts 1.05-1.76 [73,222]
Chickpeas 0.28-1.26 [3,6,83,125-126,139,152,156]
Cowpeas 0.37-1.45 [3,6,126,128,138,152,157-158]
Moth bean 0.85-0.92 [159]
Green gram 0.59-1.10 [6,111,147,160]
Black gram 0.72-1.46 [6,111,122,147,155-156,161]
Lima beans 0.23-2.52 [63,73-74,127,142,162,222]
Lima beans (immature, raw) 0.70 [3]
Blackeye peas 0.91-1.38 [3,109,111]
Lupine 0.20-1.20 [64-65,163]
Kidney beans 0.89-1.57 [109,111,119,149]
California small white beans 0.26-1.03 [63,74,142,164]
Pinto beans 0.61-2.38 [3,96,129,142,165-166,185]
Navy beans 0.74-1.78 [6,73,129]
Great Northern beans 0.50-2.70 [47,124,129,167,222]
Small white beans 0.55-1.80 [124,129,185]
Red Mexican beans 0.54-1.10 [129]
Red kidney beans 1.20-2.06 [129,165]
Small red beans 1.30-2.07 [124,185]
Sanilac beans 2.75 [166]
Cranberry beans 2.63 [166]
Velvet beans 0.60-2.48 [168]
Viva pink beans 2.16 [166]
Black beauty beans 1.04-2.93 [124,142]
Light red kidney beans 1.20-2.63 [124,164]
Dark red kidney beans 2.86 [124]
Yellow peas, split 0.54-1.68 [3,116,151]
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TABLE 3.5. (continued).

Bean/Bean Products Phytate (%) References
Green peas, split 0.85 [96]
Sweet peas 0.38 [98]
Rice bean 0.17 [169]
Indian Bauhinia bean 0.50 [170]
Indian tribal bean 0.50-0.63 [171]

Bean flours and protein products
Soy flour, full-fat 1.24-1.30 [132,172]
Soy flour, defatted 1.52-2.25 [102,116,132]
Soy flakes, defatted 1.52-1.84 [66,96-97]
Soy protein concentrate 1.24-2.17 [81,102,108,115,172-173]
Soy protein isolate 1.40-2.11 [81,102,108,132,173]
Soy beverage 1.24 [172]
Soybean oil, crude 0.004-0.03 [174]
Peanut flour 1.50-1.94 [81]
Peanut meal, defatted 1.70 [41]
Linseed meal, defatted 4.20 [175]
Pea protein concentrate 0.58-1.90 [99,143,151]
Faba bean protein concentrate 1.48-3.39 [99,176]
Lentil protein concentrate 1.02 [151]

Bean-based foods
Soy milk 0.05-0.11 [177]
Tempe 0.67-1.08 [132,137,178]
Tofu 1.46-2.90 [76,87,117,132]
Calcium-tofu 1.60-1.91 [179]
Magnesium-tofu 1.49-1.77 [179]
Idli 0.54 [60]
Wadies? 1.00 [161]
Khaman 5.20 [180]
Dhokla 1.80 [181]
Oncom 0.70 [182]
Peanuts, toasted and salted 1.00 [3]
Ewa-lbeji® 1.00 [183]
Moin-Moin® 1.00 [183]
Falafel 0.11 [221]
Foul Mudames 0.17 [221]
Balila 0.18 [221]
Foul Jerra 0.39 [221]
Chicken analog 0.27 [184]
Ham analog 0.12 [184]
TVPY pork 1.42 [184]
TVP bacon 0.95 [184]
TVP ham 1.26 [184]
TVP beef 1.36 [184]
TVP beef chunks 1.36 [184]

aFermented black gram product.
bProduct made from cowpeas.
°Product made from cowpeas.

4TVP = texturized vegetable protein from soybeans.
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TABLE 3.6. Phytate Content (%) of Whole Beans and
Bean Cotyledons.

Cultivar Whole Beans Bean Cotyledon
U.S. dry beans
Great Northern 2.04 3.26
Small white 1.16 1.63
Sanilac 2.75 2.94
Cranberry 2.63 3.39
Viva pink 2.16 2.91
Pinto 2.38 2.56
Light red kidney 2.63 3.47
Dark red kidney 2.86 3.67
Small red 2.07 3.05
Black beauty 2.93 3.61
Other beans
Chickpeas 0.56 0.92-1.05
Black gram 1.46 1.40-1.70
Broad beans (faba beans) 0.76-1.62 0.92-1.90
Lentils 0.44-0.50 0.49-0.53
Lupine 0.30-0.35 0.18-0.24
Peas 0.79 0.78

Compiled from References [57,111,123,124,139,142,143,186].

36-53% in peas [65,125], 75-76% in pigeon peas [6,125], 70-87% in linseed
[125], 31-60% in lima beans [127], 63.2-69% in green gram [6,63,126], 37—
54% in dolique beans [125], 29.8-71.8% in cowpeas [6,128], 74.4—79% in
black gram [6,122], 57-81% in navy beans [129], 68—72% in red kidney beans
[129], 55-80% in Great Northern beans [47,129], 73.2-93.3% in dolichos beans
[130], 57-81.6% in peanuts [6,20], 44—73% in winged beans [16,51,131], 70%
in California small white beans [63], 20-54.7% in lupine [64,65], 58.6% in
velvet beans [6], 77% in tempe and 94.5% in tofu [132], 60—60.9% in soy-
bean meals [6], 87% in defatted soy flour [132], and 62% in soy protein
isolate [132].

3.2.3. Tubers, Fruits, Leafy Vegetables, Nuts, and Other Foods

Among all leafy products and vegetables, tomatoes and okra have high
amounts of phytate (Table 3.7). Most fruits contain low amounts of phytate.
However, some fruits, namely apples, apricots, bananas, pears, peaches, and
grapefruit, contain no detectable phytate [3,5]. Nuts are reported to contain
high amounts of phytate compared with tubers, fruits, and leafy products and
vegetables. In tubers and some fruits, phytate phosphorus accounts for 20-34%
of total phosphorus [6].
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TABLE 3.7. Phytate Content of Tubers, Fruits, Leafy Vegetables, and

Other Foods.
Products Phytate (%) References
Tubers
Potato 0.01-0.18 [5,6,223]
Yam 0.04-0.29 [6,119,223]
Sweet potato 0.07-0.32 [6,119]
Taro 0.32 6]
Cassava 0.10-0.19 [3,6,119,223]
Sugar beet 0.01 [76]
Gari (fermented cassava product) 0.12 [119]
Fruits
Plantain (unriped) 0.10-0.18 [6,119,223]
Dates 0.14 [6]
Bread fruit 0.14 [6]
Jack fruit 0.14 [6]
Mango raw/ripe 0.14 [149]
Avacado 0.51 [220]
Strawberry 0.13 5]
Others
Coconut meal (extracted) 117 [6]
White sesame seeds 1.44 [77]
Sesame seeds (dehulled powder) 5.36 [76]
Coriander seeds 1.28-1.31 [187]
Leafy products and vegetables
Spinach 0.01-0.07 [5,6]
Chinese cabbage 0.08 [149]
Red cabbage, raw 0.03 [5]
Okra 0.29 [3]
Cauliflower, raw 0.05 [5]
Rhubarb, raw 0.01 5]
Carrots, raw 0.09 [6,223]
Cucumber 0.05 [5]
Tomato 0.04-0.31 [5,223]
Lettuce 0.04 5]
Kale, raw 0.13 [3]
Raddish, fresh 0.11 [3]
Nuts
Hazelnut 1.91 5]
Brazil nut 1.97-6.34 [3,5]
Walnut 0.65-2.38 [5,222]
Almond 1.35-3.22 [3,5]
Cashew nuts 0.63-1.97 [3,222]
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3.3. EFFECTS OF ENVIRONMENTAL AND OTHER FACTORS
ON THE PHYTATE CONTENT

Environmental fluctuations, growing locations, irrigation conditions, types
of soils, various fertilizer applications, and year during which a cultivar or
variety is grown influences phytate content of seeds and grains. Bassiri and
Nahapetian [188] observed that wheat varieties grown under dry land condi-
tions had lower concentrations of phytate compared with the ones grown under
irrigated conditions. Nahapetian and Bassiri [189], Singh and Reddy [59], Miller
etal.[190,191], Feil and Fossati [192], and Simwemba et al. [55] reported varia-
tions in the phytate content of triticales, wheat, rye, oats, and pearl millet grown
at different locations and in different years. A variation in phytate content of
navy beans was observed by Proctor and Watts [193] as a result of variety and
location effects. Griffiths and Thomas [194] reported that the phytate phospho-
rus content of broad beans, when calculated as a percent of total phosphorus,
increased significantly from 39.5 to 57.7% for beans grown under greenhouse
conditions as opposed to field conditions. Application of different fertilizer
(nitrogen and phosphorus) regimes to field crops during their growth is reported
to increase phytate content of their seeds and/or grains [82,191,195-198].

4. DIETARY INTAKE OF PHYTATE

Estimates of phytate daily intake in different parts of the world are presented
in Table 3.8. These estimates are compiled from various nutritional studies
based on different methods of data collection and analysis. Harland and Peterson
[199] suggested that the average American (weighing 75 kg) consumes about
750 mg phytate per day. However, several studies [200-203] conducted in the
United States indicate a wide variation in daily intake of phytate (Table 3.8).
These variations could be due to differences in data collection methods and
consumption of foods rich in phytates. Harland et al. [202] conducted a nutrition
assessment of a lacto-ovo-vegetarian Trappist monk community in 1977 and
1987 and found a significant decrease in intake of phytate from 4569 mg/day in
1977 to 972 mg/day in 1987. They attributed this variation to decreased intake
of phytate-containing foods such as cereals and increased consumption of milk,
milk products, and others. In general, vegetarians consume a higher amount of
phytate compared to nonvegetarians. Phytate intake also varies with season. For
instance, Ellis et al. [200] reported that phytate intake in self-selected diets of
omnivorous females varied from 585 mg/day in spring to 734 mg/day in winter
and from 781 mg/day in spring to 762 mg/day in winter for omnivorous males.
Cereals were the major source of phytate for the omnivorous males consuming
self-selected diets.
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TABLE 3.8. Dietary Intake of Phytates in Various Countries.

Phytate (mg/day)
Country Groups Mean Range/S.D.2 References
U.s. Non-lactating young 395 +14 [201]
women (18-24 yrs)
Lacto-ovo-vegetarian 4569 615-5,770 [202]
Trappist monks (1977)
Lacto-ovo-vegetarian 972 58-3186 [202]
Trappist monks (1987)
u.s. College students 1293 198-3098 [203]
(19-35 yrs)
u.s. Omnivorous females 631 585-734 [200]
Omnivorous males 746 714-781 [200]
Canada Preschool girls (4-5 yrs) 250 132-318 [209]
Preschool boys (4-5 yrs) 320 203-463 [209]
Mexico Toddlers (18-30 months) 1666 +650 [210]
Guatemala Pregnant women 2254 877-4708 [213]
(15-37 yrs)
U.K. Students and faculty staff 670 500-840 [205]
UK. — — 600-800 [204]
U.K. Infants (1-18 months) — 0-200 [219]
Sweden — 180 — [206]
Italy — 219 112-1367 [207]
Egypt Toddlers (18-30 months) 796 +248 [210]
Taiwan Graduate students 780 +260 [218]
and faculty members
(20-60 yrs)
Nigeria — 2100 2000-2200 [119]
Malawi Preschool girls (4-6 yrs) 1675 1621-1729 [211]
Preschool boys (4-6 yrs) 2010 1857-2161 [211]
Ghana Omnivorous children 578 +161 [212]
Papua New
Guinea Children 569 +561 [212]
Kenya Toddlers (18-30 months) 1066 +324 [210]
India Faculty families 670 596-742 [216]
India Children (4-9 yrs) 940 720-1160 [215]
Adolescents (10-19 yrs) 1565 1350-1780 [215]
Adults (20-45 yrs) 2030 1560-2500 [215]
Adults (>45 yrs) 1685 1290-2080 [215]
India Lacto-vegetarian young 840 — [214]
women (16-20 yrs)
Non-vegetarian young 848 — [214]
women (16-20 yrs)
Gambia Infants (1-17 months) — 10-560 [219]

aStandard deviation.
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The estimates of daily phytate intakes in the U.K. range from 600-800 mg/day
[204,205]. About 70% of this phytate is derived from cereal products, 20% from
fruits, and the remainder from vegetables and nuts. On the other hand, Swedish
people appear to consume diets containing very low (180 mg/day) levels of
phytate [206]. Analysis of 13 Italian diets indicated a wide range for daily
phytate intake from 112-1367 mg/day [207]. This large variation is due to the
consumption of a variety of refined cereal and pasta products. Carnovale et al.
[207] reported that a value of 219 mg/day may be indicative of the average
national phytate intake in Italy. Average phytate intake in Finland has been
estimated to be 370 mg/day, mainly from cereal products [86,208].

In countries such as Mexico and Kenya, the phytate intake of toddlers and
preschool children is much higher than in Western countries such as Canada
(Table 3.8). The estimated intake of phytate for toddlers (18-30 months) is
reported to be high in Mexico and Kenya and low in Egypt, where the main
diet of toddlers consisted of yeast-leavened bread [210]. The phytate intake
estimates among Malawi children consuming a vegetarian and fish diet appear
to be three times higher than Ghana and Papua New Guinea children [211,212].
Fitzgerald et al. [213] reported that pregnant Guatemalan women on average
consume high amounts (2254 mg/day) of phytate with 68% of it from corn
tortillas.

Indian and Nigerian diets also provide high phytate intake because they con-
sist mainly of cereals and beans. The large variation reported for intake of
phytate in India may be due to the differences in the socioeconomic groups
(urban vs. rural) involved in these studies [214—216]. The diets of urban popu-
lations were reported to be varied and contained more vegetables, fruits, milk,
and leafy vegetables. This variation contributed to lower phytate intake in urban
populations compared with the variation in phytate intake of rural vegetarian
Indian children, adolescents, and adults. On the other hand, Indian vegetarian
diets consisted mainly of cereal-based cooked foods (unleavened chapaties) and
cooked beans that are known to contain high amounts of phytate [215]. Bindra
et al. [217] indicated that lacto-ovo-vegetarian diets of Punjabi immigrants
in Canada contained higher levels of phytate than the diets reported for both
omnivorous and vegetarian American diets. The phytate intake for Punjabi im-
migrants was estimated to be 1487 mg/day. The Punjabi diets consisted mainly
of chapaties (prepared from 100% extraction wheat flour) and beans. Preparing
whole meal chapaties does not involve leavening; therefore, the phytate is not
destroyed or hydrolyzed before consumption. An average Nigerian may con-
sume as much as 2000 to 2200 mg of phytate per day using a typical menu of
kidney bean balls, rice, plantains, yams, gari, and pudding [119]. This is three
times the estimated intake of phytate in the North American population. Middle
Eastern inhabitants also consume very high amounts of phytate in their diets.

The high intake of phytate may have unfavorable effects on the availability
of minerals [4]. For proper evaluation of the effect of phytate on mineral status,
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one needs to know the phytate content of food and the intakes of minerals and
fiber in the diets [201]. Harland and Oberleas [3] presented the phytate content
for various foods and drinks in three sets of units: mg phytate per serving, mg
phytate per 100 g edible portion, and mg phytate per 100 g dry weight of the ma-
terial. The phytate intake in a mixed or complex diet can be calculated by using
these three sets of phytate units. The role of phytate in absorption of minerals
and in cancer and disease prevention are discussed in Chapters 12 and 13.
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CHAPTER 4

Biosynthesis of Phytate in Food
Grains and Seeds

FRANK A. LOEWUS

1. INTRODUCTION

PHYTATE (myo-inositol hexakisphosphate, InsP¢) is a common constituent
of plants, largely stored as a complex salt of Mg>", K*, and proteins
within subcellular single-membrane particles (globoids, aleurone grains) in
grains and seeds. As much as 60-80% of the phosphorus present in such or-
gans may be InsPg [35,36,55]. Other cations including Ca?*, Zn>*, Fe*", and
Cu?* are usually present in measurable quantities. More recently, significant
amounts of InsPs have been found to occur in protista and higher animals,
including humans wherein this compound may have significant functions in-
volving signal transduction and cellular regulation [57,63]. This chapter on the
biosynthesis of phytic acid begins with an introduction to the biosynthesis of
myo-inositol, the carbocyclic structure of InsPg. An overview of myo-inositol
mono- and polyphosphates follows. Because specific Ins(n)P,s are involved in
discrete processes leading to signal-transducing polyphosphates [Ins(1,4,5)P3,
Ins(1,3,4,5)P,, etc.], InsPg biosynthesis, and InsPg breakdown, each must be
dealt with separately because intermediate phosphate esters are often unique.
Finally, selected biochemical properties and functional aspects of phytic acid
will be discussed.
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2. MYO-INOSITOL (1,2,3,5/4,6-HEXAHYDROXYCYCLOHEXANE)
2.1. STEREOCHEMISTRY AND NOMENCLATURE

Inositol has nine configurational isomers [54]. Of these, myo-, scyllo-, chiro-,
muco-, and neo-inositols occur in plants. Chiro-inositol possesses neither plane
nor center of symmetry and is represented by two optical antipodes (4 chiro-
or — chiro-inositol), both present in plants. Inositol ring structures are not planar
due to the tetrahedral nature of carbon, and in the case of myo-inositol, there
is a preferred conformational structure, 1,2,3,5/4,6, where the upper-numbered
substituent hydroxyl groups are above the plane of the ring and the lower-
numbered hydroxyl groups are below [54].

To identify specific positions on the myo-inositol ring, a set of recommenda-
tions was established by the International Union of Pure and Applied Chem-
istry/International Union of Biochemistry. In 1989, these recommendations
were relaxed to accommodate numbering carbon atoms in the ring of myo-
inositol such that structural relationships could be brought out which other-
wise might create confusion should original rules be applied [21]. Both sets
of recommendations are found on the Internet at: http.//www.chem.qmw.ac.uk/
iupac.

2.2. BIOSYNTHESIS OF MYO-INOSITOL

Conversion of D-glucose 1-P to 1L-myo-inositol 1-P, the first committed
step toward biosynthesis of all inositol-containing compounds, is catalyzed by
1L-myo-inositol-1-P synthase [38]. This cyclization of the six carbon chain
conserves the “D-gluco” configuration of C2 through C5 of myo-inositol [31].
Because the conventional carbohydrate rule of numbering the carbon chain
of D-glucose is replaced by the cyclitol rule in the product, myo-inositol,
sequence of numbering is reversed, and 1L-myo-inositol-1-P is numbered
clockwise. To accommodate rules for myo-inositol nomenclature that were
adopted in 1989, positions of substituents on myo-inositol are now numbered
counterclockwise, and the product of 1L-myo-inositol-1-P synthase becomes
1D-myo-inositol 3-P. As a mnemonic, the abbreviation “Ins” is used to sig-
nify counterclockwise numbering of the carbocyclic ring. All substituted prod-
ucts of myo-inositol now use this convention. Thus, the abbreviated terms
Ins(3)P; = 1L-myo-inositol 1-P = 1D-myo-inositol 3-P are equivalent [43].
By the same token, the molecule that links receptor-activated phosphoinosi-
tide breakdown to calcium mobilization from intracellular stores is designated
Ins(1,4,5)P; = 1D-myo-inositol 1,4,5-trisphosphate = 1L-myo-inositol 3,5,6-
trisphosphate [19]. The practicality of the 1988 decision is quite evident, even
though it ignores the biosynthetic origin of myo-inositol. For the remainder

g9

of this chapter, the term Ins(a,b,c...x)P,, where “x” refers to the position of
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substitution on the ring and “n” refers to the number of phosphate substitu-
tions around the ring, is used to describe myo-inositol mono- and polyphos-
phates.

To the best of our knowledge, a single biosynthetic enzyme, Ins(3)P; syn-
thase (E.C. 5.5.1.4), catalyzes conversion of hexose-P to Ins(3)P;. This enzyme
oxidizes carbon 5 of D-glucose 6-P to 5-keto-D-glucose 6-P, then catalyzes an
aldol condensation between carbon 1 and carbon 6, and finally reduces the
product, 2-keto-myoinosose 1-P, to Ins(3)P;. NAD, the cofactor for the oxida-
tion and reduction steps, is enzyme bound. All substeps are stereospecific with
regard to NAD and intermediates [29]. The enzyme is found in prokaryotic and
eukaryotic organisms and has been cloned from cyanobacteria, yeasts, fungi,
algae, protozoa, and a variety of plant and animal sources [34,38].

Removal of phosphate by a magnesium-dependent monophosphatase (E.C.
3.1.3.25) releases free myo-inositol. This enzyme hydrolyzes Ins(3)P; and
Ins(1)P; at similar rates and Ins(2)P; at a lower rate [29]. It is inhibited by
lithium ion [15], a process of considerable interest in biomedical studies [57].

2.3. FREE MYO-INOSITOL

This ubiquitous constituent of plant and animal cells participates in a host of
metabolic processes [31] including the following:

¢ Jon uptake—myo-inositol-dependent sodium uptake [45]

e Cell wall biogenesis (myo-inositol oxidation pathway) [28,30,32]

e Methylation and isomerization [6,53]

¢ Conjugation [10]

¢ Galactosyloligosaccharide and galactosyl cyclitol biosynthesis [46,48,49]
¢ Phosphoinositide biosynthesis and phospholipid signaling [12,42,61]

¢ Glycosylphosphatidylinositol and membrane anchoring [44,47]

¢ Formation of myo-inositol polyphosphates including phytic acid [11,16]
¢ Pyrophosphorylated myo-inositol polyphosphates [58]

Normally, free myo-inositol is present in plant cells at concentrations lower
than free sugars such as D-glucose, but occasionally, higher amounts are
encountered as reported for early stages of development of kiwifruit, where
it is a major “carbohydrate” constituent [25]. Because myo-inositol is the
sole carbocyclic structure leading to phytic acid biosynthesis, it is worth
considering potential sources of free myo-inositol released by metabolic recy-
cling as well as newly synthesized Ins(3)P; in this regard. Such sources arise
during dephosphorylation of myo-inositol monophosphates [examples: Ins(1)
P, orIns(2)P; ] or polyphosphates including phytic acid, release of myo-inositol
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following transfer of galactosyl units from galactinol to raffinose or higher
homologs, demethylation of O-methyl inositols, de-esterification of myo-
inositol-auxin conjugates, and breakdown of phosphatidylinositols. Salvage
of myo-inositol from such sources probably has both spatial and temporal
restraints. Although little effort has been made to explore possible regulatory
processes involved in modulating free myo-inositol levels either intra- or inter-
cellularly, such mechanisms must be in place. Lack of information also applies
to control of free myo-inositol biosynthesis from D-glucose 6-P via Ins(3)P;
synthase and myo-inositol monophosphatase. Hexose kinase-mediated sugar
sensing [18,22,26,41,62,65] may play a role in regulating both Ins(3)P; and
free myo-inositol, although experimental evidence in this regard is needed.

3. PHYTIC ACID BIOSYNTHESIS

3.1. INS(3)Py AS THE FIRST STEP IN PHYTIC
ACID BIOSYNTHESIS

An important contribution regarding the first step in InsPg biosynthesis was
made by Yoshida et al. [64], whose group isolated a cDNA clone, pRINOI,
from rice (Oryza sativa L.) callus suspension cultures, that was highly homol-
ogous to Ins(3)P; synthase from yeast and plants [38]. Its transcript appeared
in the apical region of globular-stage embryos two days after anthesis, and
strong signals were detected in the scutellum and aleurone layer after four
days. Phytate-containing particles or globoids appeared in the same tissues at
four days, coinciding with the RINO1 transcript. This study demonstrated that
Ins(3)P; synthase is probably the first committed step in phytic acid biosynthe-
sis. A complementary process involving phosphorylation of free myo-inositol
to Ins(3)P; by myo-inositol kinase (EC 2.7.1.64) remains untested. Curiously,
little attention has been given to this kinase that is present in plants, animals,
and microorganisms [14]. Its product, Ins(3)P;, has the same configurational
structure as that produced by Ins(3)P; synthase [33]. While one might regard
this recycling of myo-inositol into the pool of Ins(3)P; as a salvage mecha-
nism, it fails to take into consideration localization of these enzymic activ-
ities or temporal demands during development. Together, Ins(3)P; synthase
and myo-inositol kinase constitute ways in which Ins(3)P; is formed from
D-glucose-6-P or free myo-inositol in plants. The former enzyme is biosyn-
thetic, while the latter must rely on sources that generate free myo-inositol from
myo-inositol monophosphatase or other myo-inositol-conjugated forms. Only
further research will provide clues regarding relative contributions from hexose-
P or salvaged/stored forms of myo-inositol to the pool of Ins(3)P; during growth
and development. One possible approach would be to use antagonists such as
2-0,C-methylene-myo-inositol to block access to free myo-inositol [4,9,37] or,
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alternatively, D-glucuronate [32] or 2-deoxy-D-glucose [3] to inhibit Ins(3)P;
biosynthesis.

3.2. STEPWISE PHOSPHORYLATION OF INS(3)P
TO PHYTIC ACID

Efforts to explore phosphorylative steps beyond Ins(3)P; involved in InsPg
biosynthesis have been frustrated by intermingling InsP,s arising from phytase-
driven hydrolysis of InsPg, phospholipase-catalyzed release of InsP,s during
cleavage of phosphatidylinositols, and release of partially degraded InsP,s by
nonspecific phosphatases during experimental procedures. Due to an enormous
interest in phosphatidylinositol-linked signal transduction in recent years, ana-
lytical tools and standards for most, if not all, of the 63 myo-inositol phosphate
esters are now available [1,20,23], and attempts to sort out those involved in
InsPg biosynthesis are possible. Notable examples are Stephens and Irvine’s
stepwise delineation of phosphorylation of myo-inositol in Dictyostelium [60]
and Brearley and Hanke’s comparable approach with Spirodela polyrhiza [7,8].
The proposed pathways shared common tris- and pentakisphosphate interme-
diates, but bis- and tetrakisphosphate intermediates had phosphates at 6 versus
4 or 1 versus 5 positions, respectively. In both pathways, phosphorylation of
position 2 was the final step to InsPg.

® Dictyostelium (slime mold):
Ins(3)P; — Ins(3,6)P; — Ins(3,4,6)P; — Ins(1,3,4,6)P, —
Ins(1,3,4,5,6)Ps — InsPg

e Spirodela polyrrhiza (duckweed):
Ins(3)P; — Ins(3,4)P, — Ins(3,4,6)P; — Ins(3,4,5,6)P, —
Ins(1,3,4,5,6)P5s — InsPg

Formation of InsPg in animals differs from plants and fungi in that its myo-
inositol structure arises from free myo-inositol via lipase-derived cleavage
products of phosphatidylinositol phosphate(s) [58] rather than from stepwise
phosphorylation of Ins(3)P;.

To date, efforts to characterize the enzymic steps in plants that lead from
Ins(3)P; to InsPg have been less fruitful than comparable studies in animals,
even though discovery of InsPg in the latter is a relatively recent event [58].
The idea of stepwise phosphorylation found support when Majumder et al. [39]
isolated and partially purified a phosphoinositol kinase from germinating mung
bean that phosphorylated InsPy, InsP,, InsP3, InsP4, and InsPs to the next higher
homolog. Positional locations of phosphate in these structures were not exam-
ined. More recently, Phillippy et al. [52] purified an Ins(1,3,4,5,6)P5 2-kinase
from immature soybean seeds. As the authors point out, Ins(1,3,4,5,6)Ps appears
to be a common precursor of InsPg in plants and animals and has properties
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similar to an InsPs-ADP phosphotransferase found in mung bean [5]. Phillippy
[50] has also identified two intermediate phosphoinositol kinases in imma-
ture soybean seeds, an Ins(1,3,4)P; 5-kinase and an Ins(1,3,4,5)P; 6-kinase.
Whether these kinases are involved in the stepwise phosphorylation of Ins(3)P;
to InsPg must still be determined, especially because the Spirodela study by
Brearley and Hanke [7,8] indicated that Ins(3,4,6)P5 rather than Ins(1,3,4)P;
was the trisphosphate involved in InsPg biosynthesis.

Efforts to find an enzyme capable of phosphorylating Ins(1,4)P, to
Ins(1,4,5)P5 in suspension-cultured Nicotiana tabacum cells were unsuccess-
ful [24], an observation not too surprising if Ins(3)P; is the first step in InsPg
biosynthesis. This study provided additional evidence that products arising from
lipase-catalyzed hydrolysis of phosphatidylinositol and its polyphosphates are
not involved in InsPg biosynthesis in plants.

The need for more information regarding stepwise phosphorylation of
Ins(3)P; to InsPg is quite obvious, but there seems to be growing evidence
for such a stepwise process. By the same token, fresh insight is needed into
localization of these kinases and the transport of product from site of synthesis
to point of accumulation in globoids as well as the nature of deposition with
counterions in that storage organelle. The studies of Yoshida and colleagues
on Ins(3)P; synthase and globoid development in rice provide an important
starting point [64].

4. ASPECTS OF InsPg METABOLISM UNIQUE TO PLANTS

Before leaving this brief overview of InsPg biosynthesis, attention should
be given to certain aspects that need to be considered for future efforts in this
regard. Mandal and Biswas [40] reported InsPg synthesis during germination
in cotyledons of mung beans. Recently, during studies of InsPs metabolism
during postgerminative growth of bean seedlings, this observation was again
noted. Rapid InsPg degradation occurred in embryonic axes of snap and pinto
bean seedlings during root emergence, but after two to three days, InsP¢ synthe-
sis was detected [13]. No detectable InsPg was found in vacuoles isolated from
roots or hypocotyls, implying that this newly synthesized InsP¢ was localized in
the cytoplasm and was potentially available as a natural chelator, possibly as an
Fe?*-InsP¢ complex. Such a complex could prevent cellular damage from oxy-
gen radical-induced processes [17]. Apropos of this observation, pollen and
seeds contain an alkaline calcium-activated phytase that removes only three
phosphates from InsPg to produce as an end product, Ins(1,2,3)Ps, a trisphos-
phate with the simplest structure able to bind Fe>* and function as an antioxidant
[2,51,56,59].

A more detailed discussion of phytases and InsPg hydrolysis is found in a
recent review [27].
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CHAPTER 5

Genetics of Phytic Acid Synthesis
and Accumulation

VICTOR RABOY
KEVIN A. YOUNG
STEVEN R. LARSON
ALLEN COOK

1. INTRODUCTION

RAIN and legume crops have two main uses: in human foods and in animal

feeds. To be effective, estimations of the impacts of grain and legume
phytic acid, and the development of strategies to deal with these impacts, prob-
ably need to take into consideration both of these major uses of staple crops.
In the case of livestock production, the concerns over grain and legume phytic
acid are relatively straightforward [1,2]. Nonruminants such as poultry, swine,
and fish, excrete essentially all feed phytic acid they consume [3-5]. Excretion
of this large fraction of grain total P can contribute to phosphorus (P) pollution
and to the resulting eutrophication of surface waters. This is an important con-
temporary problem in Europe and the United States [6]. New, more stringent
standards for P management in agricultural production are currently being put
in place. The magnitude of phytic acid’s role in this context is illustrated by the
recent estimation that the amount of P synthesized into phytic acid annually
worldwide by seed crops may represent more than 50% of the annual fertilizer
P application worldwide [7].

There are two main contemporary approaches to the “phytic acid problem”
in livestock production. The first involves the production and use of “phytase”
enzymes as dietary supplements [5,8-9]. This approach is currently in use in
Europe and the United States. The second approach is to reduce the phytic
acid content of crops using genetics, such as in the isolation of low phytic acid
mutants and their use in breeding “low phytate” or “high available P crops [10].

The issue of dietary phytic acid in human nutrition and health is considerably
more complex [11]. The primary historical concern over seed-derived dietary
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phytic acid has been its role in mineral depletion and deficiency [12—14]. Human
populations that subsist on whole grain and/or legume staple foods consume
substantial amounts of phytic acid, and this may contribute to their risk for
mineral depletion and deficiency. However, dietary phytic acid may also have
important positive roles, for example, as an antioxidant and an anticancer agent
[15-16]. The putative benefits of dietary phytic acid may be a more important
consideration in certain populations than concerns over mineral deficiency. The
question of seed-derived dietary phytic acid in human nutrition and health is
further complicated by the fact in the cereal grain, phytic acid is deposited in
the aleurone and germ, which is also the site for the grain’s main mineral stores
[17-18]. Removal of these tissues during milling or polishing removes most
phytic acid and most of the grain’s mineral deposits. The impact of dietary
phytic acid in human health must, therefore, be evaluated on a case-by-case
basis, considering positive and negative roles in a given population consuming
a given diet.

Crop genetics can contribute a powerful experimental approach to studying
the question of phytic acid in human nutrition and health. In the long-term, crop
genetics may provide sustainable solutions to problems associated with seed
phytic acid. This chapter presents the genetics of seed phytic acid synthesis and
accumulation, the isolation of low phytic acid mutants, and their use in crop
breeding. The potential value of the crop genetics approach as an experimental
tool in addressing questions of grain- and legume-derived phytic acid in human
nutrition and health was also discussed.

2. CONSIDERATIONS PRIOR TO SCREENING
FOR “PHYTIC ACID MUTANTS”

Until the early 1990s, there was little or no Mendelian genetics of seed phytic
acid metabolism [19]. There were no reports of single-gene mutants that had a
proximal effect on seed phytic acid content. The molecular genetics relevant to
this field was in its infancy. A first step was to attempt to isolate mutations that
greatly reduce seed phytic acid content but that have little or no other effects,
such as on seed total P. These then could be used in basic studies of phytic acid
metabolism and molecular genetics to study phytic acid’s role in nutrition and
possibly to breed “low phytic acid” crops.

A first step in any mutant screening project is to predict the phenotype asso-
ciated with the desired mutant. This prediction would be based on the current
state of knowledge concerning the physiology, biochemistry, and genetics of a
particular pathway or process. This prediction is necessary to design effective
screening methods and to predict and recognize “false positives.” This latter
issue is very important in mutant screening. If, for some reason, the rate of
isolation of false positives is sufficiently great compared to the rate of isolation
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of the desired mutant, the screening may not work. For example, in the maize
kernel, >80% of the phytic acid is localized in the germ [18]. “Germless” mu-
tants occur frequently in mutagenized maize populations, and a preliminary
study [20] showed that germless kernels contain greatly reduced amounts of
phytic acid as compared with normal kernels. This is a “pleiotropic” or dis-
tal effect of the mutation that results in abortion of the germ and is of little
immediate interest or agronomic value.

In the context of our research objective, another type of “false positive” would
be the identification of lines that have reduced phytic acid P, where this reduc-
tion is due to reduced kernel total P. The long-term interest in the dietary role of
phytic acid as antinutrient has resulted in numerous reports of surveys of seed or
grain phytic acid content among “wild-type” or “nonmutant” cultivars or lines of
various crop species [2,19]. If one analyzes a number of lines of a given species
grown in one or more environments, one can observe substantial variation in
the phytic acid concentration in the seed or grain of these lines. This variation
can reach or surpass 50% of the mean value. However, variation in phytic acid
P is highly and positively correlated with variation in seed or grain total P, with
correlation coefficients >95%. Therefore, variation in phytic acid P observed in
most surveys of crop germplasm is most likely an outcome of variation, due to
either environmental or genetic factors, in the uptake and supply of P to the seed
or grain. The resulting variation in seed or grain total P is almost completely
accounted for by variation in phytic acid P. In normal, nonmutant or “wild-type”
seeds or grains, essentially all P over and above a concentration necessary for
nominal cellular function accumulates as phytic acid P. The concentration nec-
essary for cellular function, nonphytic acid P, is usually about 15% to 25% of
total P in mature grain produced under nominal or standard conditions. If any
nonmutagenized population is screened for grain phytic acid P concentration,
and lines are identified with “low” or “high” levels, one is most likely selecting
for low or high levels of grain total P concentration. A “low phytic acid” line
would, therefore, be low total P. In addition, phytic acid P is highly and posi-
tively correlated with grain total nitrogen and, to a lesser extent, with several
mineral elements [2,21-23]. Selecting “low phytic acid” lines would result in
“low protein” and, in certain cases, “low minerals.” An approach was needed
that could avoid these undesirable “correlated responses,” most of which are an
outcome of the relationship between phytic acid P and total P. Our objective was
to isolate mutants in which this very close relationship between seed total P and
phytic acid P is uncoupled, mutants that produce seed with normal levels of total
P but greatly reduced levels of phytic acid P. We hypothesized that a mutation
in a gene important to phytic acid synthesis or accumulation during seed devel-
opment may not impact P uptake to the grain, and, thus, accomplish this goal.

The prevailing view at the beginning of this project was that seed phytic acid
content is very important to seed function, and therefore, mutations having large
effects on phytic acid would be deleterious to the seed. One suggested approach
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to screen for “phytic acid mutants” was to screen for mutants that perturb
germination, a subset of which would be “phytic acid mutants.” Subsequent
work [10,24] has shown that some low phytic acid mutants, including some
currently used in breeding, have little effect on germination under nominal
conditions. Another physiological consideration is the long-held belief that
phytic acid metabolism is a critical component of P homeostasis during seed
development and germination [25]. Regulation of cellular P concentration is
essential to normal functioning of pathways of major importance in the seed,
such as in carbohydrate synthesis. A block in a seed’s ability to sequester P
as phytic acid might negatively impact the ability of a seed to store carbon as
starch, reducing starch accumulation and, therefore, seed weight and yield. The
rate-limiting step in starch synthesis is catalyzed by the enzyme ADP-glucose
pyrophosphorylase, which is allostearically inhibited by P [26]. Perhaps the
most important consideration concerning the physiological roles of seed phytic
acid is its putative “storage” function. Both its P and myo-inositol contents
are recycled during germination. Also, phytic acid is typically deposited in
the seed as discrete inclusions called globoids, which contain mixed salts of
phytic acid and several mineral cations [17,27-28]. In the cereal grains, these
mixed salts primarily contain potassium and magnesium but may also contain
several other mineral cations. Recycling of these deposits provides minerals to
the germinating seed and seedling. A mutation that blocks phytic acid synthesis
may perturb these important storage and redistribution processes.

A classical approach to predicting a given mutant’s phenotype would be to
consider the metabolic pathways revolving around a given compound and pre-
dict the phenotypic outcome of a particular lesion or block in those pathways.
Also, each enzymatic step in the phytic acid pathways represents a target gene
possibly useful in engineering desired phytic acid levels in grain. A brief review
of the metabolic pathways involving phytic acid will illustrate this, using the
“D-convention” for numbering of the carbon atoms in phytic acid’s myo-inositol
(Ins) backbone [Figure 5.1(a)]. All pathways to phytic acid begin with the syn-
thesis of Ins. The sole synthetic source of Ins is via a simple two-step pathway
[29]: (1) the synthesis of D-myo-inositol 3-monophosphate [Ins(3)P; ] from glu-
cose 6-P catalyzed by the enzyme D-myo-inositol 3-P, synthase [MIPS; Figure
5.1(b), Step 1] and (2) the breakdown of the monophosphate to Ins catalyzed by
a specific monophosphatase [Figure 5.1(b), Step 2]. The relative contribution
of MIPS activity proximal to the accumulation of phytic acid in the seed [30],
versus activity of this pathway in the vegetative portion of the parent plant,
followed by translocation of Ins to the seed [31], has not yet been determined.

If seed-proximal MIPS activity supplies most Ins for phytic acid synthesis,
a second question is whether the product of MIPS is used directly for further
phosphorylation to phytic acid, or whether the intermediate steps of dephos-
phorylation to yield Ins [Figure 5.1(b), Step 2], followed by rephosphorylation
catalyzed by a myo-inositol kinase [32] [Figure 5.1(b), Step 3], are required.
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Figure 5.1 A summary of biochemical pathways involving phytic acid (myo-inositol 1,2,3,4,5,6-
hexakisphosphate or Ins Pg) in the eukaryotic cell. (a) Structure of myo-inositol. The numbering
of the carbon atoms in the ring is given following the D-convention. (b) Biochemical pathways.
Numbers at arrows indicate the following enzymatic activities: (1) D-myo-inositol 3-P; synthase
(MIPS); (2) D-Ins 3-P; phosphatase, or Ins monophosphatase; (3) D-Ins 3-kinase or Ins kinase;
(4) Ins P or polyP kinases; (5) Ins 1,3,4,5,6 Ps 2-kinase or phytic acid-ADP phosphotransferase;
(6) phytases and phosphatases; (7) Ins Pg or pyrophosphate-forming kinases; (8) pyrophosphate-
specific phosphatases; (9) pyrophosphate-containing Ins PolyP -ADP phosphotransferases; (10)
phosphatidylinositol (PtdIns) synthase; and (11) PtdIns and PtdIns P kinases followed by PtdIns
P-specific phospholipase C.

The product of myo-inositol kinase is the same as MIPS: D-myo-inositol(3)P;
[33]. The pathway to phytic acid then may proceed via stepwise phosphory-
lation of soluble Ins and Ins Ps to phytic acid, catalyzed by two or more spe-
cific kinases [34-35] [Figure 5.1(b), Steps 4 and 5]. In an early proposal [34],
one enzyme referred to as “phosphoinositol kinase” first converts Ins(3)P; to
Ins(1,3,4,5,6)Ps [Figure 5.1(b), Step 4]. A second enzyme, referred to as “phytic
acid-ADP phosphotransferase,” then converts Ins(1,3,4,5,6)Ps to Ins P [36]
[Figure 5.1(b), Step 5]. This later enzyme has been more recently studied in
the soybean, where it was referred to as Ins(1,3,4,5,6)P5 2-kinase [37]. In the
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presence of the right substrate concentrations, this enzyme can regenerate ATP
from ADP. More recent studies with the slime mold Dictyostelium describe a
pathway from Ins to Ins P¢ that involves a series of site-specific kinases that in
sequence add individual P esters to the Ins ring, beginning with Ins kinase [35].
Through characterization of Ins Ps in the duckweed Spirodela [38], a pathway
similar to that observed in Dictyostelium was described.

Phytic acid synthesis may also proceed in part via intermediates such as
Ins(1,4,5)P; produced from phosphatidylinositol phosphate (PtdIns P) inter-
mediates [39—-40] [Figure 5.1(b), Steps 10 and 11]. The relative contribution
of these two alternative routes to more highly phosphorylated inositols in the
developing seed, solely via “free” Ins Ps, versus a pathway proceeding through
PtdIns P intermediates, has not been unequivocally determined at present.

In a current view, phytic acid is seen not simply as a P-storage product or
end product for Ins phosphorylation but as a pool for both P and Ins P, the
latter function possibly of importance to signaling and bond-energy pathways
[41-42]. Ins Ps, more highly phosphorylated than phytic acid, such as Ins P; and
Ins Pg, have been documented to occur widely in eukaryotic cells [41,43-46]
[Figure 5.1(b), Steps 7, 8, and 9]. These compounds contain pyrophosphate
moieties and may be involved in ATP regeneration [41,47]. This is reminiscent
of the decades-old hypothesis that phytic acid itself may serve as a donor in
ATP regeneration [48]. It now appears that this early conjecture may have been
closer to the truth than originally believed. A classic question in seed biology
is how ATP regeneration is accomplished in seeds immediately following im-
bibition, prior to establishment of membrane integrity. Perhaps pyrophosphate-
containing Ins polyPs in fact serve in this role. It is possible that Ins polyP
pyrophosphate metabolism plays a key role in phytic acid synthesis and
breakdown and in ATP regeneration in early germination. However, there has
to date been very little progress in the study of these pyrophosphate-containing
compounds in plant systems, with only one report at present [43].

Genomic and/or cDNA sequences encoding Ins 3-P; synthases and mono-
phosphatases have been isolated from a number of plant species [30,49-56].
This work is leading to an advanced understanding of Ins metabolism in plant
biology. However, to date, no cDNA or genomic sequences have been reported
for an Ins kinase in any organism. A full understanding of Ins metabolism
as it relates to phytic acid synthesis will require identification of Ins kinase
sequences and genes.

Sequences encoding a number of Ins P and polyP kinases and phosphatases,
PtdIns and PtdIns phosphate kinases and phosphatases, and phytases, have
been reported from a number of plant and animal species. Specific points of
relevance are that at present no sequences encoding Ins P kinase, Ins polyP
kinase, or PtdIns P kinase have been shown to be specifically involved in phytic
acid synthesis in the plant cell. Progress at the molecular level has been made
in studies of Ins P¢ metabolism in nonplant systems. For example, a yeast Ins
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1,3,4,5,6-P5 2-kinase gene was recently isolated [40]. A gene was isolated [57]
that encodes an Ins polyP kinase similar in some ways to the “phosphoinositol
kinase” of Biswas et al. [34], in that it encodes an enzyme that acts on a series
of Ins polyP substrates of increasing phosphorylation to yield more highly
phosphorylated derivatives. The genetic resources and methods developed in
these studies will probably lead to breakthroughs in the isolation of plant genes
encoding similar functions. In the near future, the genetics of both Ins and Ins Pg
will begin to reach maturity. A clearer understanding of phytic acid metabolism
and its biology will then follow.

At present, however, a great deal remains to be accomplished concerning
the phytic acid pathways in seeds. Little is definitively known concerning these
pathways. In addition to the questions concerning the central biosynthetic path-
way discussed above, other aspects of phytic acid metabolism in seeds, such as
transport, localization and compartmentalization functions, and pathway regu-
lation, remain obscure at the molecular genetic level. Therefore, estimates of
the number of target genes of potential use in engineering seed phytic acid
levels may range from a minimum of two or three loci, encoding MIPS, and at
least one or two Ins P and polyP kinases [Figure 5.1(b), Steps 1, 4, and 5], up
to seven or more (the sum of all steps leading to phytic acid in Figure 5.1(b),
possibly plus one or more regulatory or other functions).

Because Ins is an important component of numerous pathways in plant tis-
sues, a mutation that completely blocks its synthesis, throughout the plant and
seed, would undoubtedly be lethal. However, a mutation in a specific copy of a
MIPS gene with an expression that is seed-specific and serves mostly to supply
Ins for phytic acid synthesis may not be lethal. A mutation that reduces MIPS
activity but does not eliminate it may also not be lethal and may reduce phytic
acid accumulation. In the early stages of this work, we thought that a mutation
early in the pathway to phytic acid, such as a MIPS null, may have a more
deleterious effect on the plant and seed function than a mutation in the later Ins
P or Ptd Ins P pathways. At that time, the importance of the Ins P and PtdIns P
pathways to all cells were not well understood, and these latter pathways were
thought to be more specific to phytic acid synthesis in the seed. Subsequent
work has shown that both types (early versus late pathway mutations) can have
varying effects on plant and seed functions, in an allele-specific manner.

3. THE ISOLATION OF CEREAL LOW PHYTIC ACID MUTANTS

Based on the above considerations, a search was started for phytic acid path-
way mutants using maize as the model system. Maize is particularly well-suited
for this work. An excellent method of maize mutagenesis, the “pollen-
treatment” method [58], produces high rates of mutation, and the materials
produced are easy to analyze in genetic terms. Maize is well suited for screening
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for seed-specific traits. The maize seed is large enough that an experienced re-
searcher can quickly and easily recognize, by visual inspection, segregation
for mutations that perturb the germ, aleurone, or other aspects of kernel mor-
phology. As a class, mutants of this type are referred to as defective kernel
mutants (DEKSs). A preliminary study [20] indicated that DEKs in which the
germ and/or aleurone tissues are perturbed, the tissues containing phytic acid,
have greatly reduced phytic acid levels. Also, reduced phytic acid P levels were
accompanied by “molar-equivalent” increases in inorganic P. However, these
mutants are lethal, and the reduction in phytic acid is probably a pleiotropic
effect. We [24] sought mutants that had greatly reduced phytic acid but that had
morphologically normal seeds and that were viable as homozygotes.

For screening, kernels from the M2 generation were sampled that were “to the
unaided eye” phenotypically wild-type (having normal-looking germs and aleu-
rone layers). For initial screening work, we [24] used a “brute force” method
employing chromatographic separation and detection of inorganic P and Ins
Ps including phytic acid, in single-seed extracts. The high-voltage paper elec-
trophoresis (HVPE) method simultaneously assays for reductions in kernel
phytic acid (as compared with nonmutant controls), increases in Ins Ps with less
than six P esters, or increases in inorganic P [20,24]. Five “wild-type-looking”
kernels were sampled from each M2 progeny ear. These were individually
crushed and extracted in 10 wL. 0.4 M HCI per mg kernel dry weight (overnight
at 4°C). Ten pL of extract was fractionated using HVPE. This method could
test a relatively large number of kernels inexpensively and fairly quickly. The
levels of phytic acid typical of a nonmutant kernel are high enough to be readily
assayed using HVPE. In addition, a test that clearly assays for phytic acid, other
Ins Ps (Ins P, through Ins Pss), and inorganic P provides a wide “window” that
is preferable for initial work.

Using the above approach, two mutants were identified [24,59] in the first
~1000 M2s and were termed Zm low phytic acid 1-1 (indicating that this
is the first recessive allele at the Zea mays Ipal locus) and Zm low phytic
acid 2-1 (Figure 5.2). Quantitative analyses of P and Ins P fractions in kernels
homozygous for these mutants indicated that in both mutants, phytic acid P was
reduced by at least 50% (Figure 5.2). In the case of Zm Ipal-1, the reduction
in kernel phytic acid P was accompanied by a molar-equivalent (in terms of P)
increase in inorganic P. No unusual increases in other, nonphytic acid Ins Ps were
observed. In the case of Zm Ipa2- 1, the decrease in phytic acid P is accompanied
by an increase in inorganic P and increased levels of at least two to three Ins Pss,
Ins Pys, and Ins Pss, based on paper electrophoresis, HPLC and NMR. Based on
these phenotypes, we [24] hypothesized that Zm Ipal-1 is a mutation in a gene
early in the pathway to phytic acid, perhaps a MIPS gene, and that Zm Ipa2-1is a
mutation in a gene later in the pathway, perhaps an Ins P kinase-encoding gene.

Genetic analyses [24] indicated that these two mutants are single-gene mu-
tants, nonlethal and nonallelic, and that they map to two sites on the short
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Figure 5.2 Seed phosphorus fractions in wild-type (nonmutant) and low phytic acid 1 and low
phytic acid 2 lines of maize and barley and wild-type and low phytic acid 1 lines of rice. All
fractions are expressed as their phosphorus (P, atomic weight 32) contents. W.T. = wild-type;
Ipal-1 = low phytic acid 1-1; Ipa2-1 = low phytic acid 2-1. “Cellular P” represents all seed
P-containing compounds other than inorganic P, phytic acid P, and “lower inositol P.” For analytical
methods, see References [20,24]. The “lower inositol P”” primarily consists of Ins tri-, tetrakis- and
pentakisphosphates.

arm of maize chromosome 1 (chromosome 1S, Figure 5.3). MIPS-homologous
sequences were isolated from maize, and mapping experiments indicated that
these sequences mapped to up to seven sites in the maize genome [53]. One
MIPS sequence mapped to the same vicinity of maize chromosome 1S, as does
Zm Ipal. This represents the first evidence in support of the “candidate gene”
hypothesis that Zm Ipal-1 is a MIPS mutant.

Further genetic analyses [24] indicated that for both Zm Ipal-1 and Zm Ipa2-1,
the seed phenotype is seed-specific and not due to any effect of these mutations
on the maternal plant. These studies also indicated that there is a seed-specific
reduction in dry weight in seeds homozygous for either mutant. In the case
of Zm Ipal-1, the dry weight reduction typically ranges from 5% to 15% and
appears to be endosperm-specific. In some progenies, no dry weight differ-
ence is observed between sibling wild-type and mutant kernels. In the case of
Zm Ipa2-1, observed dry weight reductions were less than those observed with
Zm Ipal-1, ranging from 5% to 10%.

Because one can readily obtain viable plants homozygous for either Zm
Ipal-1 or Zm Ipa2-1 and can then maintain these mutants as homozygotes, nei-
ther mutation is conditionally lethal. While preliminary observations indicated
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Figure 5.3 Diagrammatic map of chromosomal regions containing the Ipal and Ipa2 loci and
myo-inositol 1-phosphate synthase (MIPS) genes of barley, maize, and rice. This map summarizes
results of three earlier studies that mapped the position of /pa and MIPS loci [24,53,54,61], and
was also constructed using data from a number of additional mapping studies that are cited in these
three papers. No attempt was made to represent on this map actual physical or genetic distances
between the indicated loci. Rather, two flanking markers are given for each /pa and MIPS locus to
provide reference points for interested readers.

that homozygosity for Zm Ipal-1 has relatively little effect on plant growth
habit or vigor [20,24], initial unpublished results indicate that while Zm Ipa2-1
homozygotes are viable, this mutation has a consistently negative impact on
plant and seed function. These results, therefore, indicate that it may be pos-
sible to produce vigorous “low phytate” types by modulating Ins synthesis or
supply (the early part of the pathway to phytic acid), but that mutations in the
later Ins P pathway have a more consistently severe plant and seed phenotype.
A third maize low phytic acid locus has not yet been identified.
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In a “wild-type” seed of nearly any species, inorganic P concentration is
tightly maintained throughout development and germination. Inorganic P lev-
els in the mature dry seed typically represent <5% of seed total . Homozygosity
for either of the first two maize mutants results in several-fold increases in inor-
ganic P (Figure 5.2)—from the <5% of total P in wild-type to ~25% (a fivefold
increase) in the case of Zm Ipa2-1 and ~50% (a 10-fold increase) in the case
of Zm Ipal-1. If one inspects individual maize kernels for viable germs and the
wild-type morphology of nonmutant kernels (removing the most frequent type
of false-positives in terms of kernel phytic acid P), then a test for the “high inor-
ganic P” (HIP) phenotype provides a highly reliable, sensitive, and quick assay
for homozygosity of these mutants. A simple and inexpensive micro-assay for
inorganic or “free” P, conducted in micro-titre plates, has been used for numer-
ous genetic analyses of these mutants [24] and for screening for new mutants.

Populations of mutagenized barley M2s, obtained following treatment of seed
with sodium azide [60], were screened for /pa mutants using the HIP assay. The
findings to date were remarkably similar to those found for maize. At present
[61], we have found recessive alleles at only two loci, termed Hordeum vulgare
low phytic acid 1 (Hv Ipal) and Hv Ipa2. The seed P phenotypes also parallel
closely those observed with their respective maize counterparts (Figure 5.2). In
both cases, homozygosity for the mutant allele does not greatly alter kernel total
P. In barley, [pal-1 phytic acid is reduced by >50%, and this is accompanied by
amolar-equivalent increase in inorganic P, with no unusual increases in other Ins
Ps. In Hv Ipa2-1, phytic acid P is reduced by >50%, and this is accompanied
both by an increase in inorganic P and increased levels of a series of Ins Ps
similar to that observed in Zm Ipa2-1.

The Hv Ipal and Hv Ipa2 loci map to barley chromosomes 2H and 7H,
respectively [61] (Figure 5.3). The phenotypic similarity suggests that the maize
Ipal and Ipa2 loci are orthologous (ancestrally related) to barley Ipal and lpa2,
respectively. Chromosomal mapping experiments indicate that there may be a
conservation in marker order (synteny) between the maize chromosome 1s and
barley 7H segments containing their respective /pa2 loci. While further studies
are required, it is, therefore, possible that the maize and barley Ipa2 loci are
orthologous. However, the segment of maize chromosome 1s containing the
Zm Ipal locus may not correspond to barley 2H segment containing Hv Ipal
(Figure 5.3). The single barley MIPS identified to date maps to chromosome
4H [53]. Therefore, at present, Hv Ipal does not appear to be orthologous to Zm
Ipal. Hv Ipal may be a mutation in a gene encoding a third function, not that
mutated in either Zm Ipal, Zm Ipa2, and Hv Ipa2, or a MIPS gene. Definitive
proof will require cloning of each of these loci.

We [54] have completed the first round of screening for rice (Oriza sativa)
Ipa mutants obtained following the gamma irradiation of seeds. We have iso-
lated a number of putative mutants, but at present, have only identified one that
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is nonlethal. Kernels homozygous for Oz Ipal-1 are phenotypically similar to
the maize and barley /pal mutants (Figure 5.2) [54]. We have not yet identified
a mutant in rice that is phenotypically similar to the [pa2 mutants—one that ac-
cumulates nonphytic acid Ins Ps in the mature grain. The immediate objective of
the rice research is to provide genetic resources of value in rice improvement. A
more basic rationale is to contribute to a research program that can take advan-
tage of the strengths of several related species as genetic models. Comparative
biology of these three cereal species also may provide insight not obtainable by
conducting studies with just one. As in barley, rice Ipal and the rice genome’s
single-copy MIPS gene map to different chromosomes, chromosomes 2 and 3,
respectively (Figure 5.3). The chromosomal segment containing the rice MIPS
gene is syntenic with those containing the barley genome’s single-copy MIPS
and the maize genome’s chromosome 1s MIPS/Ipal segment. However, no
clear relationship between the maize, barley, and rice genome’s chromosomal
segments containing their respective Ipal loci has been elucidated. Taken to-
gether, these results indicate that there are at least three loci recessive alleles of
which can have large effects on seed phytic acid but little other effect on plant
or seed function: MIPS/Zm Ipal, Hv Ipal, and Zm/Hv Ipa2.

4. BREEDING “LOW PHYTIC ACID” CROPS USING
Ipa MUTANTS

The maize Ipa mutations represented the first-generation technology useful in
breeding “low phytic acid” maize hybrids. Initial agronomic studies [ 10] compa-
red the performance of 14 pairs of hybrids, consisting of the nonmutant version
of the hybrid and an Ipal-1 version (essentially near-isogenic pairs, “isolines”).
This study indicated that under the production conditions used, there was little
or no effect of Ipal-1 on germination or stand establishment. There were also
no yield differences in six of the 14 hybrid pairs. In eight of the 14, the lpal-1
hybrid yielded less than the nonmutant hybrid, and overall, the yield reduction
observed in I[pal-1 hybrids was about 6% as compared with the yields observed
in the wild-type hybrids. These results appear to parallel the observation that
homozygosity for Zm Ipal-1 causes a variable kernel dry weight reduction. Per-
haps the yield loss is due to a direct effect of the mutation on kernel dry weight.

The first multi-hectare-scale production of grain produced by a maize hybrid
that is homozygous for Ipal-1 was conducted in 1996 [10]. Two neighboring
fields (approximately 10 to 15 hectares each) were planted with a test hybrid
that was either “wild-type,” or nonmutant, or homozygous /pal-1. This grain
was used for the first-generation animal trials [10] that tested the level of grain
“Available P” (the percentage of grain total P that is available to the animal).
An extensive literature indicates that, in most cases, grain phytic acid P is
essentially nonavailable to nonruminants. In theory, Available P is, therefore,
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equal to grain nonphytic acid. In a simple yet fairly accurate model, in nonmutant
maize, Available P represents about 25%, and nonavailable P 75%, of grain total
P. Based on the quantitative analyses, this should be almost exactly reversed in
Ipal-1 grain.

Results of the first poultry (chicken) trial supported this theoretical estimate
[10]. Several measures of “Available P” ranged from 30% to 48% in wild-type
grain and from 70% to 90% in Ipal-1 grain, and fecal P was reduced from 9%
up to 40%. As a result of this type of study’s confirmation that [pal-1 maize is
also “high available P” in terms of animal nutrition, some refer to such maize
as HAP maize. A second interesting finding of this first study was the positive
effect on calcium nutrition observed. Bone calcium was 11% to 13% higher,
and blood calcium was 29% to 36% higher, in birds consuming Ipal-1 versus
wild-type feeds containing the same level of total calcium. This improvement
in calcium use was observed despite the fact that all diets in this study contained
~20% by weight soy meal, which contributes significant amounts of phytic acid
to the feed. A number of additional poultry, swine, and fish trials have been
conducted or are currently underway to further investigate the level of Available
P in Ipal-1 grain and to look at other aspects of the nutritional impacts of this
change in grain P chemistry [62—63]. The most interesting question concerns the
potential benefits of reduced phytic acid consumption distinct from benefits due
to enhanced Available P, such as improvements in calcium retention. Reduced
dietary phytic acid may enhance mineral nutritional health in general and may
also positively affect other dietary processes like protein utilization.

The first study of “low phytic acid” maize in human nutrition compared iron
retention from a meal consisting of tortillas prepared using either normal (wild-
type) maize or [pal-I maize [64]. These tortillas were extrinsically labeled with
a stable isotope of iron, and iron retention was measured as the incorporation
of labeled iron into the red blood cells of 14 non-anemic men two weeks after
intake. Iron absorption was 49% higher from Ipal-1 tortillas than from wild-
type tortillas (8.2% of intake versus 5.5% of intake). While these fractional
absorption levels are low, these results support the potential value of reduced
phytic acid consumption in improving iron nutrition.

A more recent study measured zinc retention following consumption of “po-
lentas” prepared using either normal maize or I[pal-1 [65]. During the cooking
process, °’Zn and 7°Zn stable isotopes were incorporated into the lpal-1 and
wild-type polentas, respectively. Five healthy adults (ages 23 to 39) consumed
Ipal-1 polentas for one day and wild-type polentas on a second day (the order
was randomly assigned). Mean fractional absorption of the ®’Zn in the Ipal-1
food was 0.30, whereas mean fractional absorption of the 7°Zn in the wild-type
food was 0.17. This represents a 78% improvement in zinc retention. These
results also support the potential for reduced dietary phytic acid intake, via
the use of “low phytate” food grains, for achieving improvements in mineral
nutrition of those who depend on such grains as staple foods.
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The performance of the first generation of “low phytic acid” hybrids was
adequate to serve as “proof of principle,” that at a minimum, hybrids with
“adequate” yields could be developed in which the chemistry of grain P was
greatly altered. Studies are underway to determine if the “low phytic acid” or
“high inorganic P” trait is specifically responsible for yield reductions and to
see if further breeding or bioengineering can overcome this loss in yield. In the
context of the hybrid corn industry, it would be preferable for such a trait to
be dominant, not recessive as are these mutants, and targeted only to the seed.
Such targeting might reduce the impact of a lesion or alteration in Ins or Ins
P metabolism on plant productivity, yield, or performance, such as disease or
pest resistance, and stress tolerance. Cloning and sequencing of /pa loci would
be a first step toward these goals. If [pal is a mutation in chromosome 1s MIPS
gene, this initial step has already largely been achieved.

Initial breeding efforts are currently underway with the first barley mutant,
Hv Ipal-1. As in the case of the first maize mutant, the initial results are en-
couraging. Studies that compared the cultivar “Harrington,” a “two-rowed”
malting barley, and the same cultivar homozygous Hv Ipal-1, indicated that
there were no large effects on germination, plant growth habit, yield, and grain
“test weight.” Current barley research focuses on studies of a selected group
of mutants, three of which have increasing reductions in phytic acid P, each
accompanied by molar-equivalent increases in inorganic P (Hv Ipal-1 with a
~50% reduction, M2 635 with a ~75% reduction, and M2 955 with a ~95%
reduction). A set of near-isogenic lines representing each of the mutants in the
Harrington background, and the nonmutant Harrington as control, has been
prepared. The use of such a collection as an experimental tool and model will
be discussed below.

5. DISCUSSION

These studies indicate that one can isolate mutations in cereal genes that as
homozygotes reduce grain phytic acid P levels substantially, while having rel-
atively little effect on other grain constituents such as total P, minerals, protein,
oil, or starch. For some mutants, large effects on viability, germination, and
yield are not observed. However, other alleles at the same /pa loci can have
noticeable effects on viability, germination, and yield. Several other private and
public sector [66] research programs are also involved in isolating and working
with I[pa mutants in various cereal grain and legume species. These mutants
can be used to breed “low phytic acid” crops. Molecular genetic approaches
to achieve the desired Ipa phenotype with a minimal impact on other plant
processes are in development. The extent to which such cultivars and hybrids
find use in the “real world” of agricultural production depends on a number
of technical and cultural factors. Additional research is required to answer two
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outstanding questions: can we develop such hybrids or cultivars that yield as
well across environments as the most elite contemporary germplasm? and what
is the actual “end-use” value or benefit of such germplasm as a component of
animal feeds and human foods? Additional studies are required to address the
disease susceptibility, pest and stress tolerance, and storage and handling prob-
lems possibly associated with “low phytic acid” crops. If these studies reveal
that “low phytic acid” hybrids or cultivars are feasible in technical terms and
competitive in yield, then their subsequent use will depend on the economics
and politics of a given culture or production environment.

The most progress to date has been made with maize, and commercialization
of “low phytic acid” maize hybrids began in 2001. These hybrids produce grain
with phytic acid reductions ranging from 66% to 80%. The “low phytate” or
“high available P trait is very desirable in poultry and swine production. A
large fraction of all maize produced in the United States is used in nonruminant
feeds, explaining the interest in this trait. The question of grain and legume
phytic acid in nonruminant production is more straightforward than the human
nutrition question, because it is largely quantitative and concerns a part of the
phytic acid molecule itself, its P content. It is a “primary” effect. In the context
of poultry and swine production, any substantial increase in the availability or
use of phytic acid P, and corresponding reduction in waste P, is desirable. Thus, a
“low phytic acid” maize that has the same level of grain total P as normal maize,
but 50% to 75% less phytic acid P, would have 37% to 50% more “available
P” than normal maize. A 50% increase in grain available P, if it comes at the
expense of grain nonavailable P (phytic acid P), would contribute significantly
to meeting new standards for P management in agricultural production.

Evaluating the impact of dietary phytic acid in human nutrition and health is
far more complex. Any consideration of grain or legume phytic acid in human
nutrition must be made on a case-by-case basis. The extreme cases range from
children growing up in communities truly dependent on whole-grain and legume
crops as bulk foods, where dietary phytic acid may contribute significantly
to less than optimal mineral nutrition, to adult and aging individuals in the
developed world, who perhaps may be more interested in dietary phytate’s
positive roles. Therefore, there probably is not one type of crop, in terms of
phytic acid content, that is suitable for all purposes. Perhaps Ipa or HAP crops
will find a niche, in the marketplace and in production, along other “specialty-
use” versions of crops. Developing new types of crops that are improved in
terms of a specific end use is an important current strategy in plant breeding.
Diversification in agriculture is healthy, and these new lines provide enhanced-
value alternatives to standard commodity crop production.

There is one circumstance where it may be wise to recommend Ipa crops for
immediate use, if preliminary studies continue to indicate that they are safe as
foods. When environmental or political upheavals result in famine, and food
aid, in the form of basic grain crops, is required for prolonged periods of time,
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perhaps Ipa crops should be used. In this context, the P and mineral nutrition
of children, women, and men may take precedence over concerns about long-
term issues like aging and cancer incidence.

The impact of dietary phytic acid on human mineral nutrition primarily con-
cerns the interaction of phytic acid and minerals, a “secondary” effect. In the
case of iron and zinc, this effect may appear more qualitative than quantita-
tive. Seeds may contain 15 pmoles of phytic acid for each pmole of zinc or
iron. Even in the presence of higher concentrations of other mineral “counter”
cations, this amount of phytic acid would probably bind a substantial fraction
of the zinc and iron, given basic principles of ion exchange chemistry. Grain
may typically contain 50 ppm iron and 50 ppm zinc but may contain about
10,000 ppm phytic acid. Put in terms of charge, grain may contain 5 pmoles
of total iron and zinc positive charge per gm but 100 pmoles of phytic acid P
negative charge per gm. In this context, if grain phytic acid were reduced by
50% to 75%, the 25% to 50% remaining would represent from 25-50 pmoles
negative charge, or five to ten times the counterion charge necessary to chelate
zinc or iron. Phytic acid binds iron so efficiently that even greatly reduced levels
in a diet may prove to be problematic in this context.

Efforts are underway to develop maize lines in which grain phytic acid is re-
duced by 90% or more. A nonlethal barley mutant, M2 955, produces grain with
a ~99% reduction. There may be a physiological limit to the level of phytic
acid reduction possible in adequately yielding lines, but it has not yet been
determined. Evidence is accumulating that reductions of up to 66% to 80%,
obtained using classical genetic methods, may be possible in adequately yield-
ing lines. Going beyond this may require use of molecular genetic approaches.
The acceptability of such approaches, involving sequence manipulation and
some form of transformation, will depend on the outcome of current worldwide
debate.

The near-isogenic lines developed in this work may provide a powerful tool
in evaluating the positive versus negative roles of dietary phytic acid in human
health and nutrition. It may be that the crop that has seed that contains 65% to
80% less phytic acid than normal crops would in fact be highly beneficial as
staple foods for certain communities, in terms of zinc and iron nutrition, and
mineral nutrition in a general or global sense. The first two studies with human
subjects consuming maize Ipal-1 indicated that simply substituting maize grain
with a 66% reduction in phytic acid for normal grain resulted in small to medium
improvements in iron and zinc retention. Sets of near-isogenic lines can be
used to better quantitate the impacts of dietary phytic acid. For example, sets of
lines that are similar in most ways, and have seed that contains similar levels of
minerals, fiber, protein, oil and starch, but have either normal or 50%, 66%, 80%,
and 95% reductions in phytic acid, are currently being produced in barley, and
are in development in maize. The set of barley near-isogenic lines are currently
being used in nutritional evaluation studies with poultry, swine, and fish.
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Perhaps the most important type of study made possible by the development
of normal and Ipal-I near-isolines would be to provide these types of grain
to communities in which maize serves as the traditional staple food. Families
in these communities would be assigned either normal or [pal-I maize, and
sufficient grain would be provided to supply these families for periods of two
months or longer. Large-scale production (hundred-hectare plot sizes or larger)
of a variety of maize hybrids and their Ipal-1 isolines is underway in the United
States, and sufficient grain would be available for these studies in the future. The
mineral nutritional status of individuals within these families can be followed
over the long term. Safety of Ipa crops is a primary issue in this research. A
growing number of animal trials have revealed no obvious safety issues, and
the two first trials with human subjects also showed no safety issues.

These studies would permit quantitation of any “steady state” differences
in mineral nutrition between similar individuals consuming one or the other
of the two types of maize. It would be the first type of study to use a crop
genetics approach to quantitate “chronic” phenomena or effects of dietary phytic
acid in human health versus the acute phenomena assayed in most previous
studies. Depending on the results of a first study, future studies may include a
wider variety of “low phytic acid” maize lines, hopefully including those with
grain that has 80% and 95% reductions in phytic acid, and when they become
available, “low phytic acid” legumes.

Phytic acid metabolism does not appear to be essential for P homeostasis
during seed development and germination, as originally thought. It may play
a role, but the role is probably relatively minor. Seeds homozygous for most
Ipa mutants, containing such high levels of inorganic P, appear normal in terms
of other major grain constituents, such as total protein, starch, and oil. If P
homeostasis is critical to nominal seed development, and to nominal synthesis
and accumulation of protein, starch and oil, then these results indicate that
P homeostasis may be a physical, rather than chemical, process. Perhaps the
elevated levels of inorganic P are being sequestered in micro-vacuoles as a salt,
and it is not necessary to sequester the P as phytic acid P. Clearly, the phytic
acid levels typical of nonmutant grains do not appear to be essential for seed
function and viability under the standard or nominal cultural practices.

While kernel phytic acid P metabolism may not be essential for P homeosta-
sis, it may play an important role in P and mineral storage processes. Grains
homozygous for /pa mutants may leach P and minerals to a greater extent than
do wild-type grains. Such a difference may not be significant for cultivated
species but may be very important for the survival of noncultivated species “in
the wild.” However, there are many additional possible effects of these mu-
tants, such as on mineral accumulation and on other processes such as cell wall
polysaccharide synthesis, that need to be investigated. For example, while to-
tal protein or starch does not appear to be greatly affected by reduced phytic
acid P in barley or maize, perhaps the types of proteins or starches, or types
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of polysaccharides that accumulate in the endosperm, not the total amount, are
altered in these mutants.

In the research that helped to pioneer the study of phytic acid metabolism
at the biochemical level [34], a minimum of three enzymes were implicated in
phytic acid synthesis: either MIPS or myo-inositol kinase, a “phosphoinositol
kinase,” and an ADP-phytic acid phosphotransferase. More recent research
indicates that there may be a series of at least five distinct kinases required
for phytic acid synthesis. In addition to the “structural” pathway to phytic acid
(the pathway of enzymatic steps that synthesize it), there most likely are also
genes encoding “regulatory” functions that determine which tissue and under
which conditions the pathway is expressed. It is, therefore, surprising that up to
this point, we have found mutants at only two loci in maize and barley [24,54].
Perhaps further research will identify additional loci. Perhaps in these genomes,
additional functions in the structural pathway to phytic acid are encoded by
duplicated genes and, therefore, would not be identified as single-gene mutants
with large effects. However, the most parsimonious theory at present is that
the pathway to phytic acid is a simple one, catalyzed by a very few functions
encoded by a very few genes [34,36].
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CHAPTER 6

Phytase Expression in Transgenic Plants

ELIZABETH A. GRABAU

1. INTRODUCTION

HOSPHORUS is a critical nutrient for all living organisms as a component of

membrane phospholipids, nucleic acids, ATP, and many other biological
molecules. A recent editorial addressing a potential crisis in phosphorus avail-
ability highlighted a variety of areas in which loss of this resource is a common
concern [1]. Phosphorus availability plays a key role in issues of soil fertility
and crop production, animal health and nutrition, as well as waste management
and water quality. While many areas of the world lack sufficient phosphorus
to sustain good crop yields, areas of intensive animal production experience an
accumulation of excess phosphorus in soil as a result of repeated applications
of phosphorus-rich manure. Runoff from pastures and croplands with elevated
soil phosphorus levels can contaminate surface water and lead to environmental
phosphorus pollution and eutrophication.

Phytate (myo-inositol hexakisphosphate) is the major storage form of phos-
phorus in plant seeds and a principal factor limiting phosphorus availability
in the diets of many animals, including humans. Phytate cannot be digested
efficiently by nonruminants and is excreted as waste. Concomitant loss of com-
plexed minerals exacerbates the antinutritional impact of phytate. Strategies to
improve phosphorus and mineral availability include the addition of phytase
to feed, the use of feed components genetically modified to express a phytase
gene, or reduction in the synthesis or accumulation of phytate in seeds.

As food and feed components, cereals and legumes provide obvious targets
for genetic modification to improve nutrient availability. This review summa-
rizes the results of studies on the introduction of a phytase gene from Aspergillus
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niger into several different plants including tobacco, soybean, canola, and al-
falfa. Synthesis, processing, and localization of recombinant phytase have been
characterized in plant cells. In addition, poultry feeding studies have been con-
ducted to determine whether plant-derived recombinant phytase can serve as
an effective dietary supplement.

2. SEED PHYTATE AND PHYTASE IN ANIMAL DIETS

Plant seeds such as corn and soybean are major components of livestock
feed, including diets of nonruminant animals such as swine and poultry. Phytate
phosphorus is utilized inefficiently by monogastric animals, which can result
in serious nutritional and environmental consequences. Diets of nonruminants
must be supplemented with inorganic phosphate to meet animal growth require-
ments. Undigested phytate is excreted in manure, which typically is applied as
fertilizer to agricultural fields. This practice can lead to elevated soil phosphorus
levels in areas of intensive animal production and the potential for phospho-
rus runoff into lakes and streams. High phosphorus levels can decrease water
quality due to eutrophication, because phosphorus is the limiting nutrient for
aquatic plant growth [2].

Phytate is also considered an anti-nutrient because it chelates essential min-
erals such as calcium, iron, zinc, and magnesium, lowering their bioavailability
in animals [3,4]. Phytate in plant seeds is present predominantly as the calcium-
magnesium-potassium salt called phytin [5]. Phytate also interacts with seed
proteins to form protein-cation-phytate complexes that have been reported to
lower protein digestibility [6].

Supplementation of animal diets with enzymes is an increasingly popular
method for improving digestibility and nutrient utilization. The enzyme phytase
catalyzes the removal of orthophosphate from phytate and other myo-inositol
phosphates [3]. Phytase as a feed supplement is available commercially as
Natuphos® (BASF). This supplement is derived from the fungus Aspergillus
niger (NRRL 3135) which produces high levels of the enzyme as an extracellular
glycoprotein [7,8]. Almost 30 years ago, supplementation of animal diets with
phytase (E.C. 3.1.3.8) from Aspergillus niger was shown to improve phosphorus
availability [9]. Numerous other supplementation studies have demonstrated the
efficacy of this method for improving animal diets and lowering phosphorus
excretion in recent years [5,10—14].

One limitation of using phytase as a feed supplement is the cost associated
with production and application of the enzyme. In countries where regula-
tions controlling nutrient management have been implemented, such as the
Netherlands, avoiding fines for excess phosphorus output can offset the ex-
pense associated with enzyme supplementation. However, in areas where an-
imal waste management remains less heavily regulated, enzyme costs have
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prevented widespread use. Another factor limiting use has been the inability
of the commercially available phytase supplements to withstand the elevated
temperatures associated with feed pelleting. To have an impact on nutrient uti-
lization, an enzyme present in the plant seed components of animal feed must
retain activity until it is consumed and can act to release phytate phosphorus
in the animal digestive tract. Improving the thermal and protease stability of
phytases is an active area of research (see Chapter 7).

The synthesis and accumulation of active, stable enzymes in transgenic plants
could provide a unique strategy for producing and packaging enzymes for feed
supplementation. Plant seeds already make up a major portion of animal diets
and may provide a convenient delivery system for inclusion of supplemental
enzymes. Crop plants supply a simple and inexpensive source of biomass and
should compete well with other methods of enzyme production. To test the
feasibility of this novel approach, recent efforts have been made to introduce a
fungal phytase gene into the genomes of different plant species.

3. FUNGAL PHYTASE EXPRESSION IN TOBACCO

Scientists at Mogen International (Leiden, Netherlands) first reported the in-
troduction and expression of a recombinant phytase gene in plants [15]. Their
studies included a characterization of phytase-expressing tobacco seeds to as-
sess the molecular weight, glycosylation patterns, and enzymatic stability of
the recombinant phytase, and efficacy of plant-derived phytase as a feed sup-
plement. The gene for the fungal phytase (phyA) had been previously cloned
and sequenced [16—18]. The mature phyA coding region was fused to the DNA
sequence for the signal peptide from the tobacco PR-S protein. Included in the
Mogen binary vector was the alfalfa mosaic virus RNA4 leader sequence to im-
prove messenger stability, the cauliflower mosaic virus (CaMV) 35S promoter
to drive transcription, and the nopaline synthase polyadenylation signal for ter-
mination. Following Agrobacterium tumefaciens-mediated transformation and
selection for kanamycin-resistant plants, seeds from transgenic tobacco lines
were analyzed for the presence of the phytase by immunodetection and phy-
tase activity assays. The recombinant phytase accounted for up to 1% of total
soluble protein in tobacco seed extracts, and the molecular mass was estimated
at 67 kD, less than the 85 kD reported for the phytase from A. niger [19].

The PR-S signal peptide should direct the recombinant phytase to the en-
domembrane system for glycosylation and extracellular secretion of the enzyme
via the default pathway. To verify that the lower molecular mass observed for
the recombinant phytase was due to differences in glycosylation patterns, the
A. niger and recombinant enzymes were treated with trifluoromethansulfonic
acid (TFMS) or Endo-f3-N-acetylglycosaminidase H (EndoH) and examined
by immunoblot analysis. TFMS treatment, which removes all glycans, resulted
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in proteins of identical molecular mass for both enzymes (60 kD). EndoH treat-
ment of the fungal phytase also resulted in a polypeptide of 60 kD. However,
EndoH digestion, which cleaves only high mannose structures, reduced the ap-
parent molecular mass of the recombinant phytase to approximately 64 kD,
indicating that not all glycans were present as high mannose structures on the
plant-derived enzyme. Phytase activity remained high after one year in whole
seeds maintained at 4°C or at room temperature and in milled seeds stored at
room temperature, demonstrating the stability of the enzyme.

The potential for using the plant-derived recombinant phytase as a feed sup-
plement was initially tested by in vitro assays under simulated digestive con-
ditions and in poultry feeding trials [15]. Samples of standard poultry rations
supplemented with milled transgenic tobacco seeds or commercial phytase
preparations were incubated in reactions mimicking poultry crop and stomach
conditions. This included a 60-minute incubation in distilled water at 39°C,
followed by acidification and the addition of pepsin to the samples for a fur-
ther 90-minute incubation. The reactions were assayed at 30-minute intervals,
and the results indicated comparable effects on the release of phosphorus from
plant phytate in feed supplemented with either phytase source. In a poultry feed-
ing study conducted over a four-week time course, an increase in growth was
observed for broilers whose diets were supplemented with milled transgenic to-
bacco seeds compared to birds fed basal diets alone or basal diets supplemented
with nontransgenic seed. Increases in body weight in response to recombinant
phytase supplementation were comparable to weight gains obtained for supple-
mentation with inorganic phosphate or with commercial phytase preparations,
demonstrating that transgenic seeds could substitute for supplemental phospho-
rus in poultry diets.

In a second report by the same group, accumulation of the recombinant phy-
tase was examined in other tissues of the transgenic tobacco plants [20]. The
authors found that the recombinant phytase exhibited different glycosylation
patterns depending upon the plant tissue analyzed. Recombinant phytase ex-
pressed in tobacco leaves had an apparent molecular mass of approximately
70 kD, intermediate between the A. niger and seed-derived enzyme. Again,
EndoH treatment removed some, but not all, of the carbohydrates, demonstrat-
ing the presence of both high mannose and complex glycans in the leaf-derived
phytase. The secretion of the recombinant phytase was confirmed by assaying
extracellular fluid for enzyme activity. Accumulation of phytase in the extra-
cellular space was also observed by immunogold localization in electron mi-
crographs. Three transgenic tobacco lines were examined for phytase RNA and
protein expression. Phytase mRNA was highly expressed in transgenic tobacco
plants with levels up to 0.02% of total mRNA, which was similar to results
observed for transgenic plants expressing human serum albumin [21]. Phytase
protein accumulation in transgenic plants showed a 20-fold increase over seven
weeks with a maximum accumulation of 14.4% of soluble protein. Thus, high
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levels of protein expression and good enzyme stability, two essential features for
industrial enzyme production, have been demonstrated for recombinant phytase
in transgenic plants using tobacco as a model system.

4. RECOMBINANT FUNGAL PHYTASE EXPRESSION
IN SOYBEAN

4.1. EXPRESSION OF phyA CONSTRUCTS IN SOYBEAN
SUSPENSION CULTURES

To address the feasibility of expressing phytase in a plant that is used as an
animal feed component, we examined phyA transgene expression in soybean.
A number of constructs were generated for microprojectile bombardment into
suspension culture cells to test whether phytase could be properly expressed
and processed by soybean cells [22]. These constructs were designed to in-
clude different promoters and to test the requirement for a plant signal sequence
(Fig. 6.1). Plasmids contained the mature coding sequence of the fungal phyA
gene, both with and without a patatin signal sequence [23]. In constructs without

[T| nyg [3ss®° [{ssp [s] poya | 1| 2
[T] nyg [3s® [{ssp| pya [ 1]
[35s° [ nyg [T H 3 [s] piya [ 1] o
[35" [ hyg [T H{ 3] pwya | T] d

Figure 6.1 Phytase constructs used to transform soybean suspension culture cells. Vectors con-
taining the phyA coding region were generated with (a) and (c) and without (b) and (d) a signal
sequence (indicated by the S). Expression of the mature phyA coding sequence was controlled by
the soybean (3-conglycinin o’ subunit seed-specific promoter (SSP) or constitutive dual-enhanced
CaMV 35S promoter (35SP). Constructs containing the seed-specific promoter were created by
insertion into the multiple cloning site of a soybean expression vector that also contains the ter-
minator for the B-conglycinin gene (T"). A HindIlI-Kpnl fragment containing the dual-enhanced
CaMV 358 promoter was used to replace the seed-specific promoter to generate the constitutive
constructs in (c) and (d). The hygromycin resistance gene (hyg") expression cassette was inserted
into the vector as a 2.0 kb HindIII fragment. T indicates the CaMV 35S polyadenylation signal.
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a signal sequence, an ATG codon was generated during DNA amplification
of the phyA coding sequence. Two different promoters were utilized to con-
trol phytase expression: the constitutive, dual-enhanced CaMV 35S promoter
[24-26] or a seed-specific promoter from the soybean [3-conglycinin o’ subunit
gene [27]. The gene for hygromycin phosphotransferase (HYG) was used as a
marker for selection of transformed cells. Cells were transformed by micropro-
jectile bombardment by the methods of Finer et al. [28,29].

To test for expression of active phytase in transformed soybean suspension
culture cells, culture media and cell extracts were assayed for activity by mea-
suring phosphorus released during incubation of samples with phytate [19,30].
A total of two control cultures and eleven transformed, hygromycin-resistant
cultures containing the different phytase constructs were examined. The two
controls were untransformed cells (UT) and transformants containing the vector
with the hygromycin resistance gene alone (HYG). The 11 phyA cultures were
derived from four different constructs containing the A. niger phytase gene
under control of the constitutive dual-enhanced CaMV 35S or seed-specific
B-conglycinin promoter. The dual-enhanced CaMV 35S promoter directs con-
stitutive phytase expression in tissue culture cells. However, the seed-specific
promoter should remain inactive in tissue culture, leading to an absence of
detectable activity. The presence of a signal sequence should result in the ap-
pearance of phytase activity in the culture medium via the default secretory
pathway.

As illustrated in Figure 6.2, cells transformed with constructs lacking a signal
sequence or under control of the seed-specific promoter showed no phytase
activity above background levels in the culture medium, as expected. The media
from two of the cultures selected following bombardment with the construct
containing the constitutive promoter and plant signal sequence contained high
levels of phytase activity [Figure 6.2(a), cultures 3 and 6]. Phytase activity
was low in all cell extracts, similar to background levels in untransformed cells
[Figure 6.2(b)]. It should be noted that there is a 250-fold difference between the
enzyme activity scale for culture media versus cell extracts in Figure 6.2. These
experiments demonstrated that phytase could be expressed at high levels in
soybean, and the results were consistent with the expectation that a glycoprotein
would be secreted into the culture medium rather than be retained in the cells.

4.2. GROWTH OF TRANSFORMED SOYBEAN SUSPENSION
CULTURES IN PHYTATE-MODIFIED MEDIUM

Expression of recombinant phytase should confer on transgenic soybean
cultures the ability to utilize phytate as a phosphorus source. To test this, trans-
formed cells were assayed for growth in MS medium [31] that was modified by
replacement of the potassium phosphate (monobasic) with dipotassium phytate
(Sigma Chemical Co.). This amount of dipotassium phytate maintained a level
of potassium equivalent to regular MS medium (1.25 mM), but the amount of
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Figure 6.2 Phytase activity in soybean suspension cultures. Phytase activity was assayed in media
(a) and cell extracts (b) from transgenic cultures. UT: untransformed control Williams 82 cells,
HYG: cells containing the control vector with hygromycin resistance gene alone, 1 and 2: cells
containing constructs under control of the CaMV 35S promoter without a signal sequence, 3—6:
cells containing constructs under control of the CaMV 35S promoter with a signal sequence, 7-9:
cells containing constructs under control of the seed-specific promoter without a signal sequence,
and 10 and 11: cells containing constructs under control of the seed-specific promoter with a signal
sequence. Each sample value is the mean of three independent assays. Reprinted with permission
of the American Society of Plant Physiologists, copyright 1997. (Source: Reference [22].)

phosphate was three-fold higher (3.75 mM) due to the increased number of
phosphate groups in phytate (assuming complete hydrolysis of phytate by the
transgenic soybean cells). Phytase-expressing soybean suspension culture cells
were compared to control cultures transformed with the hygromycin resistance
marker alone. Following several washes to remove the remaining phosphorus,
equal volumes of packed cells were used to initiate the cultures. After the first
week, visual inspection revealed no obvious difference in growth between the
phyA-containing cells and the control cells containing only the hygromycin
resistance gene (data not shown). This result may be attributed to residual
pools of inorganic phosphate in the cells. After three weeks, growth of the
phyA-containing cells was two-fold higher than the control cells, as measured
by packed cell volume. In addition, the control cells appeared brown [Figure
6.3(a)]. The results indicated that transgenic soybean cells producing phytase
could utilize phytate as the sole phosphorus source. In contrast, cells lacking the
recombinant phytase activity failed to thrive, presumably due to a phosphorus
deficiency.

To compare growth curves for the two soybean cell lines, cultures were
initiated in the phytate-modified MS medium, and growth was monitored by
measuring cell fresh weights over a two-week period [Figure 6.3(b)]. Data were
expressed as an increase in fresh weight compared to the day zero value. Both
cultures increased in fresh weight up to nine days, but the control cells showed
a slower growth rate, and the final fresh weight for phyA-expressing cells was
20% greater than the control culture without the phyA transgene.
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Figure 6.3 Growth comparison of phyA-containing and control soybean cultures in phytate-
modified MS medium. Appearance of cultures after 20 days of growth in phytate-modified MS
medium (a). Dipotassium phytate was used as the sole phosphorus source. Growth curves of cell
cultures transformed with phyA-containing or control constructs in phytate-modified MS medium
(b). Results for control cells containing the vector with the hygromycin resistance gene alone (e) and
the cells transformed with the constitutive phyA construct (O) are indicated. Each point represents the
mean from three cultures. Standard errors were calculated for all points and indicated by error bars.

4.3. COMPARISON OF FUNGAL AND RECOMBINANT PHYTASE

An analysis of the activity of the recombinant phytase from soybean cells [22]
revealed temperature and pH optima similar to those reported for the phytase
from Aspergillus niger [19]. The activities of the recombinant phytase and a
commercially available fungal phytase (Sigma Chemical Co.) were compared
as illustrated in Figure 6.4. The dual pH optima were identical for both phytase
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Figure 6.4 Comparison of pH optima of fungal and recombinant phytase. Assays were performed
at 58°C by the method of Ullah and Gibson [19]. Recombinant phytase was assayed from the culture
medium of transformed cells. Commercial fungal phytase was dissolved in medium from untrans-
formed cells at a concentration of 0.1 mg/mL. For data presentation, the activity of the recombinant
phytase was normalized to an equivalent total value to the fungal phytase activity. All data points
for fungal and recombinant enzyme represent means of three assays. Reprinted with permission of
the American Society of Plant Physiologists, copyright 1997. (Source: Reference [22].)

sources (approximately pH 3 and 5.5), however, the relative distribution of the
amount of activity between the two optima differed, with a greater proportion of
the total activity found at the lower pH for the commercial phytase preparation.
A possible explanation for this difference may be the presence of an additional
phytase activity that is known to exist in Aspergillus niger [17,32]. This second
phytase, the product of the phyB gene, has a single optimum at the lower pH
and is believed to be the same enzyme previously identified as a pH 2.5 acid
phosphatase [33,34]. The fungal phytase preparation from Sigma may contain
both activities (encoded by phyA and phyB genes) leading to a higher relative
proportion of activity at the lower pH. The pH profile for phytase activity
measured in transformed soybean cells can be attributed to the action of the
phyA gene product because the fungal phyB gene was not included in the
constructs.

The molecular masses of the recombinant and A. niger phytases were com-
pared to examine potential differences in posttranslational modification. Both
phytase samples were treated by enzymatic digestion with endoglycosidase
F/N-glycosidase or chemical deglycosylation with TEMS [35] to verify gly-
cosylation of the proteins. Protein samples were separated by SDS poly-
acrylamide gel electrophoresis and subjected to immunoblot analysis. Bands
were detected using polyclonal antibody to A. niger phytase (provided by
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Figure 6.5 Western blotting of fungal and recombinant phytase. Polyclonal antibody to fungal
phytase was used for immunodetection of phytase bands. Lane 1: culture medium from HYG
control cells, lanes 2 and 8: untreated fungal phytase, lane 3: fungal phytase treated by endo-
glycosidase F/N-glycosidase F digestion, lane 4: TEMS-deglycosylated fungal phytase, lane 5:
TFMS-deglycosylated recombinant phytase, lane 6: recombinant phytase treated by endoglycosi-
dase F/N-glycosidase F digestion, and lane 7: untreated recombinant phytase. Reprinted with per-
mission of the American Society of Plant Physiologists, copyright 1997. (Source: Reference [22].)

J. Ullah, USDA-ARS, New Orleans, LA) and a chemiluminescent detection kit
(Amersham Pharmcia Biotech, Piscataway, NJ). Recombinant phytase from
the culture medium was observed as a doublet at approximately 69-71 kD,
compared to 85-100 kD observed for fungal phytase (Figure 6.5). Complete
deglycosylation with TEMS revealed a protein with an apparent molecular mass
of 49 kD for both phytase sources (lanes 4 and 5), which is the predicted size of
the mature phytase protein. Enzymatic digestion of the fungal phytase also re-
sulted in a 49 kD protein, while enzymatic digestion of the recombinant phytase
resulted in incomplete removal of glycans. This is consistent with the speci-
ficity of the glycosidases, which are unable to cleave unique glycosidic linkages
found in plant glycans [36,37].

4.4. POULTRY FEEDING TRIAL

To determine the efficacy of feed supplementation with phytase produced
in transgenic soybeans, a three-week poultry feeding trial was conducted
[38]. Graded levels of phytase were added to a basal poultry diet as either
milled transgenic soybeans or as a commercially available enzyme supplement
(Natuphos®). To generate transgenic soybean plants, Asgrow A5403 soybeans
were transformed with expression vector pWR2787 by the method of McCabe
et al. [39] at Agracetus (Middleton, WI). Plasmid pWR2787 was generated
by amplifying the phyA gene via the polymerase chain reaction to generate a
product that contained two amino acid substitutions compared to the reported
sequence [16—18]. The plasmid construct contained a cauliflower mosaic virus
35S promoter to drive expression, the sequence for leader and signal peptide
from tobacco extensin (Nicotiana plumbaginafolia) fused in-frame with the
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mature phyA coding sequence, and a nopaline synthase polyadenylation se-
quence to provide a termination signal. Additionally, the plasmid contained
a chimeric B-glucuronidase (GUS) marker cassette for screening of trans-
genic soybean plants. Soybean seeds used in the feeding studies expressed
recombinant phytase at 11.2 units per gram of seed in a bulked heterozygous
population.

Basal poultry diets contained a suboptimal level of nonphytate phosphorus
(0.2%) to which graded levels of phytase were added (at 400, 800, and 1200 units
per kilogram of diet). Test diets were fed to broilers from age 1 to 3 weeks.
Each dietary treatment was fed to four pens of birds (eight birds per pen), except
for the basal diet, which was fed to eight pens of birds. Growth was measured
as body weight gain in the second and third weeks. Phosphorus availability
was determined using toe ash as an indicator of bone mineralization. Middle
toes were collected at the termination of the experiment, dried, weighed, and
ashed. Toe ash measurements were calculated as a percentage of dry weights.
Phosphorus excretion was measured as the phosphorus concentration in excreta
per kg of diet consumed (days 18 through 20). All data are presented as a
percentage of results obtained for control birds (birds fed basal diets without
supplementation), as illustrated in Figure 6.6. Supplementing the diets with
either source of phytase resulted in increased growth (measured as body weight
gain) and increased phosphorus availability (measured as toe ash). These results
indicated that transgenic soybeans expressing fungal phytase enhanced growth
performance when used as a feed supplement. In addition, phosphorus excretion
in manure was reduced as a result of supplementation with transgenic soybeans
or with Natuphos®.

Even with the promising results obtained for recombinant phytase expres-
sion in soybean, the use of transgenic soybeans as a source for phytase sup-
plementation has several limitations. As components of animal feed, soybeans
are generally added in the form of meal, which has been roasted to inacti-
vate anti-nutrients such as trypsin inhibitors, and solvent-extracted to remove
oil, which is an economically valuable commodity. Soybean meal prepared
by these standard methods should not retain activity of the recombinant phy-
tase. In addition, the expression level in seeds (11.2 units per gram of seed)
was not high enough to be competitive with production of the extracellular
enzyme in A. niger. An alternative approach to addressing problems associ-
ated with the high phytate content of plant seeds used in food and feed is the
targeted expression of the recombinant phytase in developing seeds. In con-
trast to the expression of extracellular phytase for use as a supplement, seed-
specific expression of a phytase targeted to the site of phytate accumulation
may allow the reduction of phytate levels in seed prior to harvest. A possible
candidate for this approach would be a soybean phytase that should contain
the signals for proper subcellular protein localization to the site of substrate
accumulation.
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Figure 6.6 Effects of phytase supplementation on growth, phosphorus availability, and phosphorus
excretion. Broiler diets were supplemented with phytase supplied as transgenic soybean seeds or a
commercial enzyme preparation (Natuphos®). Basal diets contained 0.2% nonphytate phosphorus,
which is below optimal requirements for broilers 0-3 weeks of age. Growth was measured as body
weight (BW) gain in weeks 2 and 3. P availability was measured as percentage toe ash. P excretion
was measured as P concentration in total excreta from days 18-20. Results are presented as a
percentage of the values obtained for birds fed the control basal diet. (Source: Reference [38].)

5. CANOLA SEEDS AS A SOURCE OF FUNGAL PHYTASE

Transgenic canola seeds may provide a suitable alternative to tobacco for
the expression, packaging, and delivery of recombinant phytase as a feed sup-
plement. The efficacy of tobacco-derived phytase in poultry feeding studies
was previously documented [15], but tobacco seeds are not normally used in
animal diets. The potential for canola to serve as a component of animal feed
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and the ease of transformation provided the rationale for scientists at Mogen
International and Gist-Brocades (Delft, Netherlands) to adopt this plant as a
“biofactory” for recombinant phytase production. Phytase constructs were gen-
erated using the promoter from the endogenous gene for a storage protein (cru-
ciferin) in oilseed rape (A. Ponstein, personal communication). The constructs
also included the signal peptide for the seed-specific cruciferin gene. Primary
transformants obtained from Agrobacterium tumefaciens-mediated transforma-
tion of Brassica napus cv. Westar showed variable phytase expression levels
that differed with the site and number of insertions. Following selection for
enzyme expression and copy number, and propagation through several gener-
ations, average phytase levels were found to range from 1.4-2.4% of soluble
seed protein for homozygous, single-copy plants. Selection for homozygous
offspring from multi-copy transformants resulted in phytase levels up to 13%
of total soluble protein. The recombinant phytase produced in canola had a
lower molecular mass than the fungal enzyme as determined by polyacylamide
gel electrophoresis, similar to observations for tobacco and soybean [15,20,22].
This result can most likely be attributed to different glycosylation patterns of
the recombinant enzyme.

Recombinant phytase from canola supplied as Phytaseed® has been used in
feeding studies to evaluate its efficacy and safety as a feed supplement [40,41].
Phytaseed® phytase was found to be as effective as Natuphos® phytase in
improving phosphorus availability when supplemented in the diets fed to turkey
poults. Mortality was not influenced by the different diets, but measurements of
feed intake, body weight gain, feed conversion, and toe and tibia ash increased
with increasing levels of phytase from either phytase source [40]. Another
comparison of Natuphos® and Phytaseed® for enhancing the utilization of
phytate phosphorus from corn-soybean meal diets was conducted in a five-
week study with young broilers [41]. In this study, body weight gain, feed
intake, gain-to-feed ratios, apparent digestibility of dry matter, calcium, and
phosphorus increased similarly for both sources of phytase. In addition, gross
necropsy and histologic examination determined that there were no adverse
effects from Natuphos® or Phytaseed® phytase at supplementation rates of 500
or 2500 units/kg of feed.

6. FUNGAL PHYTASE DERIVED FROM TRANSGENIC ALFALFA

An alternative source of phytase and other industrial enzymes is the juice
of transgenic plants. The ability to synthesize recombinant proteins in plant
parts other than seeds takes advantage of the tremendous biomass produced by
green plants. A forage crop such as alfalfa offers additional advantages in this
role because it is a hardy, perennial, leguminous crop that requires no nitrogen
fertilizer and has the potential for several harvests per year. A feasibility study
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for the commercial production of industrially important enzymes in the soluble
protein fraction of alfalfa was conducted by Austin et al. [42] using a reporter
gene for (3-glucuronidase. More recently, two patents have been issued that
describe the application of this approach to expression of phytase [43,44].

U.S. Patents 5,824,779 and 5,900,525 describe a method for deriving phytase,
dietary protein, and xanthophylls from alfalfa juice [43] and an application of
this technique in the formulation of animal feed [44]. Transgenic alfalfa plants
were produced by Agrobacterium tumefaciens-mediated transformation with
binary vectors containing the phyA coding sequence that was fused to the cod-
ing region for a signal peptide of plant origin and placed under regulatory control
of a series of different promoters. The three promoters described include the
CaMV 35S promoter, an Arabidopsis thaliana Rubisco small submit promoter,
or a hybrid promoter containing distal elements from the CaMV 35S promoter
and proximal elements from the Agrobacterium mannopine synthase promoter.
All three constructs achieved significant accumulation of phytase that was dif-
ferentially glycosylated compared to the fungal enzyme. This is consistent with
the observations of other plants. Constitutive expression of phytase activity
throughout the plant resulted in phytase concentrations ranging from 0.1-2%
of total soluble protein in juice. As an indicator of enzyme stability, fresh alfalfa
juice expressing the recombinant phytase activity could be assayed after treat-
ment for 100 minutes at 0, 30, or 50°C with no detectable loss of activity. The
juice retained 88% of initial phytase activity after one month of storage at room
temperature. The stability of phytase from alfalfa juice in formulated poultry
feed showed good stability for three weeks when stored at room temperature,
and a poultry feeding experiment confirmed retention of phytase activity.

Six groups of 25 chicks each were fed different diets: diets 1 to 3 were
supplemented with three different levels of inorganic phosphate (0.053, 1.06,
and 1.60% monocalcium phosphate), diet 4 was supplemented with juice from
nontransformed alfalfa, diet 5 was supplemented with juice from phytase-
expressing alfalfa, and diet 6 was unsupplemented. Transgenic alfalfa juice
was added to poultry diets at a level that should have provided 400 units/kg
of feed based on activity assay of the juice. However, the authors reported that
the actual measurements of activity in feed samples remained at approximately
250 units/kg throughout the experiment. Chicks fed the unsupplemented diets
or diets supplemented with nontransformed alfalfa juice showed severe mal-
nutrition after five days and were euthanized. The weight gain for birds fed
the other diets indicated that transgenic alfalfa juice was able to improve phos-
phorus availability in poultry diets. Based on body weight gain measurements,
supplementation with phytase in the form of alfalfa juice was equivalent to the
addition of 0.55% monocalcium phosphate. It should be noted that the level of
phytase provided by supplementation with alfalfa juice in these experiments re-
sulted in phosphorus levels that were suboptimal for growth. Supplementation
with alfalfa-derived phytase gave a growth response equivalent to phosphorus
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levels at approximately 33% of the recommended guidelines of the National
Research Council (NRC). This was observed as a lower body weight gain (ap-
proximately 20% lower) for birds supplemented with transgenic alfalfa juice
compared to birds supplemented with monocalcium phosphate at 100% of NRC
recommended amounts. Even at the suboptimal phytase levels used in these ex-
periments, the results suggest that alfalfa juice can provide an alternative source
of phytase and other required dietary components (protein and xanthophylls)
for poultry rations.

7. GENE CLONING OF PLANT PHYTASES

All examples of recombinant phytase expression in plants reported to date
have involved the introduction and expression of a fungal phytase gene (phyA).
Plants also express endogenous phytases during germination that function in
the degradation of phytic acid reserves. Plant phytase activity has been demon-
strated for a number of plant species (for phytase review see Reference [34]).
The amounts of plant phytase synthesized are insufficient to provide an eco-
nomical source for commercial purposes. Maize is the only plant from which
the cloning and characterization of a phytase gene have been reported [45,46].
The maize cloning strategy relied on a previously described procedure for puri-
fying phytase from germinating seedlings [47]. The maize seedling phytase is
a homodimer with a subunit molecular mass of 38 kD. The purified protein was
used to generate a rabbit polyclonal antibody that was used to screen a Agtll
expression library, generated from poly(A)+ RNA from three- to four-day-old
maize seedlings. The resulting maize phytase cDNA sequence showed little
overall sequence similarity to the fungal phytases but contained one region of
33 amino acids with marked homology to other histidine acid phosphatases,
including a conserved RHGXRXP motif [45]. The cDNA was used to screen a
maize genomic library and resulted in the isolation of two phytase genes. The
presence of two genomic copies of the phytase gene confirmed the results ob-
tained by Southern blot analysis, where two hybridizing bands were observed
with the labeled cDNA probe. The two phytase genes showed 99.2% and 96.7%
nucleotide identity to the cDNA and were tightly linked (1 cM) on the long arm
of chromosome 3 [46].

The maize phytase cDNA sequence was inserted into a vector for expression
in E. coli. The resulting recombinant phytase appeared to undergo cleavage of
the N-terminus to yield a polypeptide that migrated in SDS-polyacylamide gels
at the same position as the phytase from maize seedling extracts. Although the
recombinant phytase was capable of dimer formation as determined by elec-
trophoresis on native protein gels, no phosphatase activity was associated with
the maize phytase produced in E. coli. Staining with periodic acid-Schiff reagent
indicated the absence of carbohydrate on the phytase from maize seedlings.
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This suggested that the lack of activity from the enzyme produced in E. coli
could not be attributed to a lack of glycosylation but may have been due to the
inability of the bacterial system to carry out some other posttranslational mod-
ification. Future studies on the phytases from maize and other plants will be re-
quired to assess the utility of overexpressing plant phytase genes in heterologous
systems.

8. DISCUSSION AND FUTURE OUTLOOK

Successful introduction of a fungal phytase gene into several plant species
has been reported. Phytase-expressing plants were obtained using constructs
containing the phyA gene under control of constitutive and seed-specific pro-
moters and a signal sequence to direct the protein to the plant endomembrane
system for secretion. Transgenic soybean suspension culture cells secreted ac-
tive phytase into the culture medium which allowed the hydrolysis of phytate
as the sole phosphorus source for culture growth. Transgenic tobacco showed
extracellular localization of the enyzme by immunocytochemistry. Glycosy-
lation patterns for the plant-derived enzyme differed from the A. niger phy-
tase depending upon plant species and specific tissue analyzed. Biochemical
characteristics of the recombinant enzyme in soybean cultures were similar
to those reported for A. niger phytase [19]. Thus, plant cells are capable of
expressing active phytase, but all plant systems studied to date resulted in dif-
ferential glycosylation compared to expression of the enzyme in Aspergillus
niger.

The stability of phytases as a function of glycosylation has been addressed
in other systems [48,49] and is reviewed in Chapter 7 of this book. A fungal
phytase with superior thermal stability has also been reported [50] and may
represent an important advance in the utilization of phytase for food and feed
applications. A significant preliminary report on the introduction of a gene
for a thermostable phytase into plants was reviewed in a summary of the 16th
International Botanical Congress [51]. The review highlighted efforts underway
to improve rice through introduction of genes to enhance the availability of
iron and other nutrients. Iron and other mineral deficiencies are common in
populations consuming diets rich in seeds and grains due to the chelating effects
of phytate. Phytase is among the genes that are being introduced to improve
the nutritional value of rice. The expression of a thermostable phytase to lower
phytate content in rice and other crops would represent a critical nutritional
enhancement.

The use of recombinant phytase in animal feeding studies has addressed
some of the nutritional aspects of phytase supplementation. Poultry feeding
experiments have been performed to compare the results of supplementa-
tion with phytase from different sources. Performance based on a variety of
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parameters such as body weight gain, phosphorus availability, and phosphorus
excretion was equivalent for recombinant phytase derived from plants and the
commercial fungal phytase, Natuphos®. These results indicate successful accu-
mulation of active recombinant phytase in transgenic plants. While transgenic
canola seeds and alfalfa juice may provide economically viable approaches to
phytase production for feed supplementation, transgenic soybeans are not ide-
ally suited as a phytase source. Soybeans are normally roasted and processed to
produce meal [52,53], which would lead to inactivation of the recombinant phy-
tase. It has been demonstrated that recombinant phytase produced in soybean
does not exhibit sufficient thermal stability to withstand production of meal [22].
Enzyme stability during the manufacture of feed remains another hurdle to wider
use of phytase supplements in animal production. The feed pelleting process
requires elevated temperatures [10] that inactivate the phytase. This necessi-
tates the development of new methods for adding the phytase, such as appli-
cation by post-pelleting sprays, but that also involve additional expense for the
producer.

An alternative strategy for improved phosphorus utilization in food and feed
that avoids the limitations of thermal stability and expense of supplementation
is the production of seeds with reduced phytate levels. Low phytic acid (Ipa)
maize has been developed by a mutagenesis approach, and a patent describing
this process has been issued [54]. This genetic approach to improving phos-
phorus availability relies on a reduction in the synthesis of phytate in maize.
There are several key steps in the biosynthesis of phytic acid that are poten-
tial targets for this promising strategy (see Chapter 4 for the genetics of seed
phytate biosynthesis). Low phytic acid corn, alternatively referred to as “high
available phosphate” corn, has been used in feeding studies to demonstrate the
effectiveness of this approach [55-58]. The phytate biosynthetic pathway is the
focus of several other patent applications describing methods for the alteration
of seed phytic acid [59-61].

Another potential route to improved phosphorus availability is the targeted
expression of phytase to modify phosphorus reserves in mature seeds. Sub-
cellular localization of a phytase to the site of phytate accumulation during
seed development may allow a reduction in seed phytate levels with an ac-
companying increase in available phosphorus. To achieve proper targeting, a
better understanding of the site of phytate biosynthesis and accumulation as
well as signals for protein localization will be required. Two areas of research
underway in my laboratory to address the modification of seed phytate levels
include the alteration of the fungal phyA gene to include protein targeting sig-
nals and the isolation of a soybean phytase gene. The goal of our efforts to
isolate the soybean phytase gene is the eventual reintroduction of a modified
phytase gene into soybean under control of a seed-specific promoter. The soy-
bean phytase is effective at releasing phosphorus from phytic acid during seed
germination and may be able to perform that function when expressed during

© 2002 by CRC Press LLC



seed development. Lower phytic acid levels in harvested seed should enhance
phosphorus bioavailability and reduce phosphorus and mineral loss.
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CHAPTER 7

Stability of Plant and Microbial Phytases

BRIAN Q. PHILLIPPY

1. INTRODUCTION

PHYTASES are phosphatases that can utilize phytate (myo-inositol hexakis-
phosphate; Ins(1,2,3,4,5,6)P¢ as a substrate. Phytate and phytases appear to
be ubiquitous in nature and likely exist in all types of cells [1,2,3]. Because they
exhibit considerably greater phytate-cleaving activity than the phytases from
animal cells, plant and microbial phytases are utilized industrially to degrade
the phytate in foods and feeds. The specificity difference in the initial phosphate
removed by the best studied plant and fungal phytases is shown in Figure 7.1.
Triticum aestivum (wheat) phytase preferentially hydrolyzes the phosphate at
position 4, whereas Aspergillus niger phytase first cleaves mainly at position
3 [4,5]. The remaining phosphates are also removed by these enzymes, but
inositol 2-monophosphate tends to accumulate at the end of the reaction rather
than free myo-inositol [4,6]. The functional significance of the differences in
product specificity of the various phytases is currently unknown.

The stability of phytases has become an important topic of research in re-
cent years as a result of the expanding interest in the use of phytase in animal
feeds. Because insufficient phytase is produced in the guts of pigs, poultry,
and fish to break down dietary phytate, inorganic phosphate must be supple-
mented to their diets. The original work showing the feasibility of adding phy-
tase from Aspergillus ficuum (A. niger) to chicken feeds [7] was not adopted
immediately because the cost of inorganic phosphate was lower than that of
phytase. The turning point occurred when environmental concerns over pollu-
tion from phytate in farm runoffs reached a critical level [8]. The impetus of
expected legal constraints on animal waste disposal to prevent excessive growth
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Figure 7.1 Predominant pathways for the hydrolysis of phytate by plant and fungal phytases.

of algae such as the dinoflagellate Pfiesteria piscicida has revitalized phytase
research.

As phytases from a variety of sources were studied, it became evident that a
new emphasis in the commercialization process would be on enzyme stability.
The primary initial concern was for thermostability, because many animal feeds
are manufactured using pelleting machines that heat the feed to temperatures
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of about 80°C, which inactivates enzymes such as A. niger phytase, which
is only stable to 63°C [9]. Although the majority of recent publications on
phytase stability have focused on thermostability, additional areas recognized
as important include stability during storage and stability in the gut. Phytases are
now being produced transgenically and reengineered to optimize their activity
in an industrial setting. The use of stabilizers to enhance their performance is
another aspect drawing the attention of researchers.

2. THERMOSTABILITY OF PHYTASES
2.1. PLANT PHYTASES

Plant phytases can be categorized according to pH optima as acid phytases
or alkaline phytases. Acid phytases predominate in plant tissues and have been
studied most extensively. They have similar thermostabilities and generally lose
most of their activity below 60°C (Table 7.1).

The thermostability of phytase from wheat grain was determined by Peers
[10]. During 10 min incubations, an aqueous extract purified about 20-fold by
acetone and ammonium sulfate precipitations retained most of its activity up
to 55°C. Two homogeneously purified phytases from wheat bran retained high
activity following a 15 min incubation up to 40°C, but higher thermostabilities
were observed in wheat bran phytases purified from seeds of other wheat vari-
eties sown in the spring rather than in the fall [11]. Phytase from spelt, which is
an old variety of wheat, was purified from kernels after 2 days of germination
[12]. Following 8 h preincubation at 55°C, 32% of its activity was recovered,
whereas no loss occurred at 45°C.

Although some grain contain considerable amounts of phytase, others appear
to require germination in order to yield significant activity. Purified rice bran
phytase retained most of its activity during incubation of 30 min at temperatures
up to 50°C [13]. After 90 min, the phytase from ungerminated rye retained 85%

TABLE 7.1. Thermostability of Plant Phytases.

Source Approximate Stability Limit Reference
Triticum aestivum (wheat) grain 55°C [10]
Triticum aestivum (wheat) bran 40°C [11]
Triticum spelta (spelt), germinated 55°C [12]
Oryza sativa (rice) bran 50°C [13]
Secale cereale (rye) grain 55°C [14]
Zea mays (maize) seedling 55°C [15]
Avena sativa (oat) seedling 40°C [16]
Hordeum vulgare (barley) seedling 50°C [17]
Glycine max (soybean) seed 60°C [18]
Allium fistulosum (scallion) leaf 55°C [20]
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Figure 7.2 Thermostability of purified scallion leaf phytase. Activity was assayed 30 min at 37°C
following 10 min preincubation at the indicated temperatures. Reprinted from Reference [20].

of its activity at 50°C but only 20% at 60°C [14]. Maize phytase purified from
seedlings germinated 5 or 6 days was completely stable for 10 min at 55°C, but
lost 70% of its activity at 65°C [15]. An oat phytase retained 85% of its activity at
40°C but only 29% at 50°C after 90 min incubations [16]. Two phytases purified
from barley seedlings and exposed for 90 min to 50°C kept at least 76% of their
activity, whereas only 22-53% remained after 90 min at 60°C [17].

It is not clear whether soybean seed phytase may be slightly more ther-
mostable than the other plant phytases. The partially purified enzyme retained
most of its activity at 60 and 65°C for 10 min at pH 4.8 [18]. However, a soybean
seed phytase purified 22-fold from cotyledons of seedlings germinated 10 days
lost most of its activity between 55 and 70°C during 10 min of preincubation
at pH 4.8 [19].

Recently, it was discovered that significant levels of phytase are present in a
variety of vegetables [20]. A phytase purified from scallion leaves was stable
for 10 min at 58°C (Figure 7.2).

2.2. FUNGAL PHYTASES

Aspergillus niger phytase was originally selected for use in animal feeds be-
cause the activity yield was greater than that of the other microorganisms tested
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TABLE 7.2. Thermostability of Fungal Phytases.

Source Approximate Stability Limit Reference
Aspergillus niger (phyA) 60°C [9]
Aspergillus niger (phyB, pH 2.5 80°C [283]
acid phosphatase)
Aspergillus fumigatus 100°C [25]
Myceliophthora thermophila 50°C [25]
Aspergillus terreus 45°C [25]
Thermomyces lanuginosus 60°C [27]
Peniophora lycii 80°C [28]

[21]. However, A. niger phytase proved unable to survive existing industrial
processes to manufacture feed pellets. As a result, the phytases from a number
of thermotolerant and thermophilic fungi have been cloned to determine the ge-
netic features of thermostability. Their approximate stability limits are shown
in Table 7.2.

A. niger produces two phytases [22]. The enzyme with optima at pH 2.0 and
5.5 is known as phyA or simply A. niger phytase, and the other has been called
phyB or pH 2.5 acid phosphatase. Upon purification, the phytase secreted by
A. niger with optima at pH 2.0 and 5.5 had maximum activity at 58°C but lost
most of its activity after 10 min at 68°C [9]. The second phytase from A. niger
with a single optimum near pH 2.5 retained most of its activity after 20 min at
80°C [23]. The latter enzyme had been cloned and overexpressed in A. niger
and might be expected to be equivalent to the native phytase. However, when
the native enzyme was preincubated 10 min at 75°C, no activity was detected
in a subsequent assay using p-nitrophenylphosphate as the substrate [24].

Phytases from Aspergillus fumigatus, Myceliophthora thermophila, and
Aspergillus terreus 9A were overexpressed in A. niger [25]. The latter two
enzymes retained most of their activity following 20 min exposure to 45 and
50°C, respectively, but not at higher temperatures. In contrast, A. fumigatus
phytase retained more than 80% of its activity after 20 min at 100°C, which
was the highest temperature used (Figure 7.3). Further investigation revealed
that the resistance of this enzyme to high temperatures was primarily due to its
ability to refold properly after heat denaturation [23]. Active phytases cloned
from Emericella (Aspergillus) nidulans and Talaromyces thermophila have also
been expressed in A. niger, but their thermostabilities were not reported [26].

When phytase from Thermomyces lanuginosus was expressed in Fusarium
venatum, about half of its activity was retained after a 20 min incubation at
65°C, but about 30% of its original activity still remained after 20 min at 75°C
[27]. This residual activity, attributed to reversible thermal denaturation, was
considerably greater than the 5% displayed by A. niger phytase [27]. However,
A. niger T213 or CB phytase, which differs from the widely used A. niger
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Figure 7.3 Residual enzymatic activity of the purified A. fumigatus phytase after exposure for
different periods to 60°C (O), 90°C (m) and 100°C (O). Reprinted with permission from Reference
[25].

NRRL 3135 phytase in 12 amino acids, displayed 25% of its original activity
after 20 min at 90°C [23]. Because the A. niger phytases were not compared
under identical conditions, it is uncertain whether the amino acid sequence or
the experimental procedures accounted for the observed difference.

In contrast to the above fungal phytases from the phyllum Ascomycota, the
phytase from Peniophora lycii, a Basidiomycete, recovered most of its activity
after refolding following its thermal denaturation [28]. At pH 5.5, the activity of
P. Iycii phytase expressed in Aspergillus oryzae was stable for 60 min at 50°C,
whereas 50-60% of the activity remained after 60 min at 60, 70, or 80°C (28).

2.3. YEAST PHYTASES

A few secreted yeast phytases have been evaluated for thermostability. The
phytase from Schwanniomyces castelli has optimum activity at 77°C and was
stable for 1 h at 74°C [29]. The optimal temperature for phytate hydrolysis for
the phytase from Arxula adenovirans was 75°C, but the enzyme lost 90% of its
activity following 20 min at that temperature [30]. During an extensive survey
of yeast strains, an additional species, Pichia spartiae, was found to secrete a
phytase that had optimal activity at 75-80°C and retained a large fraction of its
activity at more than 80°C [31].

2.4. BACTERIAL PHYTASES

In contrast to the phytases produced by eukaryotes, bacterial phytases have
none of the posttranslational modifications that may provide stability in an
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TABLE 7.3. Thermostability of Bacterial Phytases

Source Approximate Stability Limit Reference
Bacillus sp.DS11 90°C [32]
Enterobacter sp.4 60°C [33]
Escherichia coli 50°C [34]
Klebsiella terrigena 50°C [35]

extracellular environment. Nevertheless, they appear to be effective when fed
to animals, and are also of interest for possible food applications. A few of these
enzymes have been evaluated, and the phytase purified from Bacillus sp.DS11
had very good thermostability under optimal conditions (Table7.3 ).

Similar to the plant phytases, the bacterial enzymes could be classified as acid
or alkaline phytases according to their pH optima. The phytases from Bacillus
sp.DS11 [32] and Enterobacter sp.4 [33] have alkaline optima of pH 7.0 and
pH 7.5, respectively. The Bacillus phytase was only stable to about 40°C for
10 min in the absence of calcium (Figure 7.4). However, in the presence of
5 mM CaCl,, 50% of its activity was recovered following 10 min at 90°C.
When a crude phytase solution from Enterobacter was preincubated 20 h, most
of the activity was recovered at 50°C, and about 30% was recovered at 60°C.
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Figure 7.4 Effect of temperature on stability of Bacillus sp.DS11 phytase. The enzyme was
preincubated at various temperatures for 10 min without (A) and with (0) 5 mM CaCl,, and
the remaining activity was measured at 37°C for 30 min. Reprinted from Enzyme and Microbial
Technology, 22, Kim, Y.-O., Kim, H.-K., Bae, K.-S., Yu, J.-H. and Oh, T.-K., Purification and
Properties of a Thermostable Phytase from Bacillus sp. DS11, 2-7, Copyright 1998, with per-
mission from Elsevier Science.
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The acid phytases from Escherichia coli [34] and Klebsiella terrigena [35]
have optimum activities at pH 4.5 and pH 5.0, respectively. When incubated for
1 h at 50°C, E. coli phytase was completely stable, while at 60°C only 24% of
the activity was recovered [34]. However, E. coli phytase was more stable below
its pH optimum, with approximately 50% of the original activity recovered after
30 min at 60°C at pH 1-3 [36]. K. ferrigena phytase preincubated 1 h retained
80% of its activity at 50°C and was completely inactivated at 60°C. However, in
the presence of 20 mg/L bovine serum albumin, the latter enzyme still displayed
30% of its original activity after 5 h at 60°C.

3. STABILIZERS FOR PROCESSING AND STORAGE

There are times when the stability of phytases becomes critical before the
enzymes are activated to break down phytate in foods or feeds. For animal
feeds the event of most concern is the pelleting step, when the temperature may
temporarily reach 60-90°C [23]. During 10 min incubations, wheat phytase
in whole meal was stable at 81°C (Figure 7.5), whereas an aqueous extract
purified about 20-fold retained most of its activity only up to 55°C [10]. The
large decrease in thermostability resulting from purification of this phytase

Percentage of control activity

20 |~

| | 1 | 1
20 40 60 80 100
Temperature of 10 min treatment (°)

Figure 7.5 Thermal inactivation of wheat phytase in whole meal heated to various temperatures in
sealed ampoules for 10 min. Activity was determined in buffered substrate, pH 5.15, at 55°C [10].
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demonstrated the protective effects of the endogenous seed components. In
fact, more than 60% of the activity remained after heating the whole meal for
90 min at 81°C [10]. Similar findings were reported by Skoglund et al. [37], who
observed no decrease in the intrinsic phytase activity of a barley-rapeseed-pea
diet for pigs after pelleting at 81 4+ 5°C. Three recombinant fungal phytases
retained most of their activity after pelleting maize-soybean-fish meal feed at
75°C, even though the purified recombinant A. niger phytase in solution lost
most of its activity at 70°C [23]. However, after pelleting the feed at 85°C,
only the A. fumigatus phytase was mostly recovered, while most of the A.
niger phytase and the A. niger phytase also known as pH 2.5 acid phosphatase
were inactivated. In a comparison of four recombinant fungal and two bacterial
phytases during pelleting of wheat-based feed, E. coli and A niger phytases
were the most stable at 70°C, but only P. lycii phytase retained more than half
of its activity at 80°C [38].

Although no systematic study has been conducted to determine the relative
contributions of individual feed components to phytase thermostability, several
stabilizing compounds have been identified. In the presence of soluble starch
and sorghum liquor wastes, 67% and 18% of the activity of Natuphos (A. niger
phytase) survived 10 and 30 min, respectively, at 80°C, whereas no residual
activity of unstabilized Natuphos remained after 30 min at 60°C [39]. Phytate
has been reported to confer heat resistance to A. adeninivorans phytase, which
has an optimal temperature of 75°C but was 90% inactivated after 20 min at
75°C in the absence of substrate [30]. In the absence of calcium, most of the
activity of Bacillus sp.DS11 was lost after 10 min at 50°C [32]. Howeyver, in the
presence of 5 mM CaCl,, half of the original activity remained after 10 min at
90°C. Similarly, the phytase from Bacillus subtilis strain VTT E-68013 required
CaCl; in all purification steps to maintain activity [40]. K. terrigena phytase lost
20% and 100% of its activity after 1 h at 50 and 60°C, respectively, but in the
presence of 20 mg/L serum albumin, 100% and 30% of the activity remained
after 5 h at those temperatures [35]. It is not surprising that dramatic effects
of stabilizers have been observed for the nonglycosylated bacterial phytases.
A stabilizing effect of glycosylation has been shown for recombinant A. niger
phytase expressed in Pichia pastoris and Saccharomyces cerevisiae, where
deglycosylation by Endo H resulted in losses in thermostability of 34% and
40%, respectively [41,42].

Fungal phytases produced in liquid culture are dried and stored prior to
their formulation into edible products. When various salts were tested for their
effects on the spray drying of A. niger phytase, the smallest losses, which were
similar to the control, were obtained for MgSQOy, ZnSO,, and (NH4),SO4 at 80
mmol/ 100 mL phytase [43]. Following subsequent storage for 8 weeks at
35°C, 52% and 46% of the activity was lost in the control and with (NH4),SOy4,
respectively, whereas MgSO, and ZnSO, limited the losses to just 15% and
9%, respectively.
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4. STABILITY IN THE GUT
4.1. pH STABILITY

The stability of phytases to changes in pH has not received nearly as much
attention as their thermostability. The effect of a broad range of pH values on
stability per se has been determined mainly for the plant and bacterial phytases,
although the fungal phytase of P. Iycii was reported to be stable for 1 h at 40°C
from pH 3-9 [28].

Phytase from rice bran retained most of its activity after 24 h at 4°C from pH 4
to pH 8 [13], and wheat bran phytase was stable for 12 h at 4°C from pH 4-7
[11]. Spelt, rye, oat, and barley phytases were relatively stable for 5-10 days
at 4°C between pH 3.0 and pH 7.5 [12,14,16,17]. As a prelude to determining
their susceptibility to inactivation by gastrointestinal enzymes, wheat phytase
was exposed to pH 2.5, 3.0, or 3.5 for 15 to 60 min at 37°C [44]. Activity was
stable at pH 3.5, decreased slightly at pH 3.0, and was completely lost after
15 min at pH 2.5 (Figure 7.6).

The phytase from Enterobacter sp.4 retained most of its activity only be-
tween pH 7 and pH 8 after 20 h at room temperature [33]. Most of the activity of
Bacillus sp.DS11 phytase survived a preincubation of 1 h at 37°C between pH 4
and pH 8 [32]. The addition of 5 mM CaCl, extended the range of stability to
pH 3-12 [45]. Neither E. coli nor Klebsiella terrigena phytase lost any activity

151
(=]
S
g 10}
=8
&
2 —e— pH3.5
E —— pH 3.0
2 ost —a— pH2.5 ]
=
L
o
0.0 | - & 2
0 10 20 30 40 50 60
Time, min

Figure 7.6 Effect of pH on the stability of wheat phytase. Reprinted from Reference [44].
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after 10 days at 4°C from pH 3.0 to pH 9.0 [34,35]. E. coli phytase also retained
80-90% of its activity for 2 h at 37°C from pH 2-10, and 40% of its activity
survived under similar conditions at pH 1 [36]. In a comparison of recombinant
A. niger phytase expressed in E. coli with native A. niger phytase, both enzymes
were stable at pH 3, but at pH 2, the native enzyme remained stable, whereas
the recombinant phytase was completely inactivated following 2 h at 23°C [46].

4.2. PROTEOLYTIC RESISTANCE

The effect of pepsin on the activities of wheat and A. niger phytases was deter-
mined at 37°C and pH 3.5, because both phytases were completely stable at that
pH [44]. At pepsin concentrations that inactivated significant portions of wheat
phytase, nearly all of the A. niger activity was recovered. Results similar to the
above were obtained when pancreatin at pH 6.0 was substituted for the pepsin.
Another study compared the proteolytic resistance at 37°C of recombinant A.
niger phytase overexpressed in A. niger with E. coli phytase overexpressed in
Pichia pastoris [47]. Unexpectedly, the recombinant E. coli phytase (r-AppA)
exhibited increased activity after incubation with pepsin at pH 2.0, whereas re-
combinant A. niger phytase lost most of its activity (Figure 7.7). Trypsin at pH
7.5 caused both phytases to lose activity, with the E. coli phytase experiencing
the greater loss (Figure 7.7). When four recombinant fungal and two bacterial
phytases were compared for susceptibility to inactivation by pepsin or pancre-
atin during 60 min at 40°C, the fungal enzymes were mostly inactivated [38].
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Figure 7.7 Residual phytase activity after trypsin [r-PhyA (m), r-AppA (e)] or pepsin [r-PhyA (O),
r-AppA(O)] hydrolysis. The ratios of trypsin/phytase and pepsin/phytase used were 0.01 (w/w) and
0.005 (w/w), respectively. Reprinted with permission from Reference [47].
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In contrast, E. coli phytase was stable to both proteases, and B. subtilis phytase
retained most of its activity in the presence of pancreatin. Further testing of the
six phytases for stability in various segments of the digestive tract of chickens
showed that E. coli phytase was also the most stable during 60 min at 40°C in
the presence of digesta supernatant fractions from the stomach [38]. In a similar
study, 80% of E. coli phytase activity was recovered after 2 h at 37°C in the
presence of pepsin at pH 2.5, compared to 38% recovery following equivalent
exposure to a mixture of pancreatic proteases at pH 7 [36].

In addition to hydrolysis by intestinal enzymes, phytases secreted into culture
fluids may also undergo proteolysis during storage and processing. Recombi-
nant A. fumigatus and E. nidulans phytases were degraded at 50°C by culture
supernatant fluids from A. niger but not from Hansenula polymorpha [48].
Cleavage of the A. fumigatus phytase resulted in considerable loss of activity,
whereas cleavage of the E. nidulans enzyme had no effect. Site-directed mu-
tagenesis of the protease-sensitive sites reduced their sensitivity to proteolysis
and decreased the rate of inactivation of the A. fumigatus phytase [48].

4.3. EFFECTIVENESS IN VIVO

Dozens of reports published in the past decade, especially within the last
few years, have documented the effectiveness of recombinant A. niger phytase
in poultry (e.g., References [49,50]), pigs (e.g., References [51,52]) and fish
(e.g., References [53,54]). Satisfactory results have also been obtained with
cereal [55] and bacterial [56] phytases. However, in addition to their stability
in the gut, other characteristics of these enzymes, such as a low K, for phytate
and a high K; for inorganic phosphate, may contribute to their effectiveness
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Figure 7.8 Effect of adding microbial phytase on in vitro P release and in vivo P digestibility

of growing pigs fed a corn-soybean meal diet. Reprinted with permission from Reference [58].
Copyright 1997 American Chemical Society.
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in vivo [11]. The direct method to determine the stability of phytase within an
animal’s gut is to collect the digestive contents and analyze them for phytase
activity. Alternative methods developed at the University of Missouri utilize in
vitro digestion to predict the phytase activity in meals fed to poultry [57] and
pigs [58]. The in vitro phosphorus release corresponded to in vivo phosphorus
digestibility in pigs with a correlation coefficient of 0.999 [58] (Figure 7.8).

5. STABILITY OF RECOMBINANT PHYTASES
5.1. MOLECULAR MODELING

Initial efforts to increase the thermostability of the phytases used in animal
feeds have involved screening a variety of plants and microorganisms to deter-
mine the range in properties that evolved in nature. Once the groundwork has
been laid, alterations will be made in the structures of these enzymes through
mutation and recombination of their amino acid sequences and additionally by
controlling the posttranslational modification events with possible emphasis on
glycosylation.

In order to identify specific amino acid residues to target for change, the
crystal structures of the two phytases from A. niger were determined [59,60].
The high sequence homology of the enzymes (Figure 7.9) resulted in an overall
structural similarity. The active site of each could be divided into a catalytic
center and a substrate specificity site. Although the catalytic centers were almost
identical, the substrate specificity site of the dual optima phytase contained four
basic amino acids that the phytase, also known as pH 2.5 acid phosphatase,
lacked. This helped to explain both the lack of activity of the latter at pH 5,
where its negatively charged active site would repel phytate, as well as its
lower dependence on the total negative charge of its substrates, because its
substrate specificity site was not positively charged. Any modifications designed
to increase stability need to preserve the functional integrity of the catalytic
center and, to some extent, the substrate specificity region of the active site.

Based on the three-dimensional structure of A. niger phytase, the glutamine
at position 27 in the amino acid sequence of A. fumigatus phytase was suspected
of contributing to its lower activity compared to A. terreus phytase [61]. This
glutamine appeared to form a hydrogen bond with the 6-phosphate of phytate,
and A. terreus phytase had a leucine at the equivalent position. Site-directed
mutagenesis to convert the glutamine at position 27 to a leucine increased the
activity of A. fumigatus phytase from 26.5 U/mg to 92.1 U/mg [61]. Unfor-
tunately, however, this also probably lowered its thermostability, because the
mutation resulted in a decrease from 62.5 to 56°C in the unfolding temperature.
Similar attempts to increase the thermostability of A. terreus phytase, based
on the structure of A. niger phytase, by point mutations were unsuccessful,
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Figure 7.9 Amino acid sequence alignment of A. niger pH 2.5 acid phosphatase (AnigAP) with A.
niger phytase (AnigPhyA). Similar amino acid residues are surrounded by boxes. The catalytically
important residues are in bold type. Reprinted with permission from Reference [60].

but replacing a 31 amino acid a-helix gave the desired result, possibly due to
improved packing in the protein interior [62].

Using the protein sequences of 13 fungal phytases, a consensus phytase
was constructed containing at each position the amino acid occurring most
frequently at that position [63]. The consensus phytase had an unfolding tem-
perature of 78°C compared to 55.7-63.3°C for the parent enzymes. Molecular
modeling suggested that the increased thermostability was likely due to tighter
hydrophobic packing, the formation of additional hydrogen bonds, and stabi-
lization of a loop. The consensus phytase also had an increase in temperature
optimum of 16—-26°C over its precursors and displayed normal catalytic proper-
ties at 37°C. Replacing 24 amino acids in or immediately adjacent to the active
site of the consensus phytase with residues of A. niger phytase gave a phytase
with an unfolding temperature of 70.4°C and a pH-activity profile more similar
to that of A. niger phytase [64]. Including six additional fungal phytases in the
consensus calculations improved the unfolding temperature to 85.4°C, and site-
directed mutagenesis to eliminate four destabilizing mutations and introduce
one stabilizing mutation resulted in a catalytically uncompromised phytase that
unfolded at 90.4°C [65].
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The crystal structures of E. coli [66] and Bacillus sp.DS11 [67] phytases have
recently been published. A mutant E. coli phytase with more than 40% residual
activity following heating 15 min at pH 2.5 and 90°C was created, apparently
by eliminating a disulfide bond, thus increasing the number of hydrophobic
interactions [68].

5.2. TRANSGENIC PRODUCTION OF PHYTASES

Phytases have been cloned and expressed transgenically in plants, yeast,
fungi, and bacteria. These exercises have revealed valuable information on
how differences in posttranslational modification in vivo and processing for
secretion or storage affect phytase stability. The trait most often evaluated has
been thermostability, although some reports have focused on stability during
storage, processing, or digestion.

The effect of transgenic expression on the thermostability of A. niger phyA is
shown in Table 7.4. In Glycine max, the thermostability was slightly increased
despite the fact that the soybean version was significantly less glycosylated as
evidenced by a molecular mass of 69,000 to 71,000 compared to 85,000 in
A. niger [69]. A similar increase in activity was observed in Pichia pastoris,
which produced a more heavily glycosylated phytase with a molecular mass
of 95,000 [41]. Different laboratories reported that A. niger phytase expressed
in Saccharomyces cerevisiae had either a significant increase or no change
in thermostability [42,48]. The reason for the apparently conflicting results is
not obvious, as similar times and temperatures were used for the incubations.
Although not tested specifically for thermostability, A. niger phytase expressed
in E. coli had no activity above 55°C, presumably due to a lack of glycosylation
[46]. In related experiments, A. fumigatus phytase expressed in A. niger, H.
polymorpha, and S. cerevisiae had identical activities at temperatures from
37-90°C [48].

From an E. coli strain isolated from pig colon, Rodriguez et al. [70] cloned a
phytase with seven amino acids different from the phytase sequence from E. coli
BL21(DE3). When expressed in P. pastoris, these two E. coli enzymes exhibited
similar thermostabilities that were slightly higher between 37 and 60°C and

TABLE 7.4. Effect of Transgenic Expression on Thermostability
of Aspergillus niger Phytase.

Transgenic Host Effect on Thermostability Reference
Glycine max Slight increase [69]
Pichia pastoris Slight increase [41]
Saccharomyces cerevisiae Increase [42]
Saccharomyces cerevisiae None [48]
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lower from 65 to 100°C than recombinant A. niger phytase overexpressed in
A. niger.

Nicotiana tabacum (tobacco) has been utilized to examine the storage stabil-
ity of transgenic A. niger phytase expressed in different plant tissues. Although
the yield in leaves was superior, seeds may be preferable for long-term storage.
Phytase accounted for 1% of the soluble protein in the seeds and was stable for
1 year at 20°C [71]. In contrast, phytase totaled 14 % of the soluble protein in
the leaves, where it remained stable during 2 weeks of senescence [72].

6. FUTURE RESEARCH

Currently, there is much interest in defining the molecular criteria responsi-
ble for thermostability, such as glycosylation sites, disulfide bonds, and other
stabilizing factors that are dictated by the amino acid sequence. The most ther-
mostable phytase with the best storage stability and in vivo activity ultimately
may be constructed from parts of two or more different proteins along with
some targeted amino acid changes. More work will be needed to determine the
effects on thermostability of the components naturally present in plant materials
along with a more extensive evaluation of inorganic ions such as calcium and
magnesium. The question of how stable phytases are in leaves postharvest both
in wet tissue and after drying also needs to be answered. It is not known for
certain what molecular characteristics of A. niger phytase make it relatively sta-
ble in the presence of gastrointestinal enzymes and low pH compared to wheat
phytase, or what features of the bacterial phytases determine their resistance to
proteases. Perhaps most importantly, studies to directly compare the stability
and effectiveness of different phytase products when used in their intended ap-
plications in foods or feeds should be performed. These studies may also reveal
whether or not differences in the inositol polyphosphate breakdown products
from phytases with different specificities have any significant nutritional conse-
quences. The process of finding solutions to these problems will almost certainly
generate additional puzzles and ideas to pursue for the next several years.
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CHAPTER 8

Methods for Analysis of Phytate

ERIKA SKOGLUND
ANN-SOFIE SANDBERG

1. INTRODUCTION

N the early and mid 1900s, the quantitative analysis of phytate (InsPg)

was based on precipitation with ferric chloride, first described by Heubner
and Stadler in 1914 [1], or purification using anion-exchange chromatography
[2-4]. A disadvantage of these methods is the lack of specificity in distinguish-
ing between InsPg and its degradation products. Because inositol phosphates
with three to five phosphate groups (InsP;—InsPs) as well as InsPg have been
shown to be nutritionally significant [5-10], it is of great importance to have
a reliable method for the determination of the individual inositol phosphates.
There are also difficulties in determining low InsPg levels using the precipita-
tion and anion-exchange methods. The amount of detectable inositol phosphates
should be at least in the nanomolar range, due to the low inositol phosphate
concentrations in biological samples. Thus, a sensitive analytical method for
the determination of InsPg is required. With the development of ion-pair HPLC
procedures [11-12] and capillary electromigration methods [13—14], it became
possible to study InsPg and some of its hydrolysis products during food pro-
cessing and digestion. These methods are relatively easy to handle with a short
and simple procedure, but they do not differentiate isomeric forms of inositol
phosphates. The various isomers have been shown to have different biochemical
functions, so the precise stereochemistry of the inositol phosphates is of consid-
erable significance. It is, therefore, desirable to have an analysis method that not
only has the capability to separate inositol phosphates with different numbers
of phosphate groups, but also to separate the different isomeric forms of the
degradation products. During the last few years, a number of isomer-specific
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ion exchange chromatography (HPIC) methods with gradient elution for de-
termination of inositol phosphates in biological samples have been developed
[15-20].

2. SAMPLE PRETREATMENT

The techniques for preparing samples used in most methods for determination
of inositol phosphates include liquid- and solid-phase extraction, centrifugation,
freezing and thawing (to precipitate gelatinous agents and soluble proteins), and
evaporation. For liquid extraction of inositol phosphates from foods or intestinal
contents, an acid such as hydrochloric acid (HCI) can be used. Trichloroacetic
acid (TCA) might be used in extraction of biological tissues, because it is
good for removal of proteins and lipids. The medium used in the ion exchange
columns for solid-phase extraction can be either silica-based anion exchange
SAX or resin-based anion exchange AG 1-X8. The cleaning on ion exchangers
is very useful for separating the ions from most impurities, removing inorganic
phosphate and giving essential concentrations of inositol phosphates.

There is a desire for faster preparation of samples. The ion chromatographic
methods of Cilliers and van Niekerk [21] and Rounds and Nielsen [17] use ex-
traction, centrifugation, and filtration to prepare the plant, food, or soil samples.
In these methods, the ion exchange step is omitted. The ion chromatography
method of Skoglund and coworkers [19] includes a cleaning step with anion
exchange. Results in our laboratory [22] show that omitting this step and in-
stead filtering 0.5 mL extract with a centrifuge filter (Amicon Microcon 30)
gives comparable results in the food samples studied so far.

3. METHODS FOR PHYTATE DETERMINATION
3.1. PRECIPITATION METHODS

Precipitation methods are based on the principle that InsP¢ forms an insol-
uble stable complex with ferric ion in dilute acid and, presumably, is the only
phosphate compound with that property [1]. The phosphorus content in the
precipitate can be determined after wet ashing or hydrolysis, giving a direct
measure of the InsPg content. A certain molar ratio between iron and InsPg
is required for quantitative precipitation. In indirect methods, a stoichiomet-
ric relationship between InsPg and the unprecipitated ferric ions is determined.
Latta and Eskin described in 1980 [23] a colorimetric method for determination
of InsPg¢ that is founded on the reaction between ferric chloride and sulfosali-
cylic acid, giving a pink-colored reagent with absorbance maximum at 500 nm.
When InsPg is present, the iron becomes bound to the phosphate ester, therefore,

© 2002 by CRC Press LLC



unavailable to react with sulfosalicylic acid, resulting in a decrease in pink color
intensity. The decrease in absorbance is proportional to the concentration of
InsPg present. The precision in this method may be impaired by the presence of
lower inositol phosphates that also complex with iron. Other compounds able
to bind to iron, such as polyphenols, are also coprecipitated. It was later sug-
gested by Vaintraub and Lapteva [24] that the purification stage in the Latta and
Eskin method [23] be omitted. This reduced the determination time while the
precision and sensitivity were increased. Several different methods based on the
analysis of phosphorus and iron in ferric InsP¢ have been suggested [25-27].
The method by McCane and Widdowson [26] was the one first determining
InsPg directly. A disadvantage of the precipitation methods is the lack of speci-
ficity to distinguish between InsPg and partially dephosphorylated analogues.
De Boland and coworkers [28] found that all of the inositol phosphates from
IndP, to InsPg form insoluble complexes. However, InsP, InsP,, and InsP; are
appreciably soluble and not quantitatively precipitated. The methods, further-
more, have a low sensitivity and can thereby not detect low amounts of InsPg.

3.2. ION EXCHANGE METHODS

Because of its simplicity and low cost, ion exchange chromatography is of-
ten used for processing a large number of samples, though it is not a rapid
procedure. Smith and Clarke [2] introduced the technique for separation of in-
ositol phosphates using a stepwise elution with HCL. About 10 years later, an
HCI gradient for qualitative analysis of phosphate esters was used by Cosgrove
[3]. Since Harland and Oberleas in 1977 [29] introduced an anion exchange
chromatography method with step gradient elution for quantification of InsPg,
several modifications to this method have been published [23,30-32]. The eluate
is digested, inorganic phosphorus is measured, and InsPg-equivalent is calcu-
lated. The InsPg value from the iron-precipitation method was indicated to be
higher than values from the ion exchange method [33]. Ellis and Morris [30]
suggested that substances in the acid extract were interfering with InsPg, re-
sulting in the lower values. If EDTA was added to the sample extract and the
pH was adjusted to 6, the level of InsPs determined by ion exchange meth-
ods was in accordance with the iron-precipitation method [34]. The effects of
particle size and cross-linkage of ion exchange resins on InsPg recovery were
determined by Ellis and Morris [35]. They reported AG1 (X4 resin, 100-200
mesh) to be the most appropriate resin. With the modifications suggested by
Ellis and Morris to the method developed by Harland and Oberleas, it was later
adopted as an AOAC method [4]. However, contamination of InsPg with the
lower inositol phosphates and nucleotides seemed to interfere with this method
[36,37]. In fact, measurements of InsPg, according to AOAC, were found to
correlate to the sum of InsP3, InsPy, InsPs, and InsPg determined by HPLC ion-
pair chromatography, suggesting that these inositol phosphates were included
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in InsP¢ determination by the AOAC method (Sandberg, COST 916). Another
disadvantage of the method is that it does not detect low levels of InsPg.

3.3. HPLC METHODS

A number of high-performance liquid chromatography (HPLC) techniques
have been developed for the analysis of InsPg in foods [31,38—-39]. These meth-
ods separate InsPg from inositol by using reversed phase octadecyl (C-18) sta-
tionary phases and aqueous potassium dihydrogen phosphate or sodium acetate
mobile phases. A disadvantage of these and other contemporary procedures
[40] is elution of InsP¢ on the solvent front. InsPg is only weakly retained on
the column resulting in extremely poor resolution.

To purify samples prior to analyses by HPLC, a strong anion exchange resin
was used [31,39] after extraction with hydrochloric acid (HCI). The main advan-
tages of this rather time-consuming step are effective concentration of inositol
phosphates, removal of inorganic phosphate, and elution of most impurities.
HCl is removed by evaporating the extract to dryness.

4. METHODS FOR DETERMINATION OF PHYTATE AND ITS
DEGRADATION PRODUCTS

4.1. HPLC ION-PAIR METHODS

Ion pairing is based on the principle that a reagent, added to the mobile
phase, is retained by the stationary phase, thus providing the otherwise neutral
octadecyl stationary phase with charge to increase retention time on the col-
umn. An HPLC procedure was developed for analysis of InsPg in which error
due to coelution with the solvent front was eliminated [41]. In this method,
the tetrabutyl ammonium hydroxide (TBA-OH) is used for ion pairing, as it is
both hydrophobic and ionized and, therefore, able to bring the octadecyl phase
to the InsPg. In 1986, Sandberg and Ahderinne [11] presented a method, later
modified to increase sensitivity [8], in which InsPg and some of its degradation
products (InsP;—InsPs) were able to be separated and quantified. The inositol
phosphates were purified on strong anion exchange columns, separated using
ion-pair HPLC and detected with refractive index detection. In a modification
of the ion-pair HPLC procedure for InsP3—InsPg¢, analysis ultrasonication for
extraction- and silica-based SAX (strong anion exchange) columns for purifi-
cation and separation were used [12,42]. The ion-pair HPLC methods have the
advantages of being both sensitive and easy to adopt. However, these methods
do not differentiate isomeric forms of inositol phosphates, as gradient elution
cannot be performed when using refractive index detection. In addition, the nu-
cleotide adenosine triphosphate has been observed to coelute with InsP5 [43].
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4.2. HPIC METHODS

Phillippy and Johnston [36] developed the first high-performance ion chro-
matography (HPIC) method for determination of InsPg. Since then, several
methods have been described using ion chromatography with gradient elution
for the separation of inositol phosphates and their different isomers [15,16,18—
20,44]. HPIC is an effective and sensitive technique that is able to determine
numerous ions simultaneously. The principle underlying this form of chro-
matography is the attraction between oppositely charged particles. In the sep-
aration of analytes, a low-capacity, low-affinity ion exchange column is used,
linked to a detector. The eluent, a counterion, is pumped through the column to
replace the exchangeable ions in the column and to establish a constant signal
from the detector. When the sample ions are injected, they are taken up by the
resin column by exchange with an equivalent number of eluent ions. The sample
ions are separated as a result of different affinity for the resin exchange sites.

In 1986, Cilliers and van Niekerk [21] presented a method for InsPg analysis
using an ion exchange column with a short and simple preparation procedure
that was well suited to the handling of a variety of food samples. Before being
injected into the column, the samples were only extracted with 3% TCA, shaken,
and centrifuged. Rounds and Nielsen [17] published a method for the quantita-
tion of InsPs-InsP, with minimal sample preparation and equipment, using only
extraction, centrifugation, and filtration. The method was developed to facilitate
the analysis of inositol phosphates in plants, foods, and soil. However, some
samples, such as intestinal collections, which have a greater concentration of
compounds, are difficult to filter. Furthermore, their gradient elution procedure
separated the different inositol phosphates but did not resolve their isomers. A
number of isomer-specific ion chromatography methods using gradient elution
have lately been presented [15,16,19,20,36,44]. The two HPIC methods devel-
oped by Skoglund and coworkers [19,20] permit the detection of InsP-InsP¢ in
food, intestinal contents, and enzymatic hydrolysates with high sensitivity and
show a commendable separation of isomers. Figure 8.1 shows chromatographic
profiles analyzed according to Skoglund et al. [20] of a sample containing var-
ious isomers of inositol phosphates produced by reflux boiling of InsPg with
HCI [Figure 8.1(a)] and a fermented wheat roll sample [Figure 8.1(b)].

4.3. CE METHODS

Since the early 1990s, several methods for the analysis of inositol phos-
phates have dealt with capillary zone electrophoresis (CZE) and capillary isota-
chophoresis (CITP) in combination with conductivity detection [13] or indirect
UV absorbance detection [14,45,46]. Electrophoresis is defined as the migra-
tion of charged compounds through a solution under an electric field. Capillary
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Figure 8.1 Chromatographic profile of (a) InsPg hydrolyzed by HCI and of (b) a fermented
wheat roll sample analyzed according to Skoglund et al. [20]. Unidentified peaks are assigned
a star (*). Peaks: (1) DL-Ins(1,6)P5; (2) DL-Ins(1,2)P,; (3) DL-Ins(1,4)P,, DL-Ins(2,4)P,; (4) DL-
Ins(4,5)P2; (5)*; (6)*; (7) DL-Ins(1,2,4)P3, Ins(1,3,4)P3; (8) DL-Ins(1,2,6)P3, Ins(1,2,3)P3; (9) DL-
Ins(1,4,5)P3; (10) DL-Ins(1,5,6)P3; (11) Ins(4,5,6)P3; (12) Ins(1,2,3,5)Py4; (13) DL-Ins(1,2,4,6)P4;
(14) DL-Ins(1,2,3,4)Py4; (15) Ins(1,3,4,6)P4; (16) DL-Ins(1,2,4,5)Py4; (17) DL-Ins(1,3,4,5)Py4; (18)
DL-Ins(1,2,5,6)P4; (19) Ins(2,4,5,6)P4; (20) DL-Ins(1,4,5,6)P4; (21) Ins(1,2,3,4,6)Ps; (22) DL-
Ins(1,2,3,4,5)Ps; (23) DL-Ins(1,2,4,5,6)Ps; (24) Ins(1,3,4,5,6)Ps; and (25) InsPs.
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electrophoresis (CE) represents a group of electrophoretic techniques, all per-
formed in a narrow-bore capillary. Isotachophoresis (ITP) is a separation
method of high performance for ionic components. The separation is achieved
through stacking the ions into discrete zones in a capillary tube, in order of
their mobilities. The samples are injected between a leading ion with high mo-
bility and a trailing ion with low mobility. When the tube is subjected to an
electric field, the ions move at different speeds depending on their mobilities.
Blatny and coworkers [13] used capillary ITP with conductivity detection to
investigate phytase hydrolysis of InsP¢ as a function of time. They concluded
ITP to be a rapid and simple method for quantization of InsP to InsP¢ and or-
thophosphate when using two different buffer systems. However, a drawback
of capillary electromigration methods is the relatively low sensitivity. Devel-
opment of concentration techniques and more sensitive detection techniques is
required to make the methods useful for bioanalysis of inositol phosphates.

4.4. NMR METHODS

3P-Nuclear magnetic resonance (NMR) can be used to detect InsPg and
its degradation products (InsPs-InsP) and also determine the position of the
phosphate groups [47—49]. Because the InsPs molecule has a plane of symmetry
through C-2 and C-5, the P signals owing to C-1 and C-3 are identical, as are
those from C-4 and C-6. Therefore, InsPs produces four resonance peaks in
the relation 1:2:2:1. The 3'P-NMR technique is useful when investigating the
InsPg amount in plant tissues, its form, and binding to other components. For
InsPg hydrolysis products, more signals appear with increasing degradation,
owing to the generation of different isomers. This method for determination of
inositol phosphates has many advantages for accuracy and specificity. However,
the technique requires expensive equipment. Another drawback is that it has a
low sensitivity and, therefore, cannot be used for detection of low amounts of
inositol phosphates. Furthermore, the resolution of the signals may be impaired
by many P compounds in tissues.

5. DETECTION METHODS

One of the main problems associated with the analysis of inositol phosphates
is the detection, in the case that the radiolabel technique is not used, as the
ultraviolet light transparency rules out conventional UV absorbance methods.
A commonly used detection method for inositol phosphates in HPLC is re-
fractive index detection. Because gradient elution cannot be performed when
using refractive index detection, this method does not differentiate isomeric
forms of inositol phosphates. Further, the popularity of refractive index mea-
surements has been limited because of the lack of sensitivity and vulnerability to
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temperature fluctuations. Useful detection techniques in ion chromatography
are electrochemical and optical detection. Electrochemical detectors measure
the current resulting from the application of a potential across electrodes in a
flow cell. The conductivity of the solution or the current caused by the reduction
or oxidation of analytes (amperometry) can be measured, depending on how
the potential is applied and how the current is measured. A detection limit of
picomoles for InsP-InsP3; was demonstrated in the method of Skoglund et al.
[20] when using a suppressed conductivity detector. For microcolumn-based
separation systems, electrochemical detection is an ideal method; in particular,
amperometric methods are very sensitive. This is because the cell volumes can
be made very small with no loss in sensitivity, because the detection is based
on an electrochemical reaction at the surface of the working electrode. On the
contrary, the response is dependent on the path length in optical detectors.

Many species that are not chromophoric or fluorophoric can be post-column
derivatized to form complexes that are detectable by UV, visible absorbance, or
fluorescence monitoring. Phosphate groups can be derivatized by Fe3* to form
complexes for UV detection [50]. This principle has been used for InsPg and
other inositol phosphates [16,20,36,44]. Irth and coworkers [51] used a post-
column reaction detection system based on ligand exchange between phosphate
ions and an Fe’*-methylcalcein blue (MCB) reagent for fluorescence detection
of Ins(1,2,6)P3. Small and Miller Jr. [52] first introduced indirect photometric
chromatography (IPC), a technique that may be used to overcome the problem
of UV transparency. The principle of IPC is the use of eluent containing light
absorbing (usually UV) ions that displace the sample ions from the column,
resulting in negative peaks in the baseline absorbance. The technique was first
used for InsPg determination in 1988 [53], although the sensitivity was quite
low. Alternatively, an IPC ligand-exchange principle can be applied, based
on decreased color intensity of a dye-metal complex when strong chelating
agents, such as inositol phosphates, are added. The chelating agents compete
with the dye by forming metal complexes. This fundamental principle was
applied to InsPg detection [21] using a red Fe*-sulfosalicylic acid complex,
and to InsP,-InsP¢ detection [15] using the complex between transition metals
and 4-(2-pyridylazo)resorcinol (PAR).

6. CONCLUSIONS

All precipitation and some ion exchange methods lack the specificity to dis-
tinguish between InsPg and its hydrolysis products. These techniques, therefore,
overestimate the InsPg content in foods and digesta. Consistent and reproducible
values are obtained with HPLC ion-pair chromatography for InsPg, InsPs, InsP4,
and InsP; at levels >0.1 wmol/g food. This method is suitable for studies of
mineral bioavailability, as lower inositol phosphates (InsP, and InsP;) do not
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negatively affect absorption [9,10,54,55]. Different isomeric forms of inositol
phosphates also do not affect the mineral absorption [56]. In the field of phys-
iology, however, the isomeric form of the inositol phosphates is decisive, and
accordingly, HPIC methods are promising.
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CHAPTER 9

In vitro and in vivo Degradation of Phytate

ANN-SOFIE SANDBERG

1. INTRODUCTION

EGRADATION of phytate (myo-inositol hexakisphosphate, InsPs) occurs

during food processing and in the gastrointestinal tract. This degradation
is of nutritional importance because the mineral binding strength decreases and
the solubility increases when phosphate groups are removed from the inosi-
tol ring, resulting in an increased bioavailability of essential dietary minerals
[1-4]. In pig breeding, an additional problem is excessive P excretion and pol-
lution, because P in the form of phytate is unavailable for absorption [5]. Major
efforts have, therefore, been made to reduce the amount of phytate in foods
and feeds by different processes or the addition of enzymes. In contrast to the
antinutritional properties, dietary phytate has also been reported to have bene-
ficial effects, such as protection against colon cancer [6,7], arteriosclerosis and
coronary heart diseases [8].

Hydrolysis of phytate during biological food/feed processes such as steeping,
malting, and fermentation [9—12] is as a result of activity of the enzyme phytase,
present naturally in plants and certain microorganisms. Biotechnologically pro-
duced fungal phytase preparations are now commercially available and used for
feed preparations. In the future, the use of microbial phytases in food processing
could be feasible. Moreover, overexpression of endogenous phytase-encoding
genes, or heterologous expression of inserted selected genes, can be performed
in plants, thereby increasing phytate degradation. Specific isomers of inositol
phosphates have shown several important physiological functions in man and
animals [13]. Such compounds occur in biologically processed foods/feeds of
plant origin.
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Hydrolysis of InsPg may occur in the gastrointestinal tract prior to the intesti-
nal site of absorption. Because most of the essential minerals and trace elements
are absorbed in the duodenal or jejunal part of the small intestine, the site and
degree of phytate degradation can affect the nutritional value of a high phytate
diet. Furthermore, enzymatic hydrolysis of phytate in the gastrointestinal tract
leads to formation of specific isomers of inositol phosphates. If biochemically
active lower inositol phosphates, formed during food processing, or degradation
in the gastrointestinal tract or precursors to these are absorbed in the alimentary
tract of humans, it would have important health implications [13].

2. DEGRADATION OF INOSITOL PHOSPHATES

InsPg can be degraded by enzymatic and nonenzymatic hydrolysis. Enzy-
matic hydrolysis generally occurs during biological processing and preparation
of plant food/feed such as steeping, malting, hydrothermal processing, fermen-
tation, and addition of phytase as well as during degradation in the gastrointesti-
nal tract. Nonenzymatic hydrolysis usually takes place when food/feed is treated
with strong acid or high temperature and pressure. The enzymatic degradation
is more selective and isomer specific (Figure 9.1).

3. ENZYMATIC HYDROLYSIS OF PHYTATE

Phytases (InsPg 6-phosphohydrolases) hydrolyze InsPg to myo-inositol and
inorganic phosphate via intermediate myo-inositol phosphates (penta- to mono-
phosphates) [14]. These enzymes are special kinds of nonspecific acid phos-
phatases. Those that exhibit the ability to hydrolyze InsPs can be considered
phytases [15].

Phytases are present in plants, microorganisms, and certain animal tissues.
Two types of phytases, 3- and 6-phytases, have been recognized as starting
the dephosphorylation of InsPg at different positions (D-3 or L-6) of the ino-
sitol ring. The 3-phytase (EC 3.1.3.8) has been considered to be character-
istic of microorganisms, while 6-phytase (EC 3.1.3.26) (4-phytase assuming
D-configuration) has been considered to be characteristic of the seeds of higher
plants [16], but this may not be a general rule. Phytase enzymes have been iso-
lated and characterized from a number of plant sources (the initial preparation
of phytase made from rice bran) [17]. It is, however, only recently that some
phytases have been isolated and purified to homogenity [18-22].

Considering the in vitro degradation of InsP¢ by plant phytases, wheat phy-
tase [23—24] and the phytase from rye [18], spelt [22], and barley (Figure 9.1)
are reported to be 6-phytases [4]. The major InsPs in raw soybean was
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Figure 9.1 (a) InsPg reflux boiled with diluted HCI. (b) InsP¢ degraded by purified barley phytase.

DL-Ins(1,2,4,5,6)Ps, and thus, soybean phytase seems to be a 3-phytase [25].
Another leguminous plant, pea, was also found to have a degradation pathway
of InsPg dissimilar to that of cereals [26].

Studies of in vitro degradation of InsP¢ by microbial phytase show that A.
niger [27], K. terrigena [19], and S. cerevisae [28] belong to the 3-phytases,
whereas phytases of E.coli [20] and Paramecium [29] belong to the 6-phytases.

The isomeric patterns during degradation of InsPs in oats, rye, and barley
were found to be similar to those formed by hydrolysis by wheat phytase [26].
The same InsPg degradation pathway may be assumed in these cereals. From the
isomers generated during hydrolysis and in view of earlier data [30], Skoglund
etal. [26] suggested the following pathway for hydrolysis by cereal phytase and
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Figure9.2 Suggested pathways for phytate hydrolysis by cereal® and microbial® phytases. *Wheat,
barley, rye, and oat. Yspergillus niger, Klebsiella terrigena, and Pseudomonas sp. [26].

microbial phytase (from A. niger, Klebsiella terrigena, and Pseudomonas sp.
(Figure 9.2)).

4. ENZYMATIC DEGRADATION OF PHYTATE
DURING FOOD PROCESSING

Phytate hydrolysis can occur during food preparation and production, either
by phytase from plants, yeasts, or other microorganisms. Biological process-
ing techniques, which increase the activity of native enzymes of cereals and
legumes, are soaking, malting, hydrothermal processing, and lactic fermenta-
tion. During the germination step of the malting process, enzymes are synthe-
sized or activated. Lactic fermentation leads to lowering of pH as a consequence
of bacterial production of organic acids, mainly lactic acid, which is favorable
for cereal phytase activity. The microorganisms of the starter culture used in
fermentation, in some cases, exert phytase activity. Phytase preparations can
also be added in the food process. To optimize the food process to increase
mineral bioavailability by phytate degradation, it is essential to know optimal
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conditions for the phytases, which are responsible for phytate degradation in
the process. There are differences in optimal conditions for phytase activity
between different plant species. Moreover, except for phytate, InsPs has, in
human and animal studies, been identified as an inhibitor of iron and zinc ab-
sorption [2—4]. No difference between various isomers of inositol phosphates
on iron uptake in vitro in Caco-2 cells was shown [31]. Recently, indications
were found that InsP,4 and InsP; contribute to the negative effect on iron absorp-
tion by interacting with the higher phosphorylated inositol phosphates. These
findings suggest that phytate degradation of not only InsPs and InsPg, but also
of InsP; and InsP, must occur to improve iron absorption from cereal and soy
products [4]. This is probably also true for zinc absorption, as a strong negative
correlation was found between zinc absorption and the sum of native InsP;
through InsP¢ from cereal and legume meals [32].

4.1. SOAKING, MALTING, AND HYDROTHERMAL PROCESSING

Soaking of wheat bran, whole wheat flour, and rye flour at optimal conditions
for wheat phytase activity (pH 4.5-5, 55°C) resulted in complete phytate hy-
drolysis [11,33] and to a marked increase in in vitro iron availability. Sandberg
and Svanberg [11] found that the InsPg and InsPs contents must be reduced
to levels beyond 0.5 wmol/g to give the strong increase in iron solubility at
simulated physiological conditions, if no promoting factors were present.

Malting is a process during which the whole grain is soaked and then germi-
nated. The amount of phytate in malted grains of wheat, rye, and oats intended
for the production of flour (germinated 3 days at 15°C sprout length 10 mm)
was only reduced slightly or not at all. However, when the malted cereals were
ground and soaked at optimal conditions for wheat phytase, there was a com-
plete degradation of phytate [9], except for oats, which under the conditions
studied, had a low phytase activity. By germination of oats for 5 days at 11°C
followed by incubation at 37-40°C, it was possible to reduce phytate content of
oats by 98% (to < 0.5 pmol/g) [9]. It is of special importance to find methods of
phytate reduction in oats. The high content of phytate in oat combined with alow
phytase activity, which is further decreased due to heat treatment of all commer-
cial oat products, suggest that the negative effect on mineral absorption of oat
products would be greater than that of other cereals. This assumption was con-
firmed in recent human absorption studies using radionuclide techniques, which
demonstrated a low iron and zinc absorption from breakfast meals containing
oat porridge and oat bran bread [34-35]. The iron and zinc absorption from oat
porridge made of untreated flour was compared to that from oat porridge made
from malted flour, with a phytate reduction of 77%. Iron and particularly zinc
absorption was significantly improved from the porridge made from malted
flour [36].
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Bergman et al. [37] developed optimal conditions for hydrothermal process-
ing of whole barley kernels to degrade phytate and to increase the content of
free myo-inositol using a multivariate design. The hydrothermal treatment was
comprised of two wet steeps (1 and 2), where different concentrations of lactic
acid were used, and two dry steeps followed by successive drying. At optimal
conditions (temperature 1 = 48°C, temperature 2 = 50°C, 0.8% lactic acid), the
phytate content of the whole kernels was reduced by 95-96%.

4.2. FERMENTATION

Lactic fermentation is an old method for food processing and preservation.
Today, defined starter cultures and controlled conditions are used. Due to the
production of lactic acid and other organic acids, the pH is lowered, and the
phytase activity is increased. Lactic fermentation of maize, soybeans, and
sorghum reduces the phytate [38,39]. Svanberg et al. [12] have shown that com-
bined germination and lactic fermentation of white sorghum and maize gruels
can yield an almost complete degradation of phytate. At optimal conditions, the
effect on in vitro estimation of iron availability was an almost 10-fold increase.

The presence of tannins in sorghum not only decreases the availability of
iron per se, but also inactivates the phytase enzyme. The use of lactic acid fer-
mentation for high-tannin sorghum was, therefore, reported to be less effective
in reducing phytate content [12].

The acidity of the dough is of great importance for phytate degradation
during scalding and sourdough fermentation of bread [40,41]. Larsson and
Sandberg [42] investigated the phytate reduction in scalded bread and bread
with varying amounts of sourdough baked with rye bran or oat bran addition.
The most marked phytate reduction of 96-97% occurred in bread made with
10% sourdough (pH 4.6) or in the breads in which the pH had been adjusted in
the mild scalding with lactic acid, resulting in a pH between 4.4 and 5.1 in both
dough and bread. The percentage iron absorption from breadmeals containing
sourdough-fermented bread was (with 10% sourdough) similar to that of white
bread not containing inhibitory factors [1]. Consequently, the amounts of iron
absorbed from whole-meal bread with its high content of iron, would be greater
than from white bread, provided that the fermentation was optimized.

In another study of bread making, Tiirk and Sandberg [43] investigated the
effects of different dough additives. Bread was made using whole wheat flour
and flour of 60% extraction rate, yeast was added, and phytate degradation
was studied after different fermentation times. The addition of milk to the
dough inhibited enzymatic phytate hydrolysis resulting in depressed human
iron absorption from the bread [44]. Fermented milk did not significantly affect
enzymatic hydrolysis during fermentation, probably depending on the presence
of lactic acid lowering the pH [43]. The addition of acetic acid or lingonberries
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to the dough increased the phytate reduction to 96% and 83%, respectively,
compared to 55% in control bread without additives [24]. The pH of the doughs
with 96% reduction was between 4.5 and 5. This degradation was mainly a
result of the activity of phytase in the flour, and the contribution of phytase
activity from Baker’s yeast during bread fermentation is very small. It was
concluded that conditions during bread fermentation disfavor yeast phytase
expression [28].

4.3. ADDITION OF ENZYMES

An alternative to activation of the intrinsic enzymes of foods is the addition
of phytase during food processing. Microbial phytase enzyme preparations are
now available commercially, making their use in food processing technically
feasible. Moreover, the phytase-encoding gene (phyA) A. niger has been cloned
and overexpressed, resulting in a more than 10-fold increase in phytase activity
compared to the wild-type strain [45].

Phytase from A. niger 1500 PU/g flour (one phytase unit, PU, is the amount
of enzyme which liberates under standard conditions, pH 5.0, 37°C, 1 nmol of
inorganic phosphate from sodium phytate in 1 min) was added to the doughs
prepared using whole wheat flour and flour of 60% extraction rate. The phytate
hydrolysis in the dough was, however, not complete (maximum 88% hydroly-
sis), unless the pH was lowered to 3.5, which is close to the lower pH optimum
[24]. A. niger phytase, therefore, may be useful in the production of lactic acid
fermented cereals and legumes (which normally have a low pH value) aimed
at high mineral availability. A very effective phytate degradation was achieved
by adding A. niger phytase to an oat-based nutrient solution fermented by
Lactobacillus plantarum, but the added enzyme had a negative influence on the
viable counts of Lactobacilli as well as the aroma [46].

The effect of reducing the phytate in soy-protein isolates on iron absorption
was investigated in humans [47]. The addition of A. niger phytase in amounts
that almost completely removed phytate in soy isolates increased iron absorption
four fold to five fold.

5. HYDROLYSIS OF PHYTATE IN THE GUT

A number of factors have to be considered when discussing phytate degra-
dation in the gut, e.g., if there is an effect of dietary phytase, intestinal mucosa
phytase, or phytase produced by the intestinal microflora. It has also been
suggested that an adaptation to increased phytate degradation may occur in
addition. Balance studies in humans indicate that an increasing dietary calcium
level reduces the degree of phytate degradation in humans [48-50].
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5.1. DEGRADATION OF PHYTATE IN THE STOMACH
AND SMALL INTESTINE

Few studies have been performed to determine hydrolysis of phytate in the
stomach. It is likely that consumption of raw plant foods may lead to some hy-
drolysis in the stomach, as the enzyme phytase is present, and in particular, ce-
real phytase activity increases when the pH is lowered. Investigating hydrolysis
of inositol phosphates in the stomach of slaughtered pigs showed that approxi-
mately 50% of the feed InsPs was hydrolyzed [51]. This hydrolysis was probably
a result of activity of the native feed phytase, as raw barley was included in the
feed. Lantzsch et al. [52] found little hydrolysis in the stomach of pigs in the
absence of feed phytase. By removing some of the phosphate groups in the stom-
ach, the inositol phosphates with a lower degree of phosphorylation formed are
probably more easily hydrolyzed further by enzymes located in the intestine.

Soluble sodium phytate is hydrolyzed by homogenized mucosal tissue from
a wide range of species. Crushing the cell of the mucosa may, however, cause
the release of intracellular phytase, which normally would have no contact with
the intestinal contents. The situation in the intact intestine may, therefore, differ.
Using this type of methodology, Bitar and Reinhold [53] claimed that humans
also had a mucosal phytase, an observation that was later confirmed by Igbal
et al. [54]. Davies and Flett [55] found mucosal phytase in the rat and showed
that it was concentrated in the brush border. Factors influencing the hydrolysis
of InsP3-InsPg by mucosal homogenates from the pig were recently reported by
Hu et al. [56]. Activities toward substrates increased with a decreasing number
of phosphate groups. This suggests that hydrolysis in the intestine may be
enhanced by earlier phytase activity that had led to production of some lower
inositol phosphates in the stomach. Phytate disappearance from digesta has been
demonstrated when soluble phytate was incubated in loops of rat duodenum,
jejunum, and ileum [55]. In all natural diets, however, calcium and magnesium
are present, and reaction with phytate is to be expected, the strength of which
depends on the number of phosphate groups on the inositol molecule [57]. The
main part of the phytate in the diet and ileal digesta is, therefore, present as an
insoluble complex.

For determination of degradation of feed or food components in the stomach
and small intestine, studies in ileostomized pigs [51,58] and humans have been
performed [59,60]. The ileostomy model was used for investigation of the extent
of phytate hydrolysis [61,62] and factors affecting this hydrolysis. Specific
analyses of InsPg and its hydrolysis products (InsP3-InsPs5) were performed
using HPLC ion-pair chromatography [63,64],

The effect of dietary phytase and intestinal phytase on InsPg hydrolysis was
investigated [61]. Hydrolysis of InsP¢ from raw wheat bran and extruded bran
was compared. Seven ileostomy subjects were studied during two four-day pe-
riods with a constant low-fiber diet and the addition of 54 g of raw mixture

© 2002 by CRC Press LLC



TABLE 9.1. Recovery of Dietary Phytate in lleostomy Contents.

InsPg
Recovery
Diet %
A) Raw wheat bran 42 +12(n=7)
B) Extruded wheat bran 954+9.8(n=7)
C) Phytase deactivated wheat bran 954+8.8(n=8)

Mean + SD, n= number of subjects.

of bran, gluten, and starch during one period and 54 g of the corresponding
extruded product during the other period. Sandberg et al. [61] found that 60%
of the InsP¢ from raw bran were hydrolyzed during the passage through the
stomach and small intestine and that hydrolysis products were formed, but this
did not occur when the subjects were fed extruded bran (Table 9.1). During
extrusion cooking, the intrinsic bran phytase was deactivated. Sandberg and
Andersson [62] extended the study using phytase-deactivated wheat bran and
found no hydrolysis of InsPg and no formation of hydrolysis products. Further,
Sandberg et al. [61,62] concluded that dietary phytase is of significance for
phytate hydrolysis in the stomach and small intestine, while intestinal phytase,
if present in humans, does not play a significant role. It was recently demon-
strated that very low phytase activity occurs in the human small intestine, thus
confirming that the human small intestine has very limited ability to digest
InsPg [54]. These conclusions were further supported by analysis of the spe-
cific isomers formed in the ileal content during hydrolysis. Wheat phytase starts
the hydrolysis at the L-6 position forming specific isomer DL-Ins(1,2,3,4,5)Ps,
which was found in the intestinal content following consumption of raw wheat
bran. Hydrolysis of InsPs by microbial or intestinal phytase would result in
formation of DL-Ins(1,2,4,5,6)Ps, which was not found [65].

The ileal content from an ileostomy subject consuming raw wheat bran is
shown in Figure 9.3. As shown, the DL-Ins(1,2,3,4,5)P5s peak rises above the
peaks of the other InsPs. This indicates hydrolysis of InsP, by cereal phytase.
The ileal content was composed of high amounts of InsPg, with the peak of
DL-Ins(1,2,5,6)P4 and DL-Ins(1,2,4,5)P4 predominant. The latter isomer has
been proposed to be a second messenger [66]. However, this hypothesis is con-
troversial [67]. Further analysis of the lower inositol phosphates in the intestinal
contents showed that only small amounts of InsP; isomers were present and
that the dominating InsP, isomer was DL-Ins(1,2)P, [26].

Indirect evidence for phytate hydrolysis in the human stomach and small in-
testine by A. niger phytase was reported in a iron absorption study by Sandberg
[68]. Adding A. niger phytase to the phytate-containing meal markedly in-
creased iron absorption. Thus, both phytases from wheat and A. niger are active
in the human gut. As the contents of the stomach acidify during the digestive
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Figure 9.3 Inositol phosphates in ileostomy contents of a human subject consuming raw wheat
bran [65]. The predominating isomer of inositol pentaphosphate [DL-Ins(1,2,3,4,5)IPs], formed
by cereal phytase hydrolysis of inositol hexaphosphate, was identified in the ileostomy contents.
Peaks: (1) DL-Ins(1,6)P;; (3) DL-Ins(1,4)P,, DL-Ins(2,4)P;; (7) DL-Ins(1,2,4)P3, Ins(1,3,4)P3;
(8) DLIns(1,2,6)P3, Ins(1,2,3)P3; (14) DL-Ins(1,2,3,4)P4; (16) DL-Ins(1,2,4,5)P4; (17) DL-
Ins(1,3,4,5)P4; (18) DL-Ins(1,2,5,6)P4; (21) Ins(1,2,3,4,6)Ps; (22)DL-Ins(1,2,3,4,5)Ps; (23)DL-
Ins(1,2,4,5,6)Ps; (24) Ins(1,3,4,5,6)Ps; (25) IPs.

process, the pH would appear to favor A. niger phytase considerably over wheat
phytase. In addition, it was recently reported that wheat phytase is more sus-
ceptible to inactivation by gastrointestinal enzymes [69].

A possible adaptation to increased phytate degradation in the small intestine
after a longer period of high phytate intake was investigated (Sandberg et al.,
unpublished results). Nine ileostomy subjects consumed oat bran added to a
low-fiber diet during a three-week period. Ileostomy contents from days 3 and
17 were analyzed (Sandberg et al., unpublished results). A complete recovery
of inositol InsPg was found in ileostomy subjects during days 3 and 17. No in-
creased phytate degradation was found after 17 days of consumption, showing
that no adaptation occurred during this period (Figure 9.4). Furthermore, a com-
plete recovery of dietary inositol penta-, tetra-, and triphosphates was obtained.

In these ileostomy studies, the dietary level of calcium was relatively high
(around 30 mmol/day). However, in another ileostomy study [70], where degra-
dation of phytate from soy flour, soy concentrates, and soy isolate was in-
vestigated, different dietary calcium levels were used. The calcium:phytate
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Figure 9.4 Inositol phosphates in diets and ileostomy contents of nine subjects fed oat bran (mean values &= SD). InsP; to InsPg inositol phosphates
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molar ratios in this study were 20, 22, 28, and 4.5. Independent of these molar
ratios, an almost complete InsPg recovery was obtained, suggesting that these
differences in the dietary calcium level did not affect the degradation of InsPg in
the stomach and small intestine [68]. Similar results were obtained in pigs, indi-
cating no effect of dietary calcium level on phytate degradation in the stomach
and small intestine [51,58].

5.2. DEGRADATION OF PHYTATE IN THE COLON

The phytase level of microbial origin is very low in the small intestine of
mammalians [71]. Considering the large number of microorganisms present in
the colon, degradation of phytate by microbial phytase could be expected to
occur in the colon. The germ-free animal would be a useful model with which
to investigate the extent of phytate degradation by microbial phytase in vivo. In
a study by Wise and Gilburt [72], the hydrolysis of phytate was compared in
germ-free and conventional rats. In conventional rats fed high- and low-calcium
diets, 22% and 55% of phytate was hydrolyzed, respectively. Considering that
negligible hydrolysis was observed in the germ-free rats, it was concluded
that the microflora had been responsible for the observed hydrolysis. Indirect
support for bacterial hydrolysis was reported by Wise et al. [73]. Hydrolysis
products were found in the caecum, with increasing amounts in the colon and
feces followed by phosphorous NMR. Lantzsch et al. [52] also found evidence
of phytate hydrolysis in the colon of pigs.

A balance study in humans during three consecutive 24-day periods on white
bread, brown bread, and whole-meal bread was performed to investigate the
effect of dietary fiber on mineral absorption [74]. The phytate content was held
constant during the three periods by addition of sodium phytate to the diet in
periods with brown and white bread to the same level as in whole-meal bread.

Inositol phosphates in the feces material were analyzed (Sandberg,
Andersson, Cummings, unpublished results) [68]. A mean of 25-35% hydro-
lysis of InsPg was found, although individual variation occurred (Table 9.2).
There were no significant differences between the dietary periods, and there
was no increased degradation after the third period compared with the first
period. As the diet did not contain phytase activity, the results suggest that a
degradation of phytate occurs in the colon of humans. In the feces samples
from a human subject consuming the white bread diet supplemented with high
amounts of sodium phytate, constituting the main source of phytate in the diet,
almost equal amounts of DL-Ins(1,2,3,4,5)Ps and DL-Ins(1,2,4,5,6)Ps were
found [65]. Both cereal phytase (EC 3.1.3.26) during bread making and mi-
crobial phytase (EC 3.1.3.8) from the microflora of the colon participate in the
degradation of phytate. Moreover, the feces samples contained several different
isomers of inositol tetraphosphates.
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TABLE 9.2. Recovery of Phytate in Feces.

Recovery InsPg
Y%
White bread + Brown bread +

Subjects phytate phytate Whole-meal bread

1 102 87 81

2 60 73 79

3 82 71 64

4 82 48 52

5 93 73 63

6 42 53 46
Mean + SD 76.8 + 20 675+ 13 64.2+ 13

The calcium level of this study was rather high (30-40 mmol/day). In a
study with pigs, Sandberg et al. [5S8] found that the dietary calcium level
markedly affected the phytate degradation in the colon. Total gastrointesti-
nal degradation of InsPg in pigs fed a rapeseed diet (not containing phytase
activity) was 97, 77, and 42% (p < 0.001) when calcium intakes were 4.5, 9.9,
and 15 g/day, while no differences in phytate hydrolysis of ileal digesta were
found between periods. Similar to these results, Skoglund et al. [51] found an
impaired InsP¢ degradation in the colon when the pig feed was supplemented
with calcium.

6. CONCLUSIONS

Phytate can be degraded using biological food/feed processing techniques
increasing the activity of the naturally occurring enzyme phytase by soak-
ing, malting, hydrothermal treatment, fermentation, or by addition of phytases.
Degradation of phytate improves the bioavailability of iron, zinc, and phos-
phorus in man and animals. However, to substantially increase iron absorption,
degradation of phytate must be virtually complete.

Phytate degradation in the stomach and small intestine of humans occurs as
a result of activity of dietary phytase of plant or microbial origin. The plant
phytase is less stable than microbial phytase at the physiological conditions of
the gastrointestinal tract. The activity of intestinal mucosa phytase is low in
humans and does not lead to any significant phytate degradation in the intestine
when consuming a normal diet. No adaptation to increased phytate degradation
in the stomach and small intestine occurs after a period of consumption of a
high-phytate diet. The phytate degradation in the colon could be considered an
effect of microbial phytase produced by the microflora present. This degrada-
tion is reduced by increasing the calcium intake, probably due to formation of
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insoluble calcium phytate complexes. It is not known, however, which and to
what extent inositol phosphates, formed by degradation of phytate, may be ab-
sorbed by the intestinal epithelia and potentially exert a physiological response.
Further work is needed on the positive and/or negative health effects of differ-
ent inositol phosphates and their stereoisomers. Biotechnologically produced
phytase, today used in animal feeding, may tomorrow be used in food process-
ing as well as gene modified plants and starter cultures with improved phytase
activity. Some of the degradation products of InsPs have been identified as
mineral absorption inhibitors, and some may have health benefits. A controlled
degradation of InsPg forming desired specific isomers of inositol phosphates
with health benefits is a challenge for the future.
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CHAPTER 10

Influence of Processing Technologies
on Phytate and Its Removal

SHRIDHAR K. SATHE
MAHESH VENKATACHALAM

1. INTRODUCTION

GLOBALLY, cereals and legumes are important sources of total calories,
carbohydrates, proteins, and several other nutrients in the diets of many
populations. Cereals and legumes are also the major source of dietary phytate
intake. In this chapter, the term phytate is used to collectively describe phytic
acid and its salts (unless otherwise noted). Because phytates are chemically re-
active under a variety of conditions, understanding how phytates interact with
other food components is critical in optimizing the nutritional quality of cereals
and legumes, especially with respect to bioavailability of minerals and pro-
teins. Phytate removal may be desirable because it potentially forms complexes
with minerals and dietary proteins and decreases their bioavailability. Because
phytates are heat stable, they are not easily removed by cooking, autoclaving,
roasting, or any of the conventional heat processing methods. Solubility of
phytates in aqueous solvents can, however, be used to reduce/eliminate food
phytates when desired. Acid hydrolysis of phytates as well as ability of endoge-
nous and/or added enzymes to effect phytate hydrolysis are additional means to
reduce/eliminate food phytates. The choice of a method for phytate reduction
is largely dependent on the type of food and the final product form in which
that food is consumed.

Phytates can chelate minerals such as calcium, zinc, and iron, resulting in
insoluble complexes. Such reduction in mineral solubility may lead to a de-
crease in mineral absorption and bioavailability. Certain minerals such as iron
and copper catalyze oxidative enzymes that generate free radicals, resulting

© 2002 by CRC Press LLC



in undesirable oxidative damage such as cell membrane damage (produces
leaky cells). Because phytates have the ability to chelate minerals that par-
ticipate in undesirable oxidative reactions, phytates have been suggested to
have protective effects. The ability of phytates to chelate the divalent minerals
makes them a natural antioxidant. For these and several other reasons, phy-
tate reduction or elimination from a food may not always be desirable. The
role of phytic acid in health and disease has been recently reviewed [1], and
several chapters in this book cover the role of phytate in human health. Influ-
ences of different processing methods on phytates are reviewed in this chapter.
An attempt is made to emphasize data published in the last ten years (1990—
2000), because the majority of the data published prior to 1990 was reviewed
earlier [2].

2. SOAKING

Dry beans and cereals have tough seed coats that are not highly permeable
to water. Hence, soaking is often used as a pretreatment to facilitate grain pro-
cessing. Soaking treatment may last for a short period (such as 15-20 min)
or for very long period (usually 12-16 h). The amount of soaking medium
may also change substantially depending on the type of grain and type of
processing needed after the seeds are soaked. In household situations, cere-
als and legumes are typically soaked in water overnight (12—14 h). If salts,
acids, or alkalies are added to the soaking medium, the rate of water imbibi-
tion can change significantly. For example, using alkali salts, such as sodium
bicarbonate/carbonate, typically increases the water imbibition rate, because
alkalies not only improve permeability of the seed coat but also loosen it.
Phytate is water soluble, and therefore, significant phytate reduction can be
realized when soak water is discarded (Table 10.1). The soaking temperature
may have a significant effect on not only the rate of water imbibition but also
on whether endogenous phytases are active or not. If a soaking step is carried
out at temperatures above 45°C but below 60°C, a significant percent of phytate
hydrolysis can take place due to activation of endogenous phytases and acid
phosphatases. For example, Bergman et al. [3] have recently shown that barley
(cv. Blenheim) flour phytase was optimally active at pH 4.8 and temperature
57°C, while the extracted phytase from the same flour was optimally active
at pH 5.2 and temperature of 47°C. Because it is often difficult to separate
phytases from phosphatases, it is important to recognize and account for the ac-
tivities of phosphatases in understanding phytate hydrolysis. A recent extensive
evaluation of plant feedstuffs [4] suggests that there is a significant, positive
correlation between phytase and acid phosphatase activities for cereals, cereal
by-products, and oilseeds. Viveros et al. [4] also noted that the ratio of acid

© 2002 by CRC Press LLC



TABLE 10.1. Effect of Various Soaking Treatments on Phytate Contents
of Legumes and Cereals.

Common Name/Scientific Name Phytate Reduction (%) Reference(s)
Legumes
Indian tribal pulse (Mucuna
monosperma)

Distilled water (18 h, RT?) 28.0-35.0 [17]

0.02% NaHCO3 (18 h, RT) 25.0-28.0 [17]
Indian tribal pulse (Mucuna pruriens)

Distilled water (9 h) 27.0b [18]

0.02% NaHCO3 (9 h) 17.0° [18]
Prosopis chilensis (Molina) Stunz

Distilled water (12 h) 14.0P [19]

0.02% NaHCOj3 (12 h) 8.0° [19]
Vigna aconitifolia

Distilled water (6 h) 44.0P [20]

0.02% NaHCOg3 (6 h) 42.0P [20]
Vigna sinensis

Distilled water (6 h, RT) 38.0 [20]

0.02% NaHCOs3 (6 h, RT) 32.0 [20]
Lentils

Distilled water 27.0 [21]

0.07% NaHCOj3 solution 23.0 [21]

0.1% Citric acid solution 37.0 [21]
Faba beans

Distilled water (9-12 h, 30-37°C) 0.0-32.7 [22P 23P 24 25]

0.07% NaHCO3 (9 h) 0.0° [22,23]

0.1% Citric acid (9 h) 0.0° [22,23]
Lathyrus beans

Drinking water (12 h, 37°C) 6.0-10.0 [26]

Freshly boiled water (2 h, 37°C) 18.0-28.0 [26]

Tamarind solution (6 h, 37°C) 30.0 [26]

0.5% CaOH, (6 h, 37°C) 28.0-39.0 [26]
Great Northern beans

Distilled water (18 h, 22°C) 69.6 [27]

Mixed salt solution® (18 h, 22°C) 8.7 [27]
Kidney beans

Tap water (12 h, 24°C) 8.2 [28]

Distilled water (12-18 h, 22-30°C) 5.7-51.7 [25,27]

Mixed salt solution® (18 h, 22°C) 22.4 [27]
Pinto beans

Distilled water (18 h, 22°C) 52.7 [27]

Mixed salt solution® (18 h, 22°C) 18.2 [27]
Brown beans®

Distilled water (4 h, 21-55°C, 0.0-19.0 [29]

pH 6.4)
Distilled water (2 h, 37°C, pH 6.4 + 7.0 [29]
2h, 37°C, pH 8.09)
(continued)
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TABLE 10.1. (continued).

Common Name/Scientific Name Phytate Reduction (%) Reference(s)

Distilled water (4-17 h, 21-55°C, 33.0-85.0 [29]
pH 6.4) [presoaked 17 h, 37°C]

Citrate buffer (4-17 h, 21-55°C, 10.0-34.0 [29]
pH 4.5)

Citrate buffer (4-17 h, 37°C, 2.0 [29]
pH 6.0)

Citrate buffer (2 h, 37°C, pH 6.0 + 53.0 [29]
2 h, 37°C, pH 8.0%)

Citrate buffer (4 h, 37°C, pH 6.0) 17.0 [29]
[presoaked 17 h, 37°C]

Tris buffer (4-17 h, 21-55°C, 0.0-98.0 [29]
pH 7.0-8.0)

Tris buffer (4-17 h, 55°C, pH 7.0) 51.0-98.0 [29]
[presoaked 17 h, 37°C]

Distilled water + tannase 55.0 [29]
(4 h,37°C, pH 6.4)

Citrate buffer +tannase 4.0 [29]

(4 h, 37°C, pH 6.0)
Bambara groundnut

Water (24 h) 20.0P [30]
Pigeon pea

Water (24 h) 18.0° [30]
Chinese legume (Phaseolus

angularis)

Distilled water (18 h, 30°C) 26.9 [31]

Chinese legume (Phaseolus
calcaratus)

Distilled water (18 h, 30°C) 44.6 [31]
Dry beans

Distilled water (12-18 h, 20-22°C) 3.9-7.0 [32,33]
Pinto beans

Distilled water (18 h, 21°C) 1.9 [34]

2% NaHCO3 (12 h, 21°C) 4.4 [34]

Mixed salt solution® (12 h, 21°C) 6.9 [34]
Sanilac beans

Distilled water (18 h, 21°C) 1.0 [34]

2% NaHCO3 (12 h, 21°C) 3.9 [34]

Mixed salt solution® (12 h, 21°C) 5.3 [34]
Cranberry beans

Distilled water (18 h, 21°C) 1.4 [34]

2% NaHCO3 (12 h, 21°C) 4.1 [34]

Mixed salt solution® (12 h, 21°C) 7.2 [34]
Viva pink beans

Distilled water (18 h, 21°C) 0.9 [34]

2% NaHCOg3 (12 h, 21°C) 0.3 [34]

Mixed salt solution® (12 h, 21°C) 8.3 [34]
Black-eyed beans

Tap water (12 h, 24°C) 7.6 [28]
Pink beans

Tap water (12 h, 24°C) 20.1 [28]
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TABLE 10.1. (continued).
Common Name/Scientific Name Phytate Reduction (%) Reference(s)
Chickpeas
Distilled water (12 h, 37°C) 11.0-22.7 [35,36]
2% NaHCOj3 (4 h) 7.50 [36]
Cowpeas
Dl water (72 h, 27°C) 20.9-28.3 [37]
Kidney beans
Dl water (12 h, 30°C) 5.7 [25]
Peas (Spanish)
Dl water (12 h, 30°C) 4.6-11.3 [38]
Moth bean
Tap water (12 h, 37°C) 46.0-50.0 [39]
Mixed salt solution® (12 h, 37°C) 47.0-50.0 [39]
Soybeans
Distilled water (5-72 h, RT-60°C) 0.0-65.2 [37,40-42]
Tap water (12 h, 25-50°C) 48.3-58.7 [42]
Distilled water (12 h, 25-50°C) 73.3-82.3 [42]
(y irradiated 1.0 kGy)
Tap water (12 h, 25-50°C) 67.0-71.7 [42]
(y irradiated 1.0 kGy)
California small white beans
Distilled water (3 h, 23-60°C) 0.0-49.3 [40]
Distilled water (3 h, 70-90°C) 11.5-19.0 [40]
Acetate buffer (24 h, 50°C, 32.6-61.5 [40]
pH 4.0-5.8)
Mung beans
Water (5-18 h, RT-60°C). 2.3-30.0 [28,40,43]
Black gram
Water (12 h, 37°C) 25.0-30.0 [35,44]
Amphidiploids (black gram x
mung bean)
Water (18 h, 37°C) 31.0-37.0 [45]
Lima beans
Water (5-72 h, 27-60°C) 0.0-44.7 [37,40]
Rape seed
Water (24 h, 22°C) 22.0 [46]
Cereals
Wheat
Water (5-24 h, RT-60°C) 4.2-46.0 [40,47]
Acetate buffer (24 h, 55°C, pH 4.8) 91.0 [47]
Wheat Bran
Water (8 h, 21°C) 19.5 [48]
Rye (whole grain)
Water (24 h, 55°C) 57.0 [47]
Acetate buffer (24 h, 55°C, pH 4.8) 92.0 [47]
Barley
Hulled grains
Water (24 h, 55°C) 56.0 [47]
Acetate buffer (24 h, 55°C, pH 4.8) 89.0 [47]
(continued)
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TABLE 10.1. (continued).

Common Name/Scientific Name Phytate Reduction (%) Reference(s)
Dehulled grains
Water (24 h, 55°C) 77.0 [47]
Acetate buffer (24 h, 55°C, pH 4.8) 99.0 [47]
Naked grains
Water (12 h, 53-55°C) 41.0 [47]
Acetate buffer (12 h, 53-565°C, 61.0 [47]
pH 4.8)
Oats
Whole hulled grains
Water (24 h, 37°C) 13.0 [47]
Acetate buffer (24 h, 37°C, pH 4.8) 26.0 [47]
Whole dehulled grains
Water (37-40°C, 8 h) (initial 1.0 [47]
wet-steeping 53-57°C, 20 min)
Ground dehulled grains
Water (17 h, 20-37°C) (with or 72.0-77.0 [47]

without preincubation of whole
grain at 8 h, 37-40°C)
Naked whole grains
Water (24 h, 37°C) 7.0 [47]
Water (8 h, 20-55°C) (initial 9.0-19.0 [47]
wet-steeping 53-57°C, 20 min)
Ground naked grains
Water (17 h, 20-37°C) 88.0-94.0 [47]
(with or without preincubation
of whole grain at 8 h, 37-40°C)

Sorghum
Tap water (24 h) 16.3-21.3° [49]
Pearl millet
DI water (15 h, 28°C) 14.8 [50]
0.2 N HCI (0.3-.75 h, 28°C) 60.0-74.0 [50]

[dehulled 8.1-15.84%]

2RT—Room temperature (actual temperature not indicated).

bSoaking temperature not indicated.

°Mixed salt solution—2.5% sodium chloride, 1.5% sodium bicarbonate, 0.5% sodium carbonate and
1% sodium tripolyphosphate in distilled water.

9pH adjusted with NaOH.

€Ground beans.

phytases to phytase activity ranged from 3.1 for wheat bran to 633 for beet
pulp.

3. COOKING

During cooking, food is exposed to elevated temperatures for a certain period
of time. Factors that influence cooking temperature and time vary considerably

© 2002 by CRC Press LLC



and include the following:

(1) Final desired texture of a cooked product, which varies somewhat with the
consumer

(2) Type of food being cooked
(3) Physical state and chemical composition of the food being cooked

(4) Cooking medium, especially presence/absence of salts, acids, and alkalies
in the cooking medium

(5) Cooking method (e.g., atmospheric versus pressure cooking)
(6) Cooking equipment and heat and mass transfer rates during cooking
(7) Amount of food that is cooked

Regardless of cooking method, tissue softening is one of the desirable changes
that takes place during cooking. Softening of the texture is partly due to loss of
cell membrane integrity. Cell membranes and middle lamellae contain pectic
substances often insolubilized by cross-linkages afforded by divalent miner-
als such as calcium and magnesium. Phytates, being metal chelators, bind with
calcium and magnesium and may, therefore, inhibit such cross-linkages by min-
erals that lead to weakened cell membranes and middle lamellae, resulting in
shorter cooking times. High phytate peas were observed to have lower cooking
times than their low-phytate counterparts [5]. Similarly, Moscoso et al. [6] ob-
served higher cooking times for foods with low phytate content, indicating that
low phytate content may promote more cross-linking between middle lamellae.
On the other hand, several studies have failed to establish a clear relationship
between phytate content and cooking time of food [7-11]. Perhaps part of the
difficulty in explaining such mixed results is due to a third possibility that the
middle lamellar layers may coagulate more easily (in the absence of calcium
and magnesium cross-linkages) during cooking. Such collapse of the cement-
ing material may lead to formation of larger and thicker layers surrounding the
cells impeding the effective heat transfer, thereby increasing cooking time in
low-phytate grains and legumes.

Because phytate is heat stable, significant phytate reduction during cook-
ing is not expected unless either the cooking water was discarded or the food
received additional processing treatment such as soaking (soaking water dis-
carded), germination, fermentation, etc. Another possible mechanism by which
phytate reduction can occur during cooking is phytate hydrolysis due to acti-
vation of the endogenous phytases or phosphatases during the early part of the
cooking phase. The presence of acids and alkalies during cooking may also
contribute to phytate hydrolysis. Typically, cooking allows a significant reduc-
tion (up to 50%, in most cases) in phytate. Higher phytate reduction is possible
when cooking is combined with certain other treatments (Table 10.2). Pressure
cooking (autoclaving) typically causes higher phytate reduction than cooking
under atmospheric pressure. A potentially important variation of the standard
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TABLE 10.2. Effect of Heat Processing on Phytate Contents of Legumes,
Cereals, and Their Food Products.

Common Name/Scientific Name Phytate Reduction (%) Reference(s)
Legumes
Black-eyed beans
Cooking?® (3 h, 100°C, 3% NaCl) 13.3 [28]
Pressure cooking (3 h, 115.5°C,
3% NaCl) 91.5 [28]
Red kidney beans
Cooking (90 min, 100°C) 57.8 [27]
[soaked® 18 h, 22°C]
Cooking (15 min, 100°C) 31.3 [27]

[soaked in mixed salt
solution9 18 h, 22°C]

Cooking (3 h, 100°C, 3% NaCl) 7.7 [28]
Pressure cooking (3 h, 115.5°C, 69.7 [28]
3% NaCl)
Great Northern beans
Cooking (90 min, 100°C) 76.1 [27]
[soaked® 18 h, 22°C]
Cooking (15 min, 100°C) 13.0 [27]

[soaked in mixed salt
solution9 18 h, 22°C]

Pinto beans
Cooking (90 min, 100°C) 61.5 [27]
[soaked® 18 h, 22°C]
Cooking (15 min, 100°C) 25.6 [27]

[soaked in mixed salt
solution9 18 h, 22°C]

Pink beans
Cooking (3 h, 100°C, 3% NaCl) 26.4 [28]
Pressure cooking (3 h, 115.5°C, 74.9 [28]
3% NaCl)
Cowpeas
Cooking (30-45 min, 100°C) 17.1-65.7 [51,520,53]
Cooking (30-45 min, 100°C) 38.5-58.6 [63,54]
[soaked 6-12 h, 25°C]
Cooking (35 min, 100°C, 0.1% 39.6 [563]
NaHCO3)
Cooking (35 min, 100°C, 0.1% 27.5 [563]
Kanwa rock salt)
Pressure cooking (15-20 min, 5.4-27.9 [37,563,55]
105-121°C)
Pressure cooking (15 min, 121°C) 14.40 [565]

[soaked 10 h and germinated
24 h, 25-30°C]

Pressure cooking (15 min, 121°C) 21.1 [55]
[roasted 5 min, 160°C]
Pressure cooking (15 min, 121°C, 10.7 [53]

0.1% Kanwa rock salt)
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TABLE 10.2. (continued).

Common Name/Scientific Name Phytate Reduction (%) Reference(s)

Pressure cooking (15 min, 26.8 [583]
121°C, 0.1% NaHCO3)

Roasting (5 min, 160°C) 19.8 [53]

Chickpeas

Cooking (100°C) 7.0-35.7° [35,51,56]

Cooking (30 min, 100°C) 20.0-46.9 [35P 3624 54]
[soaked 4-12 h, 37°C]

Cooking (100°C) [soaked 4 h, 12.59 [36]
2% NaHCO3]

Cooking (100°C) 35.0-40.0° [35]
[soaked 12 h, 37°C and
germinated 68 h, 25°C]

Cooking (15-20 min, 100°C) 60.0 [36]
[fresh immature seeds]

Pressure cooking (15 min-1 h, 16.9-64.8 [65,57,58]
120-121°C) [whole seed]

Pressure cooking (1 h, 120°C) 3.7-54.9 [58]
[cotyledon]

Pressure cooking (15 min, 22.0-29.0 [35]
121°C) [soaked 12 h, 37°C]

Pressure cooking (15 min, 51.7 [565]
121°C) [soaked 10 h,
25-30°C and germinated
24 h, 25-30°C]

Pressure cooking (15 min, 56.3 [55]
121°C) [roasted 5 min,
160°C]

Roasting (2 -5 min, 16.1-60.5 [36°d 55,57 580-9]
160- 200°C) [whole seed]

Roasting (6 min) [soaked 27.3-31.8%e [36]
12 h and rested 2-6 h]

Roasting [cotyledon] 17.0-68.80¢ [58]

Roasting (2-3 min) 46.6° [36]
[immature seeds]

Roasting (2-3 min) 40.0° [36]
[immature seeds in pods]

Frying® (2 min) and cooking 53.3 [36]
(15-20 min, 100°C)
[immature seeds]

Frying (2 min)® and cooking 37.5 [36]
(5 min, 100°C) [presoakedd
4 h and cooked® 100°C]

Balila, Falafel 32.0-57.0 [59]

Lima beans

Cooking (1-2 h, 100°C) 15.4-44.0 [60]

Pressure cooking (15-20 min, 5.6-8.5 [37]
105-121°C)

(continued)
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TABLE 10.2. (continued).

Common Name/Scientific Name Phytate Reduction (%) Reference(s)
Bambara groundnut

Cooking (100°C) 14.0P [30]

Normal cooking (100°C) 22.0pd [30]
[soaked 24 h]

Normal cooking (100°C) 23.00d [30]
[soaked 23 h and dehulled]

Cooking (100°C) [soaked 56.0b-d [30]
24 h and germinated 72 h]

Pressure cooking (15 min, 121°C) 24.0 [30]

Pressure cooking (15 min, 121°C) 32.0d [30]
[soaked 24 h]

Pressure cooking (15 min, 121°C) 33.0d [30]
[soaked 23 h and dehulled]

Pigeon pea

Cooking (100°C) 16.0P [30]

Cooking (100°C) 25.0b-d [30]
[soaked 24 h]

Cooking (100°C) 28.00d [30]
[soaked 24 h and dehulled ]

Normal cooking (100°C) 53.00d [30]

[soaked 24 h and
germinated 72 h]

Pressure cooking (15 min, 121°C) 27.0-38.5 [30,57]

Pressure cooking (15 min, 121°C) 30.09 [30]
[soaked 24 h]

Pressure cooking (15 min, 121°C) 36.09 [30]
[soaked 23 h and dehulled]

Roasting (2 min, 200°C) 33.3 [67]

Lentils

Cooking (30-35 min, 100°C) 39.0-58.6 [21,54]
[soaked 9-12 h, RT]

Cooking (35 min, 100°C) [soaked 29.0 [21]
in 0.07% NaHCO3 9 h, RT]

Cooking (35 min, 100°C) [soaked 32.0 [21]
in 0.1% citric acid 9 h, RT]

Pressure cooking (15 min, 121°C) 45.8 [55]
[roasted 5 min, 160°C]

Pressure cooking (15 min, 121°C) 38.0 [565]

[soaked 10 h, 25-30°C and
germinated 24 h, 25-30°C]

Roasting (5 min, 160°C) 44.6 [65]
Black beans
Cooking (30 min, 100°C) 11.0 [61]
[fresh harvested beans]
Cooking (15 min, 100°C, 7.0-9.0 [61]

mineral salt solutionsf)
[fresh harvested beans]
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TABLE 10.2. (continued).
Common Name/Scientific Name Phytate Reduction (%) Reference(s)
Cooking (30 min, 100°C) 17.0-27.0 [61]
[stored 6 months, 5-40°C,
50-80% RH]
Cooking (15 min, 100°C, 11.0-22.0 [61]
mineral salt solutionsf)
[stored 6 months, 5-40°C,
50-80% RH]
Cooking (20 min, 100°C) 14.3 [62]
[germinated 48 h, 28°C]
Pressure cooking (15 min, 121°C) 12.1 [55]
Pressure cooking (15 min, 121°C) 30.9 [55]
[roasted 5 min, 160°C]
Pressure cooking (15 min, 121°C) 34.7 [55]
[soaked 10 h, 25-30°C and
germinated 24 h, 25-30°C]
Roasting (5 min, 160°C) 46.2 [55]
Navy bean
Cooking (30 min, 100°C) 40.74 [54]
[soaked 12 h]
Indian tribal pulse (Mucuna
monosperma)
Cooking (3 h, 100°C) 31.0-39.0 [17]
Pressure cooking (90 min, 121°C) 25.0-32.0 [17]
Dry beans
Cooking (1.5 h, 100°C) 8.7 [32]
Cooking (1.5-3 h, 100°C) 31.6-51.0 [32,33]
[soaked 12-18 h, 20°C]
Soybean
Cooking (30 min, 100°C) 16.9° [52]
Cooking (30 min, 100°C) 12.5 [62]
[germinated 48 h, 28°C]
Pressure cooking (15-20 min, 6.4-30.1 [37,57]
105-121°C)
Roasting (2 min, 200°C) 17.0 [57]
Frying (5 min, 190°C) 89.8d [63]
[soaked 24 h and dehulled]
Chinese indigenous legumes
(Phaseolus angularis)
Cooking (30 min, 100°C) 35.5 [31]
Pressure cooking (20 min, 121°C) 54.4 [31]
Chinese indigenous legumes
(Phaseolus calcaratus)
Cooking (30 min, 100°C) 41.6 [31]
Pressure cooking (20 min, 121°C) 58.0 [31]
Indian tribal pulse (Mucuna
pruriens)
Cooking (90 min, 100°C) 18.0 [18]
Pressure cooking (45 min, 121°C) 44.0 [18]
(continued)
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TABLE 10.2. (continued).

Common Name/Scientific Name Phytate Reduction (%) Reference(s)

Prosopis chilensis (Molina) Stunz

Cooking (120 min, 100°C) 32.0 [19]

Pressure cooking (45 min, 121°C) 35.0 [19]
Vigna aconitifolia

Cooking (30 min, 100°C) 44.0 [20]

Pressure cooking (20 min, 121°C) 25.0 [20]
Vigna sinensis

Cooking (60 min, 100°C) 31.0 [20]

Pressure cooking (30 min, 121°C) 13.0 [20]
Polish pea

Frying (5 min, 190°C) 82.9 [63]
Moth bean

Cooking (100°C) 47.0-52.0° [39]

[soaked 12 h, 37°C]
Cooking (100°C) 50.0-58.0P [39]

[soaked 12 h, 37°C and
germinated 60 h, 25°C)

Pressure cooking (15 min, 121°C) 24.2 [55]

Pressure cooking (20 min, 121°C) 48.0-53.0 [39]
[soaked 12 h, 37°C]

Pressure cooking (20 min, 121°C) 52.0-57.0 [39]
[soaked in mixed salt solution9
12 h, 37°C]

Pressure cooking (15 min, 121°C) 45.3 [565]

[soaked 10 h, 25-30°C and
germinated 24 h, 25-30°C]

Pressure cooking (15 min, 121°C) 453 [565]
[roasted 5 min, 160°C]

Roasting (5 min, 160°C) 47.29 [565]

Lathyrus beans

Cooking (70-80°C) 19.0-22.0° [26]
[soaked 12 h, 37°C]

Pressure cooking (15 min, 121°C) 23.0-37.0 [26]
[soaked 12 h, 37°C]

Mung bean

Cooking (100°C) 15.0-44.0° [43,51]

Cooking (3 h, 100°C, 3% NaCl) 36.3 [28]

Cooking (100°C) 20.0° [43]
[soaked 12 h, 37°C]

Pressure cooking (3 h, 115.5°C, 67.6 [28]
3% NaCl)

Pressure cooking (10-15 min, 17.6-18.0 [43,57]
121°C)

Pressure cooking (15 min, 121°C) 25.0 [43]
[soaked 12 h, 37°C]

Roasting (2 min, 200°C) 21.6 [67]
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TABLE 10.2. (continued).

Common Name/Scientific Name Phytate Reduction (%) Reference(s)
Black gram
Cooking (100°C) 5.0-9.0° [35,44]
Cooking (100°C) 29.0-40.0° [35,44]
[soaked 12 h, 37°C]
Cooking (100°C) 48.0-52.0° [35]
[soaked 12 h, 37°C and germinated
48 h, 25°C)
Pressure cooking (10-15 min, 121°C) 8.0-27.0 [44,55,57]
Pressure cooking (15 min, 121°C) 33.0-43.0 [35,44]
[soaked 12 h, 37°C]
Pressure cooking (15 min, 121°C) 28.74 [565]
[soaked 10 h, 25-30°C and
germinated 24 h, 25-30°C]
Pressure cooking (15 min, 121°C) 37.8 [65]
[roasted 5 min, 160°C]
Roasting (2-5 min, 160-200°C) 30.4-40.9 [65,57]
Amphidiploids (black gram x mung bean)
Cooking (100°C) 3.0-15.0P [45]
Cooking (100°C) 15.0-22.0° [45]
[soaked 12 h, 37°C]
Pressure cooking (15 min, 121°C) 11.0-22.0 [45]
Pressure cooking (15 min, 121°C) 18.0-27.0 [45]
[soaked 12 h, 37°C]
African oil bean seed
Cooking (8-10 h, 100°C) 42.9 [108]
Faba/broad bean
Cooking (35-45 min, 100°C) 0.0-30.76 [229 24 64]
[soaked 9-12 h, 25°C]
Cooking (35-45 min, 100°C) 32.0-35.0 [24]
[soaked 9-12 h, 25°C]
Cooking (35 min, 100°C) 0.0d [22,23]
[soaked in 0.07% NaHCO3 9 h]
Cooking (35 min, 100°C) 28.9-35.04 [22,23]
[soaked in 0.1% citric acid 9 h]
Pressure cooking (25-30 min, 121°C) 20.0-41.0 [24,64]
[soaked 12 h, 25-37°C]
Pressure cooking (25-30 min, 121°C) 53.0-55.0 [24]
[soaked 12 h, 25°C and dehulled]
Dry heating (15 min, 120°C) 36.0-40.0 [22,23]
Frying (15 min, 190°C) 67.7 [63]
Foul jerra, Foul mudames 7.0-70.0 [59]
[Saudi Arabic food]
Lupin seeds
Cooking (20 min, 100°C) 0.0 [62]
[germinated 48 h, 28°C]
(continued)
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TABLE 10.2. (continued).

Common Name/Scientific Name Phytate Reduction (%) Reference(s)
Rice bean
Cooking (50 min, 100°C) 13.0-15.0 [65]
Pressure cooking (15-20 min, 121°C) 2.0-18.0 [65,66]
Cereals
Rye
Extrusion cooking (100-170°C) 0.0-23.0 [67]
Fresh corn
Cooking (100°C) 18.1P [68]
Roasting (sand bath) 46.70- [68]
Roasting (charcoal) 41.90e [68]
Cooking (hot powdered charcoal) 29.2b.e [68]
Lime cooking (55-75 min) 35.0 [69]
[Nixtamalized]
Dried corn
Roasting (sand bath) 23.70e [68]
Cooking (30 min, 100°C) 16.3-18.9° [52,68]
Popping 11.50e [68]
Rice
Cooking (10 min, 100°C) 1.5-3.6 [70]
[distilled deionized water]
Cooking (10 min, 100°C) 67.9-71.9 [70]
[tap water]
Kabsa, Saleeg, Rus Abiedh, 11.0-65.0 [59]
Baryani [Saudi Arabic foods]
Kuwaiti rice preparations 0.0-82.0 [71]
Quinoa seeds
Cooking (25 min, 100°C) 15.3-19.7 [72]
Cooking (25 min, 100°C) 68.5-76.7 [72]
[soaked 12-14 h, 20°C]
Cooking (25 min, 100°C) 48.6-49.5 [72]
[soaked 12-14 h, 20°C and
germinated 30 h, 30°C]
Cooking (10 min, 100°C) 82.5-88.3 [72]
[Lactobacillus fermented
16-18 h, 30°C]
Cooking (10 min, 100°C) 96.5-98.2 [72]
[soaked 12-14 h, 20°C and
germinated 30 h, 30°C
and Lactobacillus fermented
16-18 h, 30°C]
Sorghum
Cooking (100°C) 17.9-37.5° [49,52]
Pearl millet
Pressure cooking (15 min, 121°C) 36.3 [73,74]

© 2002 by CRC Press LLC



TABLE 10.2. (continued).

Common Name/Scientific Name Phytate Reduction (%) Reference(s)
Barley
Pressure cooking (15 min, 121°C) 8.0 [75]
Wheat
Roasting (traditional method) 25.0b-e [76]
Dalya (porridge) 87.9be [76]
Margoog, Gerish, Harees, Kibbah 41.0-80.0 [59]
[Saudi Arabic foods]

2Cooking is carried out at atmospheric pressure and unless otherwise specified is done in water.
bTime of cooking is not specified, and in most cases, cooking is done until the legume or cereal attains
the desired softness.

®Soaking is carried out in water unless otherwise specified.

dSoaking temperature is not specified.

eTemperature of cooking/roasting not specified.

fSalt solutions: (1) 2.0% sodium chloride, 0.75% sodium bicarbonate, 0.25% sodium carbonate and
1% sodium tripolyphosphate in DI water; and (2) 1.0% sodium chloride, 0.8% sodium citrate in DI
water.

9Mixed salt solution—1.0% sodium chloride, 0.8% sodium bicarbonate, 0.5% sodium carbonate and
1% sodium tripolyphosphate in DI water.

cooking method, as far as one can determine, that has not yet been systematically
investigated, is the extent of phytate removal if one discarded and changed the
cooking water several times. Such treatment in addition to increased phytate
removal may, of course, result in additional nutrient losses.

4. GERMINATION

Sprouting and germination are commonly used processing methods for im-
proving the eating quality of cereals and legumes. At home, cereals and legumes
are often germinated (or sprouted) prior to their use in salads and other cooked
dishes. In preparing alcoholic beverages from certain cereals such as barley,
wheat, and sorghum, germination precedes the malting and fermentation steps.
During germination, reserve nutrients are mobilized to provide for the growth
of roots and shoots. Phytate, being a major source of phosphorus, is hydrolyzed
by endogenous enzymes to release inorganic phosphorus. As can be seen from
Table 10.3, phytate removal may be quantitative or may be marginal (<3%)
depending on the seed, germination conditions, and the duration of germination.

The variable degree of phytate hydrolysis during germination is not only due
to germination conditions but also to variable amounts of endogenous enzymes
(phytases and phosphatases) capable of hydrolyzing phytate. Although not re-
ported in many studies, the temperature during germination may significantly
influence the extent of phytate hydrolysis (especially by phytases), because
most phytases have optimum temperatures >40°C.
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TABLE 10.3. Effects of Germination and Malting on Phytate Content
of Legumes and Cereals.

[soaking 5-10 h, 25-30°C]

Common Name/Scientific Name Phytate Reduction (%) Reference(s)
LEGUMES
Pigeon pea
Germination (120 h, 25°C) 20.2 5]
Germination (72 h, 25°C) 30.0-65.8 [57,302:°]
[soakedP 12-24 h, 25°C]
Germination (72 h) 33.02¢ [30]
[soaked 24 h and dehulled]
Chickpea
Germination (24— 68 h, 25-30°C) 18.9-64.1 [35,55,57,
[soaked 5-12 h, 25— 37°C] 77,78
Lentils
Germination (24-144 h, 20-30°C) 31.0-81.8 [21,55,77,79]
[soaked 6-10 h, 25-30°C]
Cowpea
Germination (72 h, 27°C) 37.7-40.7 [37]
Germination (24-90 h, 25-32°C) 0.0-67.6 [65,77,80]
[soaked 6-10 h, 25-32°C]
Garden pea
Germination (120 h, 25°C) 69.4 [77]
Dwarf Grey pea
Germination (120 h, 22°C) 21.7 [81]
Early Alaska pea
Germination (120 h, 22°C) 47.9 [81]
Soybeans
Germination (72 h, 27°C) 30.9-33.3 [37]
Germination (48-120 h, 20-35°C) 5.2-76.3 [57,78°,81,
[soaked 3-12 h, 25-30°C] 82,83]
Germination (120 h, 20-35°C) 59.2-90.3° [83]
(7y irradiated 0.05-0.2 kGy and
soaked 3 h)
Black gram
Germination (24-240 h, 25-37°C) 34.5-54.0 [35,44,55,
[soaked 10-12 h, 25-37°C] 57,84]
Mung beans
Germination (48-120 h, 24-32°C) 30.2-69.5 [28,43,57,80]
[soaked 6-12 h, 24-37°C]
Amphidiploids (black gram—
mung bean)
Germination (60 h, 25°C) 39.0-49.0 [45]
[soaked 12h, 37°C]
Black-eyed bean
Germination (120 h, 24°C) 775 [28]
[soaked 12 h, 24°C]
Black bean
Germination (24-48 h, 25-30°C) 30.6-64.1 [55,78°]
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TABLE 10.3.

(continued).

Common Name/Scientific Name

Phytate Reduction (%)

Reference(s)

Lima beans
Germination (72 h, 27°C)
Red kidney beans
Germination (120 h, 24°C)
[soaked 12 h, 24°C]
Pink beans
Germination (120 h, 24°C)
[soaked 12 h, 24°C]

Great Northern beans
Germination (120 h, 25°C)
[soaked 16 h, 25°C]
Pea
Germination (72-192 h, 25°C)
Faba bean
Germination (48-144 h, 20-37°C)
(soaked 6-12 h, 25-37°C)
Germination (72-192 h, 25°C)
Kidney beans
Germination (72 h, 25°C)
Chinese indigenous legume
(Phaseolus angularis)
Germination (48 h, 30°C)
[soaked 12 h, 30°C]
Chinese indigenous legume
(Phaseolus angularis)
Germination (48 h, 30°C)
[soaked 12 h, 30°C]
Moth bean
Germination (24-60 h, 25-30°C)
[soaked 10-12 h, 25-37°C]
Bambara groundnut
Germination (72-120 h, 25°C)
[soaked 6-24 h]
Germination (72 h)
[soaked 23 h and dehulled]
Rapeseed
Germination (48-240 h, 20-22°C)
[soaked 24 h, 20-24°C]
Lupin seeds
Germination (96-192 h, 20-25°C)
Lathyrus beans
Germination (36 h, 30°C)
[soaked 12 h, 37°C]

26.8-32.9

356.9

46.5

57.8

19.8-80.0

45.0-69.0

16.0-78.0

30.2

42.6

55.4

48.0-66.4

23.0-58.5°

25.0%:¢

13.0-68.9

13.0-42.0

33.0

(37]

(28]

[28]

(85]

[38,77,86]
[22,24°,64]
[25,86]

[25]

(31]

(31]

[39,55]

[302,82]

(30]

[46,87]

[86,38]

[26]
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TABLE 10.3.

(continued).

Common Name/Scientific Name

Phytate Reduction (%)

Reference(s)

Cereals

Rice
Germination (96 h, 32°C)
[soaked 6 h, 32°C]
Germination (18 days, 14°C)
Pearl millet
Germination (24 h, 30°C)
[soaked 12 h, 30°C]
Germination (48 h, 25-35°C)
Finger millet
Germination (96 h, 30°C)
Germination (24 h, 30°C)
[soaked 12 h, 30°C]
Wheat
Malting (2 h, 55°C, pH 4.5)
[soaked 9 h, 23°C and germinated
30-40 h, 15°C]
Sorghum
Germination (96 h)
(soaked 12 h)
Corn
Germination (96 h, 32°C)
[soaked 6 h, 32°C]
Barley
Germination (24-48 h, 30°C)
[soaked 5 h]
Malting (2 h, 55°C, pH 4.5)
[soaked 9 h, 23°C and germinated
30-40 h, 15°C]
Oats
Malting (20 h, 55°C, pH 4.5)
[soaked 9 h, 23°C and germinated
30-40 h, 15°C]
Malting (17 h, 37-40°C)
[soaked 7 h, 23°C and germinated
120 h, 11°C]
Rye
Malting (2 h, 55°C, pH 4.5)
[soaked 9 h, 23°C and germinated
30-40 h, 15°C]

66.3
943
62.1
245-91.3
94.4

5.7

95.0

68.3-86.92-¢

59.79

4.1-16.0°

99.0

64.0

98.0

95.0

[94]

2|ncubation temperature for germination is not specified.
bSoaking is done in water unless otherwise specified.

¢Soaking temperature is not specified.
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TABLE 10.4. Effect of Extrusion Processing on Phytate Content
of Legumes and Cereals.

Common Name/Scientific Name  Phytate Reduction (%)  Reference(s)
Legumes
Pea, Spanish 5.9-13.5 [38]
Faba beans 26.7 [25]
Kidney beans 21.4 [25]
Navy beans 34.5-48.1 [54]
Chickpeas 21.4-70.5 [54]
Cowpeas 63.5-76.8 [54]
Lentils 46.8-59.3 [54]
Cereals
Oat bran 0.0 [95]
Rice bran 0.0 [95]
Wheat bran 0.0 [95]

5. EXTRUSION

Extrusion cooking is a widely used technique in food manufacture, espe-
cially for cereal processing (such as snack foods and breakfast cereals), and is
extremely versatile with respect to automation, production capacities, ingredi-
ent selection, and shapes and textures of extruded products [12]. Food material
is typically exposed to very high temperatures and shear forces during extrusion.
One may, therefore, expect a significant hydrolysis of phytate during extrusion
processing. However, because the duration of exposure of food to high temper-
ature and shear is short (usually only a few minutes), phytate reduction (<30%)
during extrusion is usually small (Table 10.4).

6. DEHULLING

The effectiveness of dehulling in removing phytate is dependent on the type
of seed that is being processed as well as the morphological distribution of
seed phytate. For example, wheat and rice endosperms are almost devoid of
phytate, as phytate is concentrated in the germ and aleurone layers (pericarp)
of the cells of the kernel. On the other hand, in corn, the majority of phytate
(88%) is present in the germ. In pearl millets, phytate is distributed in germ and
bran fractions. In legumes, the majority of phytate is distributed mainly in the
cotyledons (mainly within the protein bodies). Consequently, simple dehulling
may be effective in removing significant amounts of phytate only in seeds,
where most of the phytate is present in bran or seed coat (Table 10.5). Removing
the germ portion is an effective way to remove a significant amount of phytate
from corn. Such methods are obviously not very effective in removing phytate
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TABLE 10.5. Effects of Dehulling on Phytate Content of Legumes and Cereals.

Common Name/Scientific Name Phytate Reduction (%) Reference(s)

Legumes
Pea, Spanish —6.7-—13.7 [38]
Faba beans -9.7 [25]
Kidney beans —1.89 [25]
Sanilac beans -6.9 [96]
Great Northern beans —-59.8 [96]
Small white beans —-40.5 [96]
Cranberry beans —-28.9 [96]
Viva pink beans —-34.7 [96]
Pinto beans -7.6 [96]
Light red kidney beans -31.9 [96]
Dark red kidney beans -28.3 [96]
Small red beans —47.3 [96]
Black beauty beans —-23.2 [96]
Chickpea -21.5-0.0 [56]

Cereals
Pearl millet 30.2-36.6 [97]
Proso millet 27.0-53.0 [98]
Sorghum (80% extraction) 29.5-40.4 [49]

Note: the negative sign indicates the increase in phytate content.

from legumes. As the seed coat contributes substantial weight to the whole
seed weight, the removal of the seed coat can result in an increase in phytate
content on a unit weight basis (Table 10.5). In legumes, milling followed by
protein bodies separation (air-classification) may remove a substantial amount
of phytate. Such treatment may also contribute to significant protein losses.

7. FERMENTATION AND BREAD MAKING

Many cereals and legumes are extensively used in the preparation of a va-
riety of fermented foods [13,14]. Microbes used in these fermentations may
be natural microflora commonly found in the cereal/legume that are fermented
or specially cultivated cultures designed to bring about specific changes in the
cereal/legume that is being fermented. The type of microorganism, the fermen-
tation conditions used, and the starting amount of phytate present in the raw
material significantly affect the extent of phytate removal (Table 10.6). The effi-
ciency of the microbial enzymes controls the rate and extent of phytate removal
during fermentation. Numerous studies indicate that phytate hydrolysis dur-
ing fermentation significantly improves bioavailability of minerals (calcium,
magnesium, copper, zinc, and iron). Phytate hydrolysis occurs throughout the
different stages of bread making and obviously depends on the type of bread
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TABLE 10.6. Effects of Fermentation and Bread Making on Phytate Content
of Legumes and Cereals.

Phytate
Common Name/Scientific Name Reduction (%) Reference(s)
Legumes
Mung beans
Lactobacillus fermentation (24 h, 30°C) 26.4 [57]
(soakedP 16 h, 25°C)
Soybeans
Lactobacillus fermentation (24 h, 30°C) 32.3 [57]
(soaked 16 h, 25°C)
Natural fermentation (72 h, AT@) 61.5 [52]
Tempeh 30.0-38.5 [41,99,100,119]
Akla/Koose (fermented doughnut) 82.1 [52]
Pigeon pea
Lactobacillus fermentation (24 h, 30°C) 53.8 [57]
(soaked 16 h, 25°C)
Chickpea
Lactobacillus fermentation (24 h, 30°C) 39.1 [57]
(soaked 16 h, 25°C)
Dhokla¥ 97.18 [101]
Khaman? 58.18 [101]
Locust beans
Dawadawa (African fermented food) 39.2 [102]
Dry beans
Lactobacillus fermentation (72 h, 37°C) 20.1 [32]
Lactobacillus fermentation (72 h, 37°C) 10.7 [32]
[soaked 12 h, 20°C]
Lactobacillus fermentation (72 h, 37°C) 37.5 [32]
[cooked 1.5 h, 100°C]
Lactobacillus fermentation (72 h, 37°C) 41.48 [32]
[soaked 12 h, 20°C and
cooked 1 h, 100°C]
Tempeh 42.9 [103]
Cowpea
Natural fermentation (72 h, AT) 64.7 [52]
Akla/Koose (fermented doughnut) 74.9 [52]
Black gram
Lactobacillus fermentation (24 h, 30°C) 30.4 [57]
(soaked 16 h, 25°C)
Natural fermentation (28 h, 20-35°C) 0.8-42.6 [104,]
Natural fermentation (45-60 h, 30-35°C) 13.3-54.0 [41,105°]
[soaked 2-12 h, 37°C]
Black gram and rice (1:1 blend)
Natural fermentation (45 h, 30°C) 48.8° [105]
[soaked 2 h]
Idli9 40.0 [101]
Brown beans
Natural fermentation (24-72 h, 21-37°C) 66.0-74.0 [29]

[ground beans soaked 17 h, 37°C]

(continued)
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TABLE 10.6. (continued).

Phytate
Common Name/Scientific Name Reduction (%) Reference(s)
Natural fermentation (24-72 h, 21-37°C) 63.0-87.0 [29]
[whole beans soaked 17 h in 37°C]
Lentils
Natural fermentation (96 h, 28-42°C) 15.0-70.2 [106,107]
African oil bean seed
Natural fermentation (120 h) 75.9¢ [108]
[cooked 8-10 h, 100°C and dehulled]
Lathyrus beans
Natural fermentation 20.0-30.0%-2 [26]
[soaked 12 h, 37°C and pressure cooked
15 min, 121°C]
Peanut
Oncom (peanut press cake)
R. oligosporus fermentation (72 h, 30°C) 96.3 [10
Neurospora fermentation (72 h, 30°C). 48.5 [10
Cereals
Rice
Natural fermentation (8-72 h, 20°C) 80.4 [52]
Natural fermentation (8 h, 30°C) 100.0° [105]
[soaked 2 h]
Wheat
Yeast fermentation (2 h, 50°C, pH 5.2) 0.0-20.1 [110]
[flour extracted with 2.4% HCI,1 h]
Rabadif fermentation (48 h, 30-40°C) 62.5-75.0 [111]
Finger millet
Natural fermentation (72 h, 30°C) 60.0 [93]
[soaked 12 h, 30°C and germinated 24 h,
30°C]
Pearl millet
Natural fermentation (14 h, 37°C) 43.0-44.0 [97]
Natural fermentation (72 h, 28-30°C) 86.0-93.0 [97]
[Damirga process]
Lactobacillus fermentation (72 h, 30°C) 43.9-46.9 [73]
(pressure cooked 15 min, 121°C)
Yeast fermentation (72 h, 30°C) 40.9-42.4 [73]
(pressure cooked 15 min, 121°C)
Lactobacillus + Yeast mixed fermentation 41.4-51.5 [73]
(72 h, 30°C) [pressure cooked 15 min,
121°C]
Lactobacillus + Yeast mixed fermentation 98.5-100.0 [90]
(72 h, 30°C) [soaked 12 h, 30°C,
germinated 24 h, 30°C and pressure cooked
20 min, 121°C]
Yeast + Lactobacillus sequential fermentation 50.7-100.0 [74]
(72 h, 30°C) [pressure cooked 15 min, 121°C]
Rabadi fermentation (9 h, 35°C) 27.0-30.0 [112]
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TABLE 10.6. (continued).

Phytate
Common Name/Scientific Name Reduction (%) Reference(s)
Barley
Rabadi fermentation (48 h, 30-40°C) 53.0-74.0 [75]
[raw flour]
Rabadi fermentation (48 h, 30-40°C) 56.0-78.9 [75]
[pressure cooked 15 min, 121°C]
Sorghum
Natural fermentation (12-72 h, AT) 52.0-60.0 [499 52]
(starter culture)
Koko (fermented porridge) 86.3 [52]
Corn
Natural fermentation (72 h, AT) 55.2-58.5 [52]
Kenkey (fermented dumpling) 17.4-60.0 [52,113]
Koko (fermented porridge) 65.1-85.7 [52]
Agidi/Eko (fermented pudding) 83.7-86.5 [52]
Bread making
Brown breadskh 22.0-58.0 [114]
White breads” 66.0-100.0 [2,114KN]
Bran breads (unleavened) 0.0 [114]
Whole-meal breads (unleavened) 8.9 [114]
Whole-meal breads"h 30.0-48.0 [114]
Whole wheat pup loaves 22.0 [115]
White pup loaves 66.0 [115]
Pakistani flat breadsl 44.2-85.0 [68,76]
(Chapati, Roti, Nan, puri)
Soy-fortified bread 45.6-87.9 [116]
(yeast 0-15 g/lb loaf)
Saudi Arabic breads 11.0-46.0 [59]
Arabic high bran breads 23.0-32.4 [117]
Polish wheat bread 63.5 [118]
Polish rye bread 79.5 [118]
Polish high gluten bread 22.2 [118]
Polish high fiber bread 37.8 [118]
Iranian flat breads 13.0-39.0 [2]

aAT refers to ambient temperature (actual temperature is not specified).
bSoaking is done in water unless otherwise specified.

°Soaking temperature is not specified.

9dFermentation temperature is not specified.

€Fermentation time is not indicated.

fRabadi—traditional fermented Indian food (cereal + butter milk).
9Traditional Indian foods (fermented and steamed).

hBread making include mixing, kneading, proving, baking and cooling.
iSaudi Arabic breads—Mafrood, Samouli, Toast, Tamees, Burr.
iUnleavened and leavened breads.

kHomemade yeast breads with proprietary yeast bread mixes.
'Homemade yeast breads with conventional ingredients.
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being made (Table 10.6). Some of the factors that significantly affect phytate
hydrolysis include the following:

(1) Flour: type, freshness, extraction rate

(2) Yeast: presence/absence (depending on type of bread), amount
(3) Dough: pH, water content, fermentation time

(4) Baking conditions: leavening time, temperature

(5) Additives: calcium and magnesium salts, sodium bicarbonate

The ability of different microorganisms to hydrolyze phytate has been inves-
tigated to some extent [2,15], but much remains to be done. For example, to date,
no one knows which microorganisms produce the most efficient and economi-
cal phytases/phosphatases that can be used in these fermented foods. Molecular
understanding of such phytases/phosphatases in microorganisms may help in
the development of treatments that can effect phytate removal from a certain
food without the need for fermentation. Identification and development of a
thermostable enzyme capable of withstanding temperatures of 100°C or higher
may be especially useful in this regard, because cereals and legumes are of-
ten cooked or otherwise exposed to high temperatures (such as in extrusion
processing) prior to consumption. The availability of thermostable phytate hy-
drolyzing enzymes will enable the consumer/processor to include the enzymes
in a uniform manner with the food being processed as it is exposed to heat
treatment, obviating the need to incur extra processing steps. With the avail-
ability of rapid and inexpensive molecular techniques, it is now possible to
screen several enzymes simultaneously to permit identification of thermostable
phytases. However, such investigations have not yet been undertaken. When
phytate removal is desired, the use of tailor-made phytate hydrolyzing enzymes
may prove to be the most robust, efficient, and economical means.

8. STORAGE

A number of studies indicate an appreciable decrease in phytate content
during storage (Table 10.7). The extent of such reduction depends on the type
of seed, storage conditions (especially relative humidity and temperature), and
the age of the seed (fresh pods versus dry seeds). There are three possible
mechanisms that may explain phytate reduction during storage.

(1) Phytate may form insoluble complexes with other food components (such
as proteins), and therefore, phytate extraction may be incomplete, resulting
in lower values.

(2) If the water activity is sufficient and if the storage temperature is sufficiently
high, endogenous seed phytases/phosphatases may be activated, which may
account for partial loss of phytate.

© 2002 by CRC Press LLC



TABLE 10.7. Effects of Storage Conditions on Phytate Content
of Legumes and Cereals.

Phytate
Common Name/Scientific Name Reduction (%) Reference(s)
Legumes
Chickpea
Storage (3-12 months, 5- 37°C) 2.6-56.4 [120,121]
Pigeon pea
Storage (3—-12 months, 5- 37°C) 7.2-42.3 [120]
Mung bean
Storage (3—-12 months, 5- 37°C) 2.9-37.3 [120]
Black gram
Storage (3-12 months, 5- 37°C) 2.6-40.3 [120]
Soybean
Storage (3-12 months, 5- 37°C) 2.5-29.0 [120]
Tempeh
Fresh stored (2 weeks, 5°C) 72.5-76.0 [100]
Fried (2 weeks, 5°C) 72.2-76.3 [100]
Beans (Phaseolus vulgaris)
Fresh whole/ground beans 0.0 [122]
(14 months, RT2, AHP)
Fresh whole/ground beans 0.0 [122]
(14 months, -23°C)
Whole/ground beans (4 months, 41°C, 17.6-26.7 [122]
75% RH) [prestored 7-11 months, RT]
Whole/ground beans (4 months, 41°C, 22.4-27.6 [122]
75% RH) [prestored 7-11 months, —23°C]
Whole/ground beans (4 months, 41°C, 22.8 [122]
dry state) [prestored 7-11 months, RT]
Whole/ground beans (4 months, 41°C, 21.4 [122]
75% RH) [prestored 7-11 months, —23°C]
Kidney beans
Storage (9 months, 2-32°C, 12.5-17.9% 0.0-65.0 [6]
moisture content)
Dry beans
Storage (2-6 months, 4-5°C) 16.5-20.6 [123]
Storage (1-6 months, 30-41°C, 75% RH) 9.3-63.4 [33,123]
Storage (2-6 months, 4-5°C) 19.1-33.3 [123]
[y irradiated, 2 kGy]
Storage (2-6 months, 30°C, 75% RH) 8.6-49.5 [123]
[y irradiated, 2 kGy]
Storage (2-6 months, 4-5°C) 21.3-31.5 [123]
[microwave treated, 2 min]
Storage (2-6 months, 30°C, 75% RH) 13.9-38.9 [123]
[microwave treated, 2 min]
Cereals
Barley
Kernels (3 months, 41°C, 75% RH) 4.7-9.9 [122]
Kernels (3 months, 41°C, dry) 0.7-2.0 [122]

2RT refers to room temperature (actual temperature is not indicated).
b AH refers to ambient humidity.
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TABLE 10.8. Effects of Radiation on Phytate Content of Soybeans.

Phytate
Common Name/Scientific name Reduction (%) Reference(s)
Gamma irradiation (0.05-1.0 kGy) 3.3-51.8 [42,83]
Gamma irradiation (20-100 kGy) 1.6-4.0 [16]
[seeds with 7.5% moisture content]
Gamma irradiation (56-65 kGy) 1.1-6.0 [16]
[seeds with 22.48 and 30.47% moisture
content]
Microwave heating (15 min) 45.9 [16]
[seeds with 7.5% moisture content]

(3) At sufficiently high temperature and water activity, microbial growth on
seeds (especially yeasts and molds) may permit phytate hydrolysis in in-
fected seeds due to microbial phytases/phosphatases.

Seed storage under dry and cool conditions is normally not expected to affect
seed phytate content in any manner, perhaps with the exception of partial loss
of solubility on extended storage.

9. RADIATION

Few studies have reported radiation to be effective in phytate removal from
seeds and grains (Table 10.8). A closer examination of these studies indicates
that the removal of phytate probably stems from the other treatments (such as
germination, soaking, etc.) given to the test samples. For example, Hafez et al.
[16] noted that phytate reduction was <6% when soybeans (moisture content
7.5-30.5%) were exposed to vy irradiation doses ranging from 20-100 kGy.
In the same study, microwave treatment of the same soybeans (7.5% moisture
content) caused a significant reduction (46%) in phytate. Microwave treatment
causes the samples to heat up, while y irradiation typically does not raise the
sample temperature significantly. Consequently, any reduction in phytate as a
result of exposure to radiation must be evaluated with caution.
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CHAPTER 11

The Antioxidant Effects
of Inositol Phosphates

JOHN R. BURGESS
FENG GAO

1. INTRODUCTION

PHYTATE (myo-inositol hexakisphosphate, InsPg) is a food component that is
considered an antinutrient by virtue of its ability to chelate divalent minerals
and prevent their absorption, but it has also been shown to have anticancer
activity [1] and antioxidant activity [2]. It forms an iron chelate that suppresses
lipid peroxidation by blocking iron-driven hydroxyl radical generation. This
chapter will focus on the antioxidant properties that InsPg exhibits in vivo.

2. ANTIOXIDANT PROPERTIES OF INOSITOL
PHOSPHATES IN VITRO

Phytate is a very stable and potent chelating agent that exhibits the ability
to complex a variety of divalent and trivalent ions. At physiological pH, InsPg
forms complexes with Cu?*, Zn?>*, Co**, Mn?*, Fe?*, and Ca>* [3]. Because
phytate binds essential minerals and can prevent their absorption, most hu-
man nutritionists view the compound negatively. However, its unique chelating
action with iron provides phytate with antioxidant characteristics. In the iron-
assisted Haber-Weiss reaction, the formation of eOH requires the availability
of at least one reactive iron coordination site, as well as iron solubility.

0, + Fe’t = Fe’* + 0,
Fe’* 4+ H,0, = Fe’™ + eOH + OH™ (Fenton Reaction)
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Graf and coworkers [4] postulated that phytate would suppress iron-catalyzed
oxidative reactions by forming a unique chelate with Fe (II) occupying all
six of the coordination sites and displacing water. This complete coordination
was confirmed by titration with azide. These researchers also showed that the
Fe(III)-phytate complex that forms inhibited lipid peroxidation and hydroxyl
radical formation [2]. Additionally, they found that the phytate-iron complexes
were much slower than unbound iron at oxidizing ascorbate and that phytate
accelerates the oxidation of Fe 2+ to Fe 3*. Rimbach and Pallauf [5] recently
confirmed inhibition of hydroxyl radical formation by phytate using electron
spin resonance spectroscopy with 5,5-dimethyl-1-pyrroline-N-oxide as a spin
trap. Although the optimal ratio of phytate to iron for complete inhibition differs
between the two research groups, >0.25 for Graf et al. [4] and >5 for Rimbach
and Pallauf [5], the fact that phytate is a potent inhibitor of iron-catalyzed
hydroxyl radical formation is indisputable.

Evidence that all six phosphates on myo-inositol are not required for the inhi-
bition of hydroxyl radical formation was presented by Hawkins et al. [6]. They
showed that Ins(1,2,3,4,6)Ps and DL-Ins(1,2,3,4,5)Ps were effective at inhibit-
ing hydroxyl radical formation to a greater degree than Ins(1,3,4,5,6)P5 and DL-
Ins(1,2,4,5,6)P5 and concluded that the 1,2,3-trisphosphate grouping contained
the essential binding site. Phillippy and Graf [7] measured the free coordination
sites and inhibition of arachidonic acid oxidation by inositol tris- and tretrak-
isphosphates and deduced that the structure of the most potent inhibitory com-
plex of ferric-Ins(1,2,3)P; would possess the three phosphates in axial, equato-
rial, and axial positions, respectively. These researchers [7] reasoned that this
configuration orients the three phosphate groups in the right three-dimensional
confirmation to allow bonding of all six iron coordination sites. Myo-inositols
phosphorylated at the 1, 2, and 3 positions can be formed via the degrada-
tion of InsP¢ degradation by plant phytases. For example, Ins(1,2,3,5,6)Ps,
Ins(1,2,3,6)Py4, and Ins(1,2,3)P5 are produced by phytases from wheat [8] and
rice bran [9]. Interestingly, Phillippy and Graf [7] also showed that hydrolysis
of 1,2,3-trisphosphate by bacterial alkaline phosphatase was inhibited up to
50% in the presence of iron, whereas other inositol tris- and tetrakisphosphates
were not, suggesting that iron binding might spare the antioxidant forms of the
inositol phosphates over other forms in the gastrointestinal tract.

3. ANTIOXIDANT PROPERTIES OF INOSITOL
PHOSPHATES IN VIVO

A question that remains is whether this antioxidant property of phytate
might function in vivo, and whether it mediates the potential disease-sparing
characteristics of phytate that have been observed in cancer studies [10]. To test
this hypothesis, researchers have used cells in culture or animal models and mea-
sured the ability of phytate to attenuate the oxidative stress induced by various
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means. To date, the literature on this question is equivocal, with some studies
indicating that InsPg provides some antioxidant protection, whereas other stud-
ies have found no effect or a pro-oxidant effect. It is important to recognize that
oxidative stress protection in biological systems is a complex and multifaceted
process [11,12], thus the ability of phytate to contribute as an antioxidant in
vivo may only be evident under conditions in which stress is invoked.

Rao and coworkers [13] tested the ability of InsPg to protect Sprague-Dawley
rats from damage caused by experimentally induced ischemia-reperfusion in-
jury. They found that phytate injected intravenously, at concentrations of 7.5
and 15 mg/100 g BW, prior to cardiac excision and testing, protected the my-
ocardium from damage as indicated by markers of muscle damage, heart func-
tion, blood flow, and lipid peroxidation. Kamp et al. [14] studied the effect
of cigarette smoke extracts in combination with asbestos on oxidant-stress-
induced injury in alveolar epithelial cells and found that phytate at 500 pM
attenuated DNA damage and ATP depletion in one cell type (A549) but not
a second (WI-26). Also, phytate did not prevent oxidant-induced glutathione
(GSH) depletion in either cell type. Porres et al. [15] tested the effect of intrin-
sic dietary phytate to protect the liver and colon mucosa of pigs from oxidative
stress induced by moderately high intakes of iron. Microbial phytase was added
to diets, containing either 140 or 845 mg/kg iron, to remove the intrinsic dietary
phytate (1.1-1.3%) in a 27 factorial design. Their results indicated that phytate
may be protective for some tissues under the stress induced by high dietary
intake of iron but not under conditions in which iron intake is normal.

In contrast to the previously discussed studies in which some evidence
of antioxidant function in vivo was presented, other studies have not ob-
served a protective effect of InsPg against oxidative stress. Rimbach and
Pallauf [5] fed growing albino rats various diets containing either marginal
(30 mg/kg) or enriched (300 mg/kg) iron, deficient or adequate vitamin E (dl-a-
tocopheryl acetate, 0 or 50 mg/kg), and supplemental or no supplemental phytate
(100r 0 g/kg) in a 2* factorial design and assessed iron status and oxidative stress
by measuring thiobarbituric acid reactive substances (TBARS) and protein car-
bonyls. After 28 days of diet consumption they found no protective effect by
phytate on the higher liver TBARS generated or greater content of liver protein
carbonyls in rats deficient in vitamin E compared to rats adequate in this essen-
tial lipid-soluble antioxidant. They also observed a negative effect of phytate
intake, at 1% of the diet on iron absorption and liver iron concentration in rats
consuming marginal levels of iron. These authors and others [16] have cautioned
that the negative effects of significant phytate intake on mineral bioavailability
might compromise its positive effect as an antioxidant. Rimbach and Pallauf
[17] tested the effects of increasing dietary phytate intake (0, 7.5, and 15 g/kg
diet) on magnesium (Mg) absorption and status, as well as markers of oxidative
stress and antioxidant protection in the liver. They found that dietary phytate,
at 0.75 and 1.5%, impaired Mg absorption and decreased Mg concentration in
the plasma and femur. The livers of the animals fed higher amounts of phytate
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showed more evidence of oxidative stress, and liver homogenates were more
susceptible to iron-induced lipid peroxidation than those from the rats given no
phytate. Taken together, the results from these studies suggest that phytate has
the potential to contribute to antioxidant defenses in vivo by chelating iron and
preventing reactive oxygen species (ROS) formation, however, its nonspecific
divalent cation binding properties can compromise the absorption of minerals
that themselves participate, directly or indirectly, in antioxidant defense.

4. PROTECTION FROM VITAMIN E AND SELENIUM
DEFICIENCY BY PHYTATE

We conducted an experiment to test whether the concentration and the form
of inositol phosphates were important factors in determining whether phy-
tate would exhibit antioxidant or pro-oxidant effects in vivo. Our lab has used
a model of chronic oxidative stress induced by deficiency in vitamin E and
selenium to study the adaptive responses invoked to protect rats from dam-
age. Deficiency of these two nutrients leads to a gradual increase in oxidative
stress, indicated by greater tissue concentrations of lipid oxidation products,
as well as adaptations that lead to upregulation of many components of the
cell’s multifaceted defense system [18-21]. To determine whether phytate and
Ins(1,2,3,6)P4 would exhibit antioxidant properties in vivo, these inositol phos-
phates were fed to rats to test whether their presence would prevent the effects
of vitamin E and selenium deficiency. Inositol phosphates were prepared en-
zymatically as described by Phillippy and Graf [7]. Long Evans hooded rats
(40-50 g) were randomly assigned to either a diet sufficient in both vitamin
E and Se (control) or one deficient in these two nutrients (-ESe) [18,19], and
were fed these diets for two weeks. Then, 12 rats that were consuming -ESe diet
were switched to the deficient diet supplemented with phytate (0.1%, 1 g/kg),
or Ins(1,2,3,6)P4 (0.1%), or Ins(1,2,5,6)P4 (0.1%) (four rats in each group). The
rats consumed these diets for an additional four weeks during which time body
weights were measured. At the conclusion of this six-week time period, the ani-
mals were killed, and tissues were taken for analysis. Malondialdehyde (MDA)
concentrations of rat small intestine and colon were determined as previously
described [18]. The effects of inositol phosphates in this model were compared
to those of the synthetic antioxidants butylated hydroxytoluene (BHT) and
tert-butyl hydroquinone (TBHQ). In these experiments, weanling (40-50 g)
Long-Evans hooded rats were randomly assigned to torula yeast-based diets
adequate in vitamin E (100 mg a-tocopherol equivalents/kg diet) and selenium
(0.228 mg Se/kg diet) (control), deficient in vitamin E (<0.1 mg/kg diet) and
selenium (<0.025 mg/kg diet) (-ESe), or deficient in vitamin E and selenium
with either 0.02% TBHQ or 0.02% BHT added to the tocopherol-stripped corn
0il (10%) as the lipid source.
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Weight gain as an indicator of the effect of oxidative stress on growth is
illustrated in Figure 11.1. Rats consuming deficient diets gained about 30%
less weight over the course of the six-week treatment period in comparison to
rats consuming diets sufficient in both vitamin E and selenium. Rats consum-
ing deficient diets supplemented with 0.1% phytate gained significantly more
weight than rats consuming deficient diets, but supplementation with either
inositol tetrakisphosphate did not improve weight gain in animals consum-
ing deficient diets. This result suggests that phytate provides partial protection
against the effects of oxidative stress on weight gain induced by the dietary
deficiency. In comparison, rats consuming deficient diets supplemented with
the potent synthetic antioxidant TBHQ also gained significantly more weight
than animals consuming the deficient diets without supplementation, whereas
supplementation of deficient diets with BHT provided no benefit in terms of
weight gain [Figure 11.1(b)].

To test whether the partial protective effect of phytate on weight gain was
associated with its antioxidant properties, the content of MDA that could be ex-
tracted from the small intestine and colon was measured. The amount of MDA
in the small intestine and colon of rats fed the -ESe diet was about 40-100%
more than that measured in the intestines of the control group [Figure
11.2(a),(b)]. Supplementation with phytate (0.1%) led to significantly less MDA
in both the small intestine and the colon. The MDA content of small intestine
and colon for rats supplemented with Ins(1,2,3,6)P4 was less than that of the de-
ficient animals but more than that for phytate and the control. These data indicate
that both phytate and Ins(1,2,3,6)P4 provide some antioxidant defense protec-
tion in the gastrointestinal tract of rats consuming the deficient diets. This is
verified by comparison to the results obtained by feeding synthetic antioxidants
[Figure 11.2(b)]. In these experiments, TBHQ exhibited complete protection
from MDA formation in the small intestine but only partial protection in the
colon, whereas BHT provided only slight and nonsignificant protection in both
tissues. As the results from previous studies would suggest [7], Ins(1,2,5,6)P4
supplementation provided no protection from MDA formation in the small in-
testine and colon. Moreover, this inositol tetrakisphosphate may have exhibited
a slight pro-oxidant effect, as the mean MDA content in the colon of rats fed
this inositol tetraphosphate was greater, although not statistically significant,
than that of the deficient animals.

5. CONCLUSIONS AND QUESTIONS TO
ADDRESS IN FUTURE STUDIES

The published results and those presented here support the concept that the
chemical form of inositol polyphosphate present in the gastrointestinal tract in-
fluences its antioxidant properties in vivo. The question of whether the amount
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Figure 11.1 Body weight gain in rats consuming diets sufficient in vitamin E and selenium or
deficient in these two nutrients and supplemented with (a) inositol phosphates or (b) synthethic
antioxidants. Bar values are means with error bars representing standard deviations. Diet effects
were tested using one-way ANOVA with Fisher LSD as the post hoc test. Bar values with different
letters are significantly different (P < 0.05).
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Figure 11.2 Malondialdehyde concentration of small intestine and colon for rats consuming diets
sufficient in vitamin E and selenium or deficient in both nutrients and supplemented with (a) inositol
phosphates or (b) synthetic antioxidants. Bar values are means with error bars representing standard
deviations. Diet effects were tested using one-way ANOVA with Fisher LSD as the post hoc test.
Bar values with different letters are significantly different (P < 0.05).
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of phytate in the diet alters its antioxidant potential is still unanswered. Phytate
supplementation to diets, at 0.1%, provided some antioxidant protection
against the combined effects of vitamin E and selenium deficiency, whereas
Rimbach and Pallauf [17] found no protection against vitamin E deficiency
at 1% phytate in the diet. The differences in the results between these two
studies may be due to the degree of oxidative stress imposed by single nutrient
deficiency versus deficiency of two antioxidant nutrients, as well as the effect
that greater concentrations of phytate have on the absorption of important
essential minerals. Future studies should test the dose-response relationship
between phytate and antioxidant/pro-oxidant effects at concentrations between
0.1% and 1% of the diet.

Phytate might influence oxidative stress by mechanisms independent of its
hydroxyl radical inhibiting characteristics. It may alter cell signaling pathways
as proposed by Shamsuddin [1,22,23], or it may influence the activity and ex-
pression of key enzymes in the antioxidant defense system. Singh and Singh
[24] have reported that phytate given by oral gavage to lactating mice for 21 days
led to increases in the activity of glutathione-S-transferase, (GST), the protein
levels of cytochromes bs and P-450, as well as the content of acid-soluble
sulfhydryl groups in the livers of both the dams and their suckling pups. The
GST family includes the non-selenium glutathione peroxidase, an important
component of the cell’s antioxidant defense machinery, and an enzyme that is
upregulated in response to antioxidant nutrient deficiency [25]. Thus, phytate
may also contribute to antioxidant defense by increasing the activity of key en-
zymes that detoxify ROS. Future research should also explore multiple potential
mechanisms by which phytate contributes to oxidative stress defense in vivo.
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CHAPTER 12

Potential Use of Phytate as an Antioxidant
in Cooked Meats

DAREN P. CORNFORTH

1. INTRODUCTION

TRADITIONALLY, phytate (myo-inositol hexakisphosphate; InsPs) has been
considered a food toxicant in animal feed and in human diets, due to its
powerful chelating ability, resulting in lower bioavailability of zinc, calcium,
and iron. More recently, however, phytate has been recognized as a natural seed
antioxidant, capable of chelating ionic iron and preventing iron catalysis of lipid
oxidation [1]. With recognition of the antioxidant properties of phytate, several
groups have investigated the possible use of phytate as an antioxidant in muscle
foods [2—4]. A major concern with phytate addition to foods is the possible
impairment of mineral absorption. However, a number of studies now indicate
that iron and zinc absorption is not impaired in meat-based diets containing
phytate [5—7]. This chapter will review phytate as an antioxidant in meat sys-
tems, meat-phytate interactions on mineral absorption, and effects of phytate
on product cost and acceptability.

2. MEAT COUNTERACTS THE EFFECTS OF PHYTATE
ON MINERAL ABSORPTION

The inhibitory effects of phytate on iron absorption are effectively counter-
acted by the presence of ascorbic acid [8], meat consumption [5], or enzymatic
dephytinization of bran [9] (see reviews by Torre et al. [10] and Carpenter and
Mahoney [11]). The addition of beef, pork, or chicken to a cereal + phytate diet
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increased iron (Fe>®) absorption compared to controls with cereal and phytate
but without meat [6]. Meat consumption also improves Zn absorption. Zinc
bioavailability was about fourfold greater from beef than from a high-fiber
breakfast cereal [7]. Ascorbic acid enhances iron absorption by reducing insol-
uble ferric iron to the more soluble ferrous form. In addition to stimulation of
gastric acid secretion, meat factor(s) may chelate solubilized iron in the acid en-
vironment of the stomach, thereby maintaining iron solubility during intestinal
digestion and absorption [11].

3. PHYTATE AS AN ANTIOXIDANT IN CHICKEN AND BEEF

Graf and coworkers [2,12] were the first to evaluate phytate as an antioxidant
in a meat system. In cooked, minced chicken breast muscle +10% added water,
phytic acid (1.5 mM, pH 6.0) was highly effective in reducing thiobarbituric
acid (TBA) values (Figure 12.1) and warmed-over flavor (WOF) intensity
(Figure 12.2), compared to controls [12]. Phytic acid (2 mM) was more effec-
tive than other antioxidants (2 mM ascorbic acid, BHT, or EDTA) for lowering
TBA values in fresh beef homogenates incubated for 60 min at 37°C [13].

104

] 1.5 mM Phytic Acid

o Control

TBARS (mg MDA/kg)

Days

Figure 12.1 Effect of phytic acid on thiobarbituric acid reactive substances (TBARS) levels in
cooked, minced chicken breast samples stored at 4°C in oxygen impermeable vacuum pouches.
MDA = malonaldehyde. Reprinted with permission. (Source: Reference [12]).
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Figure 12.2 Effect of phytic acid on warmed-over flavor (WOF) generation in cooked, minced
chicken breast samples stored at 4°C in oxygen impermeable pouches. Reprinted with permission.
(Source: Reference [12]).

4. EFFECT OF PHYTATE ON COLOR, BIND STRENGTH,
AND TBA VALUES

Lee et al. [14] compared sodium phytate (SPT) to traditional phosphates
[sodium pyrophosphate (SPP) or sodium tripolyphosphate (STPP)] on char-
acteristics of raw and cooked beef rolls. The rolls were formulated to contain
10% added water, 1% salt, and 0.5% phosphate as a percent of raw meat weight.
On a millimolar basis, the 0.5% concentrations of SPT, SPP, and STPP were
equivalent to 4.5, 11.2, and 13.6 mM, respectively. The uncooked rolls with
SPT were redder, with higher Hunter color “a” values than controls or rolls
containing STPP (Table 12.1) and lower levels of brown metmyoglobin (Table
12.2). Compared to controls, phytate and other phosphate treatments increased
salt-soluble protein levels and raw meat pH and decreased the TBA value (Table
12.2). Phytate was apparently resistant to the effects of endogenous meat phos-
phatases, because orthophosphate levels were lower in rolls with phytate than
in rolls with sodium tripolyphosphate or sodium pyrophosphate (Table 12.2).

After cooking, rolls with phytate or other phosphates had higher bind strength,
cooked yield, and higher meat pH than controls (Table 12.3). All phosphate-
treated rolls had lower TBA values than cooked controls. Phytate was slightly
more effective than other phosphates for reduction of TBA values of cooked
rolls. Among phosphate treatments, rolls with tripolyphosphate had the highest
cooked yield. It was somewhat surprising that phytate was as effective as other
phosphates for increasing bind strength of cooked rolls, compared to controls
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TABLE 12.1. Effect of Sodium Phytate Compared to Other Phosphates on
Hunter Color Values of Raw and Cooked Beef Rolls.

Treatment Raw Cooked

L A B L A B
Control 31+£222 13+15% 10+1.02 45+13% 10+1.18 10+0.12
SPT 26+160 17+04P 84+03° 43+272 11+012 9+042
SPP 28+18> 16+08°> 8+06° 43+362 11+032 10+0.32
STPP 26+1.7° 15+13° 8+04> 44+242 10+09%2 9+0.6°

Data represent the mean + standard deviation of three determinations.

a-bMeans within columns sharing the same superscript letter were not significantly different at
p < 0.05.

Hunter color: L =lightness; A =redness; B = yellowness.

Abbreviations: SPT =sodium phytate; SPP =sodium pyrophosphate; STPP =sodium tripolyphos-
phate.

(Reprinted from Meat Science, 50, Lee, B., Hendricks, D.G. and Cornforth, D.P., Effect of sodium
phytate, sodium pyrophosphate, and sodium tripolyphosphate on physico-chemical characteristics of
restructured beef, 273-283, Copyright 1998, with permission from Elsevier Science.)

without phosphates. Phosphates increase cooked yield and bind strength of
cooked meats via two mechanisms. Phosphates raise meat pH, and there is a
clear tendency for the meat yield and water-holding capacity to increase with
increasing pH [15,16]. Second, phosphates increase bind strength through their
ability to dissociate actomyosin into myosin and actin, thereby increasing pro-
tein extraction from post-rigor meats [17,18]. One mole of STPP hydrolyzes to
one mole of orthophosphate and one mole of pyrophosphate due to the action
of meat phosphatases [19]. The hydrolysis products of traditional phosphates
contribute to actomyosin dissociation. Beef rolls with phytate had similar or-
thophosphate levels to controls (1167 versus 1148 ppm, respectively), indicating

TABLE 12.2. Effect of Sodium Phytate Compared to Other Phosphates on
Various Characteristics of Raw Restructured Beef Rolls after Storage
for One Day at 2°C.

Salt-soluble  TBA number

MetMb protein (mg MDA/kg Orthophosphate
Treatment (%) (mg/mL) meat) (ppm) pH
Control 42 4 32 6.8+018 11+0102 1135+ 272 5.3 +0.022
SPT 28+ 15 86+0.3°¢ 03+0.03° 1127 +£104%8 59+ 0.05°
SPP 29+250 80403 02+001P 1817 +173® 58+ 0.04P
STPP 36+28° 90+02° 02+002° 2206 + 78° 5.8 + 0.05°

Data represent the mean + standard deviation of three determinations.

a8-¢Means within columns sharing the same superscript letter were not significantly different at
p < 0.05.

Abbreviations: SPT =sodium phytate; SPP =sodium pyrophosphate; STPP =sodium tripolyphos-
phate; MetMb = metmyoglobin as % of total myoglobin; TBA = thiobarbituric acid; MDA = malonalde-
hyde.

(Reprinted from Meat Science, 50, Lee, B., Hendricks, D.G. and Cornforth, D.P., Effect of sodium
phytate, sodium pyrophosphate, and sodium tripolyphosphate on physico-chemical characteristics of
restructured beef, 273-283, Copyright 1998, with permission from Elsevier Science.)
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TABLE 12.3. Effects of Sodium Phytate Compared to Other Phosphates on
Various Characteristics of Cooked Beef Rolls.

TBA number
Bind Cook Yield (mg MDA/kg Orthophosphate
Treatment Strength (g) (%) meat) (ppm) pH
Control 7614+ 1482 774072 15+0.08% 1148 4 452 5.5+ 0.42
SPT 1878 £251° 82+ 030 0540.02° 1167 + 652 6.0 £ 0.5°
SPP 1965 £ 224> 84+ 1.4P¢ 0.7+0.09° 1657 + 60P 59+0.3°
STPP 1996 + 416 86+ 1.7° 0.6+0.10° 1838 + 136° 5.8+ 0.6°

Data represent the mean + standard deviation of three determinations.

2-¢Means within columns sharing the same superscript letter were not significantly different at
p < 0.05.

Abbreviations: SPT = sodium phytate; SPP = sodium pyrophosphate; STPP = sodium tripolyphos-
phate; TBA = thiobarbituric acid; MDA = malonaldehyde.

(Reprinted from Meat Science, 50, Lee, B., Hendricks, D.G. and Cornforth, D.P., Effect of sodium
phytate, sodium pyrophosphate, and sodium tripolyphosphate on physico-chemical characteristics of
restructured beef, 273-283, Copyright 1998, with permission from Elsevier Science.)

that endogenous phosphatases were unable to hydrolyze added phytate [4].
Thus, increased bind and cooked yield in rolls with phytate was primarily due
to higher meat pH (6.0, phytate > 5.8, STPP > 5.5, controls) (Table 12.3).
Carnosine or phytate both increase color stability of a fresh beef homogenate
during refrigerated storage [14]. After cooking, however, lipid oxidation and
TBA values were much lower for samples with phytic acid than for controls
or samples with added carnosine (Figure 12.3). After meat cookery, ionic iron

8
—O— Control
6 —{1— 1 mM Carnosine
—>— 5 mM Carnosine
- —¥— 1 mM Phytic acid
o
=] 5 mM Phytic Acid
£ 4-
3
4
g
1)
-
2
0
Raw beef 0 2 4 6 8 10

Storage time (day) after cooking

Figure 12.3 Effect of L-carnosine and phytic acid on TBA number in cooked beef during storage
for 9 days at 4°C. Reprinted with permission. (Source: Reference [4]).
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Figure 12.4 Effect of L-carnosine and phytic acid on heme iron content in cooked beef during
storage for 9 days at 4°C. Reprinted with permission. (Source: Reference [4]).

levels are higher due to heme pigment oxidation [20]. Lee et al. [14] reported a
highly negative correlation (r = —0.92) of heme iron content with lipid perox-
idation in cooked beef. Phytate was significantly more effective than carnosine
for inhibition of iron release from heme during cooking (Figure 12.4).

5. MECHANISM OF PHYTATE ANTIOXIDANT EFFECTS

Phytate inhibits lipid peroxidation by forming a complex in which all six
coordination sites of Fe (IIT) are occupied by phytate [21]. In addition to binding,
phytate strongly facilitates the oxidation of Fe (II) to Fe (III). Phytic acid at
0.1, 1, and 5 mM catalyzed oxidation of 100 wM Fe (II) by 71, 78, and 98%,
respectively (Table 12.4). Both lipid and deoxyribose oxidation are catalyzed
by ionic iron, and the resultant aldehydes may be quantitated by reaction with
thiobarbituric acid (TBA). Using deoxyribose as a substrate, Lee and Hendricks
[22] showed that phytate very effectively inhibited oxidation, as indicated by
lower TBA values than controls (Table 12.5). Another indication of the nature
of the phytate-iron interaction is illustrated in Figure 12.5, where phytic acid
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TABLE 12.4. Effects of Chelates on Oxidation of Fe (ll) to Fe (lll) and on
Degradation of Deoxyribose in the Presence of 100 wM Fe (l1).

TBARS,
% Oxidation vs. nmole/10 mM % Inhibition vs.
Chelates Fe (Il), M Control Deoxyribose Control

Control (buffer) 100 128+1.2
Desferroxamine, 13.6+ 1.5 86.4 45+04 64.6

0.1 mM
EDTA, 0.1 mM 0.2+0.2 99.8 1.4+£0.2 89.1
Phytic acid

0.1 mM 29.3+1.9 70.7 35+04 78.8

1.0 mM 22.7+18 78.3 244+0.3 81.2

5.0mM 21+07 97.9 1.5+0.3 88.1

Data represent the mean + standard deviation of three determinations.
TBARS = thiobarbituric acid reactive substances.
(Source: Reference [22]. Reprinted with Permission.)

inhibited the reduction of ferric iron by ascorbate in a dose-dependent manner.
At 10 mM phytate, the high (98%) retention of iron in the ferric state indicates
that phytate tightly bound ferric iron, rendering it unavailable for reaction with
reductants such as ascorbate.

The relationship of iron oxidation state versus rate of lipid oxidation has
been investigated by Minotti and Aust [23], who proposed a complex of Fe(II)-
0;-Fe(Ill) as an initiating species for lipid oxidation. The rate of oxidation
was found to be highest when the ratio of ferrous to ferric iron was one to one

TABLE 12.5. Effect of Cooked Wild Rice on the
Thiobarbituric Acid Values of Cooked Ground
Beef Stored for 10 Days at 4°C.

Treatment TBARS (ppm)
Beef control 3.52
Beef + BHA (200 ppm) 0.3°
Beef + BHT (200 ppm) 0.5°
85% Beef+15% cooked wild rice 1.80
85% Beef +15% water 3.52

a-b Means sharing the same superscript letter were not significantly different
at p < 0.05. Standard deviation = +0.1 ppm.

TBARS values were based on the weight of the beef to eliminate the dilution
effect of the rice.

Abbreviations: TBARS = thiobarbituric acid reactive substances; BHA = buty-
lated hydroxyanisole; BHT = butylated hydroxytoluene.

(Reprinted with permission from Reference [34]. Copyright 1994 American
Chemical Society.)
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Figure 12.5 Inhibitory effect of phytic acid on reduction of 100 wM Fe (I1I) to Fe (II) by 100 pM
ascorbic acid and the simultaneous oxidation of ascorbic acid in 35 mM HEPES buffer (pH 7.0)
after standing for 25 min at 25°C. Reprinted with permission. (Source: Reference [22]).

[24-25]. The ability of chelators such as phytate to shift the ferrous-ferric ratio
to 1:0 or 0:1 (as with phytate) facilitates their antioxidant effects [22].

6. COST AND REGULATORY STATUS OF PHYTATE
IN MEAT PRODUCTS

Phytate is used as a food preservative in Japan. Phytate is not approved in
the United States for use in meat products, because the USDA has not been
petitioned to approve its use in a specific application. Cost is another drawback
to commercial application of phytate in meats. At a current cost of 44 cents per
gram (Sigma Chemical Company, St. Louis, MO), and at a use level of 0.5% of
meat weight (the phosphate level permitted by the USDA) [26], phytate would
cost 33 cents per pound raw meat. Obviously, phytate must be obtained more
cheaply in order to justify its commercial application. One application where
high phytate costs may be acceptable is in production of nitrite-free bacon or
franks [27], using phytate rather than nitrite to inhibit rancid flavor development
[28]. Nitrite is a precursor to formation of carcinogenic nitrosamines in fried
bacon [29]. The USDA has reduced the permitted level of nitrite in cured
products and now also requires use of 500 ppm ascorbate to lower residual
nitrite levels after processing, virtually eliminating the potential for nitrosamine
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formation during frying (see review) [30]. However, there is a niche market for
nitrite-free cured meats.

7. ANTIOXIDANT PROPERTIES OF WILD RICE
IN COOKED MEAT PRODUCTS

A cheaper alternative to phytate is the addition of high-phytate grains to
cooked ground meats. Textured soy proteins (TSP) or textured vegetable pro-
teins (TVP) are economical extenders of ground beef patties [31]. Lower thio-
barbituric acid (TBA) values were reported for ground beef patties extended
with TSP [32], indicating possible antioxidant effects during storage. Addis and
coworkers [3,33-35] at the University of Minnesota demonstrated the feasibility
and acceptability of wild rice addition to ground beef patties and pork sausage
[36]. In addition to alowering of TBA values with the addition of wild rice (Table
12.5), panel evaluations indicated an actual preference for beef patties with 15
or 30% cooked wild rice, compared to all beef controls [33]. Whole-grain wild
rice was a more effective antioxidant in ground beef patties than ground wild
rice [3]. The antioxidant properties of wild rice kernels were due to the presence
of phytic acid [34], as indicated by the identical HPLC chromatogram for wild
rice extract versus phytic acid, and identical NMR phosphorus spectra of wild
rice extract versus phytic acid hydrolyzate. The wild rice hull also contains
antioxidant fractions, including anisole, vanillin, and m-hydroxybenzaldehyde
[37].

Barley bran (1.5%) was also highly effective for prevention of oxidation in
cooked ground beef patties [35]. Barley bran contains vitamin E and other to-
cotrienols, classified as Type I antioxidants. The phytate in wild rice is a Type II
antioxidant [35]. Type I antioxidants are electron donors and act to interrupt the
propagation step of lipid oxidation. Type II antioxidants, such as phytate, bind
iron, preventing its participation in the initiation of lipid oxidation [38] and also
preventing iron-catalyzed degradation of hydroperoxides to volatile aldehydes
and ketones.

8. CONCLUSIONS

Through the mid 1980s, phytate was regarded strictly as a dietary inhibitor
of mineral absorption. More recently, studies indicate that phytic acid is a nat-
ural antioxidant important for seed viability. Evidence also indicates that the
inhibitory effects of phytate on mineral absorption are not seen in varied diets
containing animal protein. Phytate may actually be beneficial as a dietary an-
tioxidant in an animal protein diet. There may be nutritional advantages, or at
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least no disadvantage, to addition of phytate to meat products. Phytate retards
oxidation and enhances fresh meat color stability. However, its primary appli-
cation appears to be in cooked meats. Phytate can be as effective as traditional
phosphates for enhancement of cooked yield, cohesion, and inhibition of lipid
oxidation. The major obstacle to use of phytate in cooked meats is cost. Cheaper
methods of phytate purification are needed before it can be cost competitive
with traditional phosphates. However, phytate in cooked wild rice/ground beef
blends has been shown to be a cost-effective method of phytate addition and
highly acceptable by consumer panelists.
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CHAPTER 13

Phytate and Mineral Bioavailability

CONNIE M. WEAVER
SRIMATHI KANNAN

1. INTRODUCTION

FOR several decades, concerns have been raised about the role of phytic acid
in reducing mineral bioavailability. Because dietary phytic acid is a ubig-
uitous plant constituent present in nuts, cereals, legumes, and oilseeds, current
trends in food choices merit a reexamination of this issue. Recommendations for
increasing consumption of cereals and grains as the foundation of the food guide
pyramid by the U.S. Dietary Guidelines Committee has prompted one such
trend. A second trend is that soy-containing foods are becoming increasingly
popular in the United States due to intensified research on their health benefits.
Increased consumption of snack foods with plant seeds including poppy seeds,
sesame seeds, and pumpkin seeds, and granola mixes of nuts and dried foods
that contain appreciable amounts of phytate is a third trend. An emerging trend
is the interest of manufacturers and consumers in functional foods. Addition
of antioxidants such as ascorbic acid or fructooligosaccharides to foods could
have tremendous effects on mineral bioavailability that temper the effect of di-
etary phytate. Genetically modified crops with reduced phytate as discussed in
another chapter in this book and still others with higher levels of micronutrients
or absorption enhancers as reviewed by Frossard et al. [1] could substantially
alter the current food supply.

In this chapter, the nature of the inhibitory effect of phytic acid on mineral
bioavailability is reviewed as well as factors influencing the extention of the in-
hibition. A potential role of inositol phosphate hydrolysis products as enhancers
of mineral absorption is discussed. The chapter is meant to be more of a perspec-
tive, especially in the context of other dietary enhancers and inhibitors, than a
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comprehensive review. As such, examples are selected that studied endogenous
phytate as opposed to the highly reactive sodium salt when possible.

2. PHYTATE-MINERAL INTERACTIONS

The effect of phytate on mineral bioavailability has been the focus of nu-
merous research studies and the subject of extensive reviews [2—7]. Phytic acid
has a potential for binding positively charged proteins, amino acids, and/or
multivalent cations or minerals in foods (Figure 13.1). The resulting com-
plexes are insoluble, difficult for humans to hydrolyze during digestion, and
thus, typically are nutritionally less available for absorption. Phytate forms
chelating conjugates with nutritionally important minerals such as calcium,
magnesium, copper, iron (Fe? and Fe?1), zinc, cobalt, and manganese. Solu-
bility is a prerequisite for absorption of most minerals, although solubility at
neutral pH has been shown to be less important for calcium absorption [8].
The chemical structure of phytic acid is indicative of strong chelating poten-
tial. Phytic acid has six strongly dissociated protons (pKs 1.1 to 2.1) and six
weakly dissociated protons (pKs 4.6 to 10.0). The effect on minerals is observed
through the formation of phytate-mineral (M) or peptide-mineral-phytate com-
plexes. These complexes have stoichiometries of the Mt (n)-phytate type (n =
1-6). Phytate forms a wide variety of insoluble salts with divalent and trivalent
cations. Usually, the divalent cations (e.g., Zn>*, Ca’*, Mg?*) form insolu-
ble penta- and hexa-substituted salts. The insolubility of these complexes is
regarded as the major reason for the reduced bioavailability of minerals due
to diets high in phytic acid. When the complex includes peptides, bioavail-
ability of proteins and enzymatic activity may be reduced [9]. Humans lack
sufficient intestinal phytase to degrade the complexes. As much as 30-97% of
the intake of phytic acid (0.3-3.7 g/d) may be undigested before it reaches the
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Figure 13.1 Phytate showing an example of an interaction with iron and a protein.
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colon, and this phytic acid may have protective or adverse effects on colonic
health.

Several factors determine the effect of phytate on mineral bioavailability: pH,
size and valence of the mineral, mineral and phytate concentrations and ratios,
and food matrix that includes the presence of enhancers and/or inhibitors. The
effects of processing and degree of phosphorylation of phytate will be discussed
in later sections.

2.1. pH

The effect of pH on mineral-phytate and protein-mineral-phyate interactions
has been reviewed [10]. As the pH increases, and under sufficient phytate con-
centrations, phytic acid becomes more ionized and begins binding cations. pH
also affects the charge of peptides. On the acidic side of the isoelectric pH
of the peptide, the negatively charged carboxyl groups can react directly with
the positively charged amino group. On the alkaline side of the isoelectric pH
of the peptide where carboxy groups are negatively charged, binding occurs
through positively charged mineral ions. This can occur in processing or during
digestion. For example, at higher pH, zinc was more associated with phytate in
soy protein isolates than at acidic pH (pH for soy protein is 4.5) [11]. A higher
pH environment would typically occur in the intestine. However, Champagne
and Phillippy [12] reported that high intraluminal gastric pH leads to the for-
mation of calcium-zinc-phytate complexes as early as the stomach following
the ingestion of soy protein isolate.

2.2. MINERAL TYPE

The relative binding strengths of different minerals to phytic acid vary greatly.
Chelation strength increases with increasing atomic number of the mineral
moving from the alkaline earth metals through transition metals in the periodic
table. Vohra et al. [13], using titration curves of phytate as free acid in the
presence of single cations, reported that phytate forms complexes with cations
in the following descending order of strength:

Cu’t > Zn*™ > Co*™ > Mn*" > Fe*t > Ca’t
The decreasing order of stability of phytate-mineral complexes is as follows:
Zn*" > Cu*" > Ni*t > Co** > Mn*" > Ca’t
Consequently, zinc is the essential mineral most affected by phytate. The pres-

ence of unhydrolyzed phytate in unleavened bread is considered to be respon-
sible for zinc deficiency in the Middle East. Zinc deficiency is corrected by
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leavening [14] or by zinc supplementation to the phytate-rich cereal legume
diet of Egyptians and Iranians [15,16].

2.3. MINERAL AND PHYTATE CONCENTRATIONS AND RATIOS

Phytate concentrations have to be sufficiently high to exert a substantial ef-
fect on mineral bioavailability in the diet. Harland and Oberleas [17] published
the phytate values in approximately 200 foods. The inhibitory effect of phy-
tate on mineral absorption is often dose responsive. The relationship between
iron absorption and phytate content of cereals in young adults was strong at
r =—0.801, p < 0.02 [18]. Genetically modified corn that reduced the phy-
tate to one-third of the parent strain improved iron absorption by 50% [19]. In
soy, the amount of phytate required to inhibit iron absorption is small and has
to be reduced to concentrations of <10 mg/meal to substantially remove the
inhibitory effect of phytate [20]. This may explain why iron absorption in rats
and humans was not affected by a wide range in phytic acid concentration in
soybeans produced hydroponically by manipulating phosphorus content of the
nutrient solution because even the lowest concentration exceeded this threshold
[21].

It is not clear whether phytate concentration per se or the ratio of phytate to
minerals in the foodstuff or diet is dominant in influencing mineral bioavailabil-
ity. It is possible that these factors have different impacts for different nutrients.
The molar ratio of phytate to zinc has been reported to be a major factor in in-
fluencing bioavailability of zinc to rats from breakfast cereals [22]. Molar ratios
of phytate:zinc > 10 have been associated with zinc deficiency symptoms [23].
The phytate x calcium/zinc molar ratio was even a stronger predictor of zinc
bioavailability from seeds than was the phytate-zinc molar ratio, especially at
lower protein intakes [24,25]. Poor zinc availability in rats was observed when
the phytate x Ca?*/Zn?>* molar ratio exceeded 3.5 [24]. Similarly, absorp-
tion of *Fe in rats was decreased with a phytate:Fe>* molar ratio above 14.2.
A phytate:Ca>* molar ratio >0.24 also reduces calcium bioavailability [26].
Thus, phytate:mineral molar ratios have been used to evaluate several minerals
for predicted bioavailability.

Total phytate and phytate:mineral ratios have been directly compared for
predicting mineral bioavailability for zinc and calcium. In rats, zinc retention
was determined from wheat produced with a range of phytate concentrations
[27]. Neither phytate Zn>* nor phytate x Ca>*/Zn>* molar ratio improved the
predictability of zinc retention over total phytate content (r> = 0.625-0.636 for
all predictors). When human calcium fractional absorption from soybeans and
wheat products with a range of phytate concentrations were used in correlation
models, the phytate:calcium molar ratio only predicted 32% of the variation
(r> = 0.5694, p < 0.0001), whereas, total phytate content predicted 70% of
the variation (r> = 0.8396, p < 0.001) [28]. When the phytate concentration
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TABLE 13.1. Fractional Calcium Absorption from Calcium Carbonate
as Influenced by Calcium Load and Phytate:Calcium Molar
Ratios in Healthy Premenopausal Women.?2

Fractional Ca
Calcium Load Phytate Load Phytate:Ca Absorption
(mmol) (mmol) Molar Ratio (X + SD)
0.5 0 — 0.77 £0.13
0.5 0.716 1.45 0.26 + 0.08
1.175 0.716 0.61 0.22 £ 0.07
2.75 0.716 0.26 0.25 + 0.06
6.425 0.716 0.11 0.22 £0.07
12.5 0 — 0.38 +£0.07
15.5 0.716 0.05 0.20 £ 0.06

aExtruded wheat bran cereal provided the phytate.
Reference: Compiled data from Reference [29].

was held constant in a meal of 40 g extruded wheat bran cereal but the calcium
load was increased with the addition of calcium carbonate, fractional calcium
absorption was not altered [29]. Fractional calcium absorption was less in meals
containing the wheat bran cereal than from CaCO; fed alone and did not ex-
hibit the inverse relationship with calcium load as did CaCOj; (Table 13.1).
In vitro binding studies showed linear binding over seven orders of magnitude
of calcium, suggesting that binding was unrelated to the phytate:calcium molar
ratio.

There are several reasons that could explain why phytate:mineral molar ra-
tios in a food or meal cannot reliably predict mineral bioavailability. There
is not a fixed stoichiometric relationship between phytate and any particular
mineral, because it depends on the presence of multiple ions, pH, tempera-
ture, and ionic strength. Furthermore, the intestinal milieu alters these factors.
The pH alters along the digestive tract, and endogenous secretions can dilute
the phytate:mineral ratios. The specific environment at the site of absorption
determines absorption but cannot be readily measured.

2.4. FOOD MATRIX

The environment that surrounds phytate affects its interaction with minerals.
This is true for both the foodstuff and the intestine and for minerals that enter
the intestine from the diet or through endogenous secretions. The influence of
pH was discussed previously, and the effect of processing will be discussed in
a later section. Here, we will concentrate on the other constituents that may
enhance or inhibit mineral absorption in the presence of phytate, and this effect
can be substantial. For example, iron absorption from a meal can vary between
2 and 35%, depending on the presence of enhancers and inhibitors [30].
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Fiber is a predominant plant constituent that has long been attributed to
decreasing mineral absorption [31]. Dietary fiber is the nondigestible carbohy-
drate that provides bulk matrix to plants. Minerals entrapped in this matrix that
cannot be freed during digestion can be excreted along with the fiber. To this
extent, increasing digestibility of fiber can increase mineral absorption. Some
fibers such as pectin and psyllium have negative charges that bind mineral ions
in vivo [32]. However, their impact on in vivo calcium bioavailability at usual
fiber intakes at least is negligible [33]. Substantial evidence now suggests that
the phytate associated with fiber in seeds is more responsible for the reduction
in mineral bioavailability. For example, phytate-rich extruded wheat bran cereal
decreased calcium absorption in humans [34], whereas, purified cellulose, the
major fiber in wheat bran, did not [33]. Wheat bran also decreases zinc ab-
sorption in rats, but the purified wheat bran fiber does not [35]. Purified fibers
including cellulose and pectin did not influence iron or zinc absorption in hu-
mans [36]. Removal of phytates in wheat bran nearly removed the inhibition by
bran of iron absorption [37]. The addition of ~25 g of a low-phytate barley fiber
did not exhibit adverse effects on calcium, magnesium, iron, or zinc retention
in young women [38].

The influence of the nature of the protein in mineral-rich foods and diets has
been the subject of much study. Generally, minerals are better absorbed from
animal sources than plant sources. Zinc bioavailability to rats was greater from
egg and chicken diets than from soy diets [39,40]. In addition, when the diet
was mixed, zinc bioavailability was intermediate between the animal protein or
plant protein given alone, suggesting formation of a common absorptive pool.
This has also been demonstrated for iron [41]. For iron, this is partly attributable
to the occurrence of iron in meat partially as heme iron which is not vulnerable
to the inhibition of phytate as is nonheme iron. Some proteins have specific
effects on binding minerals. Partially digested peptides from meat, especially
those containing cysteine, enhance absorption of iron and zinc [42]. Peptides
that contain serine phosphate, such as casein, reduce its absorption [20], or
carboxylic acid groups as in soy protein bind iron. The albumin extract of white
beans is very inhibitory to iron and zinc dialyzability, primarily due to its high
phytic acid content and also to the protein [43]. However, upon digestion, the
released cysteine enhances dialyzability of these minerals. Recall that binding
of minerals by these protein residues is pH dependent.

An anomaly is the comparable bioavailability of calcium from many soy
foods with milk despite the high phytate and oxalate content of soy [44], al-
though calcium bioavailability from fortified soy milk is only ~75% that of
cow’s milk [45]. This may be because calcium is not located in situ in com-
bination with phytate and oxalate, or the calcium phytate complex was of the
form of Ca;-phytate or Ca,-phytate, which would be more soluble than other
Ca?*-phytate complexes [46].
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Differential mineral bioavailability also occurs within various plant protein
sources. Over half of the iron in wheat occurs as monoferric phytate, which
is highly soluble at neutral pH, unlike ferric phytate, and the iron appears to
enter the common nonheme iron pool [47]. The chemical form of minerals in
most plant foods has not been well characterized. A unique method was used
to study the chemical form of iron in wheat. Wheat was grown hydroponically
and intrinsically labeled with a stable isotope of iron with an absorption profile
that could be identified by Mdossbauer spectroscopy.

These examples from plant seeds contrast with mineral bioavailability from
plant foods that are low in inhibitors. For example, calcium absorption is higher
from Brassica vegetables than from milk [48,49]. Molybdenum absorption was
greater from kale than from soybeans [50].

Enhancers of mineral absorption can counteract the deleterious effect of
phytic acid. The classic example is ascorbic acid, often recommended with
vegetarian diets, or in other cases where heme iron ingestion is low to increase
absorption of iron [1].

A newer example is the effect of fructooligosaccharides on enhancing mineral
absorption. Several studies have demonstrated their role in increasing calcium
and magnesium absorption in rats [51] and humans [52]. Recently, inulin at
10% of diets in rats counteracted the deleterious effects of phytic acid alone at
0.7% in rats on apparent absorption of calcium (—31%), zinc (—62%), and iron
(—48%) [53]. There is some evidence that vitamin A and [3-carotene counter the
inhibitory effect of phytate from cereal diets [54]. Both compounds improved
solubility of iron in vitro when the pH was adjusted from 2 to 6. These authors
suggested that at the pH of the intestine, iron liberated during digestion might
be chelated to vitamin A or [3-carotene, preventing insolubilization by phytate
or polyphenols.

3. PHYTATE HYDROLYSIS
3.1. MINERAL BIOAVAILABILITY

As phosphate groups are progressively removed from the inositol hexaphos-
phate (InsP¢), the mineral binding strength decreases and solubility increases
[55]. At phosphorylations >5, iron solubility was decreased [56], zinc absorp-
tion was suppressed [57], and calcium absorption to suckling rats was inhibited
[58].

A series of inositol phosphates were tested for their ability to increase the
solubility of iron—InsP; and InsP4 with a 1,2,3-triphosphate grouping did so
[59]. Furthermore, Ins(1,2,3,6)Py4, but not Ins(1,2,5,6)P4, fed at the same levels
significantly enhanced calcium absorption from calcium ascorbate to rats [60].
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Ins(1,2,3,6)P;4 is also a more potent second messenger than Ins(1,2,5,6)P4 and
may be involved in gut uptake [61]. Thus, the degree of phosphorylation deter-
mines whether mineral absorption is enhanced, not affected or inhibited.
Hydrolysis of phytate can occur by nonenzymatic or enzymatic means.
Nonenzymatic hydrolysis could occur during extrusion or thermal processing
[62]. Phytate can also be hydrolyzed by phytase which may occur endogenous
to cereals and uncooked green leafy vegetables or may be added exogenously.

3.2. PHYTASE

Phytase catalyzes the stepwise hydrolysis of phytate to phosphate and inosi-
tol. Commercial sources of phytase are derived from wheat bran or microbial or
fungal sources and are used in pretreatment of feed or during food fermentation.
Phytase is added to swine and poultry rations to improve phytate phosphorus
utilization. This can lessen the environmental concern of phosphorus water pol-
lution from unabsorbed phytate. Fermentation of food with yeast, germination
of seeds, treatment of foods with phytase, or removal of phytase with acid plus
salt and ultrafiltering can improve mineral absorption (Table 13.2). Leavening
during bread making improves mineral absorption. The impact of added phy-
tase on mineral bioavailability can depend on the source. As shown in Table
13.2, microbial phytase removed all the inhibition of phytate on iron absorption,
whereas, wheat phytase was ineffective. A. niger phytase has pH optima at 2.0
and 6.0, so hydrolysis could occur in the stomach, whereas, the pH optimum
for wheat phytase is 5.0.

TABLE 13.2. The Influence of Phytase on Mineral Absorption in Humans.

Absorption
Mineral Test Food (%) Reference
Calcium Wheat cookies 64.8 +8.7 [34]
Wheat bread 70.3 +10.82
Pinto bean, untreated 23.1+£53 [63]
Pinto bean, phytase treated 31.8+7.12
Iron Wheat rolls + bran 104 +£25 [64]
Wheat rolls + autoclaved
phytase-deactivated bran 10.3 £ 2.64
Bran 143+ 26
Bran + microbial phytase 26.1 £ 38
Iron Soy protein isolate 1.36 [20]
Soy protein + microbial 5.48
phytase
Soy protein isolate + acid- 417
salt-reduced phytate

aSignificantly different at p < 0.05 from unhydrolyzed food with the same protein source.
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4. PROCESSING

Processing conditions that result in hydrolysis of phytate can improve mineral
absorption as discussed above. Other processing conditions that could influence
the effect of phytate on mineral absorption include pH and physical removal.

If the pH of the product is adjusted to minimize complexation of minerals
with phytic acid and peptides, mineral absorption can be improved. The pH-
dependent interaction of phytate, zinc, and soy protein has been studied in vitro
[11]. Away from the isoelectric pH of the protein, 4.5, binding of %57n was
greatest. This explains why zinc from neutralized, isolated soy protein is less
than from the acid precipitated isolate that is not adjusted to neutral pH [65].

Cooking does not improve dialyzability of minerals from legumes [44]. %°Zn
association with soy proteins was unaffected by autoclaving [11]. An adverse
effect of cooking is deactivation of endogenous phytase. Genetic engineering
has recently produced a heat-stable phytase that has 90% of its original activity
after 20 minutes at 100°C [66].

Milling or other processing steps that lead to the removal of phytate can
improve mineral absorption [67]. However, minerals are concentrated in the
aleurone layer of cereals that is removed during the refining of cereals. Phytic
acid is associated with protein bodies in legumes and is more difficult to remove
by physical means.

5. ADAPTATION TO HIGH PHYTATE DIET

The potential effect of adapting to a high-phytate diet on mineral bioavail-
ability has been tested in animals through intervention studies and in humans
through population studies. No intestinal adaptation to a high-phytate diet was
found for iron. Weanling rats adapted to either soy or wheat flour diets did
not have improved ability to absorb iron from a soy test meal compared to rats
adapted to chicken or casein diets [68]. In fact, rats adapted to casein had superior
Fe retention. Neither were vegans adapted to high-phytate diets able to absorb
iron from wheat rolls with or without added bran better than a control group [69].

In contrast to iron, whole body retention of ®Zn in rats adapted to soy did not
decrease with age as for rats adapted to casein [70]. Retention of zinc from soy
was initially higher if rats were adapted to casein, but by 56 days of adaptation,
retention of zinc from a soy test meal was similar in rats adapted to soy or casein.

6. CONCLUSIONS

The literature suggests that if the essential minerals in a diet are present in
adequate concentrations and in reasonable ratios with respect to one another,
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and to phytate, no reason exists for nutritional concern [71]. However, many
populations might ingest inadequate quantities of calcium, iron, and zinc and
may be marginally deficient in magnesium. Thus, concern continues about the
impact of dietary phytate upon the mineral status of certain vulnerable seg-
ments of the population including children, teenagers, pregnant women, and
the elderly. For the first three groups, representing periods of prolific growth,
the phytate/mineral ratios are critical. In the final group, the baby-boomers,
inadequate nutrient intakes coupled with use of over-the-counter medications
may further compromise mineral status. Still others will strive to increase phy-
tate consumption even as a supplement because of the health benefits [72]. The
changing face of the food supply through genetic modification, fortification,
creation of functional foods, and increased use of supplements will affect min-
eral nutriture. It will be complicated to sort out in the various subpopulations
until we have better measures of mineral status as we currently have for iron.
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CHAPTER 14

Role of Phytic Acid in Cancer and
Other Diseases

MAZDA JENAB
LILIAN U. THOMPSON

1. INTRODUCTION

PHYTIC acid (PA, InsPg), is found in cereals, legumes, nuts and oilseeds, con-
stitutes up to 1-5% of the weight of cereals or oilseeds and serves as the
chief storage form of phosphorus [1-4]. PA has long been considered an antin-
utrient [5], mainly due to its ability to bind with many divalent cations, proteins
and starch and to consequently reduce their bioavailability [4,6-8]. This binding
ability is attributed to PA’s highly negatively charged phosphorylated structure.
To combat PA’s antinutritive effects, particularly in nutritionally compromised
populations, many ways of removing it from foods have been suggested [9-11].
However, it has also been suggested by many studies that consumption of PA
may convey some beneficial health effects [12—17]. This chapter will discuss
in vitro and in vivo studies on the effect of PA on the risk of cancer and other
chronic diseases and some of its mechanisms of action.

2. CANCER

As will be discussed in more detail below, PA has been shown to be protective
of a variety of cancers in many different in vitro and in vivo models. However,
comparison of these studies is complicated by differences in the method of PA
supplementation. A majority of the studies on PA and cancer have used either
1-2% pure PA supplemented to a low-fiber diet or added to the drinking water,
while a limited number of studies used cereal brans as a source of naturally
occurring PA. Which method of PA supplementation is more effective is not
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clear. Because animals eat various amounts of diet and drink varying volumes
of water, those fed, for example, 1% PA in the diet, may be receiving different
amounts of PA than animals consuming drinking water supplemented with the
same percentage of PA, particularly because the addition of PA to the drinking
water may also require adjusting the pH of the water to make it more palatable
for the animals [18]. This issue is further complicated by the fact that few of
the studies on PA and cancer provided details of the total amounts of PA, food
or drinking water consumed. Thus, it is very difficult to judge which amount
of PA and delivery via which medium is most effective for cancer prevention
or treatment. Nonetheless, as will be discussed below, it is clear that PA, at
moderate levels of intake, is having a protective effect on various cancers.

3. COLON CANCER
3.1. IN VITRO STUDIES-PURE PA

Purified PA has been shown in in vitro studies to inhibit cell growth and
increase cell differentiation and maturation of HT-29 human colon carcinoma
cells [19,20]. In these studies, PA caused a reversion of malignant phenotype
leading to a decrease in expression of tumor markers. Also, in HT-29 human
colon carcinoma cells, upregulation of the expression of p53, a tumor suppressor
gene, and p21WAFV/CIPL 4 orowth inhibitor, has been shown to be effected by
pure PA [21]. This suggests that the effects of PA on the growth and maturation
of these cells may involve the direct modulation of genes.

3.2. IN VIVO STUDIES-PURE PA IN DRINKING WATER

In in vivo studies, pure PA given in the drinking water has been shown to
reduce the rate of colonic cell proliferation, an early biomarker of colon cancer
risk, at early (four weeks) [22] and late (36-40 weeks) [23,24] time points
(Table 14.1).

It has also been shown to reduce various colon tumor parameters when given
ateither the initiation [ 14,25] or promotional stages [24,26] of colon carcinogen-
esis (Table 14.1). When administered to azoxymethane (AOM)-treated rats, up
to five months post-initiation, PA (2%) significantly reduced colon tumor num-
ber, size and mitotic rate, when compared to the control group [24], suggesting
that PA can have anticancer effects at both the initiation and promotion stages of
colon cancer. Also, using 2% PA provided in the drinking water, Pretlow et al.
[26] showed a reduced number of colon tumors and tumor volume (Table 14.1).

Pretlow et al. [26] also observed a significant increase in large aberrant crypt
foci (ACF) with time in the control group versus the PA treated group, suggesting
that PA decreased the growth of large ACF, which are thought to be more
likely to progress toward tumors. The total number of ACF, however, was
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TABLE 14.1.  Summary of Studies on the Effect of Endogenous or Exogenous
Phytic Acid (PA) on Colon Tumorigenesis and Its Early Risk Markers.

Pure Exogenous
PA provided in
Endogenous
Parameters PA in Wheat Drinking Amount of
Measured Bran Diet Water Effect PA Reference
Colon tumor
Number . ¢ 0.25% [33]
o ! 1.0% [23]
. J 1.0, 2.0% [14]
. ! 2.0% [24]
. J 2.0% [26]
Frequency* o 1 0.4% [45]
. J 0.1%, 1.0% [25]
. 1 1.0, 2.0% [14]
Volume/size o ! 0.4% [45]
. J 0.1%, 1.0% [25]
. ! 2.0% [24]
. { 2.0% [26]
ACF parameters
Number . { 1.0% [17]
. J 1.0%, 2.0% [33]
. ! 2.0% [17]
. J 2.0% [26]
Number of SIM . . ¢ 1.0% [17]
Degree of LA . . ¢ 1.0% [17]
Cell proliferation . ¢ 0.6%, 1.2%, [13]
2.0%
. J 1.2% [15]
. ° N 1.0% [17]
. { 2.0% [22]
Mitotic rate . 1 1.0% [23]
. 1 1.0, 2.0% [14]
. J 2.0% [24]
Apoptosis . . 4 1.0% [17]
. NS 2.0% [22]
Differentiation . . A 1.0% [17]

Abbreviations: NS = not significant; some studies are repeated in different sections; *also includes
tumor incidence and multiplicity, ® significant effect observed with pure PA only in combination with 2%
wheat bran oil; arrows pointing down indicate a lowering or protective effect; arrows pointing up indicate
an increase.
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not significantly different between the treatment and control groups. ACF are
thought to be valid pre-neoplastic markers of colon cancer risk [27], because
they have been shown to have increased proliferative activity in comparison
to neighboring normal crypts [28,29]. They have also been shown to have
numerous genetic mutations such as in the p53 tumor suppressor gene [30] and
in the k-ras oncogene [31].

3.3. IN VIVO STUDIES-PURE PA IN DIET

In in vivo studies, pure PA supplemented to the diet has been shown to
reduce the rate of colonic cell proliferation, an early biomarker of colon cancer
risk, after 2—-14 weeks of treatment [13-15,17] (Table 14.1). Similar to PA
supplemented in the drinking water, PA given in the diet has also been shown to
be colon cancer protective [32,33] (Table 14.1). Shivapurkar et al. [32] evaluated
the chemoprotective effect of PA (2%) in a dual organ (mammary and colon)
cancer model and found that PA (2%) significantly decreased the number of
colon tumors after 30 weeks of treatment. Nelson et al. [33] found that PA
supplemented to a high-iron diet, significantly decreased the number of colon
tumors and eliminated the colon cancer promoting effects of iron.

Dietary PA has also been shown to reduce various ACF parameters
[17,32,34]. Shivapurkar et al. [32] showed that in addition to reducing the
number of colon tumors, 2% PA significantly reduced the total number of ACF
and number of larger ACF (those with multiplicity of four or more) after nine
weeks, while Challa et al. [34] found that both 1% and 2% PA reduced the num-
ber of ACF in various colon sections after 13 weeks of treatment. Challa et al.
[34] also showed an interesting synergistic effect between PA and green tea
on ACF reduction, suggesting that PA can interact with other phytochemicals
to provide an enhanced protective effect. In the study of Jenab and Thompson
[17], PA significantly decreased the number of sialomucin-producing ACF (SIM
ACF) (Figure 14.1) in the distal colon of rats fed 1% PA supplied in the diet.
Sialomucins are abnormal for the distal colon of rats and humans and are
found in a majority of colon tumors. Because SIM ACF are thought to be more
advanced toward tumorigenesis [29], their inhibition by PA provides strong
evidence for its colon cancer protective role. In the same study, dietary PA also
significantly reduced the rate of cell proliferation [17] while increasing the rate
of cellular apoptosis and differentiation [35] in the normal colon. These data
suggest that PA can influence the growth kinetics of normal colon cells as well
as affect the growth of abnormal cells in ACF and cells in tumors.

3.4. CLINICAL STUDIES

Only a few clinical studies have been conducted on the role of PA in colon
cancer. Because iron has been shown in vitro to be strongly bound by PA [36,37]

© 2002 by CRC Press LLC



50

BD PA

Figure 14.1 The effect of phytic acid (PA) on sialomucin producing aberrant crypt foci in the whole
colon of rats. Values are means = SEM; n = 12 rats per group; BD = basal diet control group;
PA = 1% pure phytic acid group. There is a significant difference between the groups, p < 0.05.
(Adapted from Reference [17].)

and to be a promoter of colon carcinogenesis in epidemiological [38—41] and
animal studies [33], Owen et al. [42] determined if there was a correlation be-
tween fecal PA and fecal iron and rate of cell proliferation in adenoma patients.
Although they observed a strong correlation between fecal PA and iron, they
did not see any relationship between fecal PA and the rate of cell proliferation,
a key early biomarker of colon cancer. This study is only preliminary, and its
results may be influenced by other factors such as the presence of adenomas
affecting colorectal cell kinetics [43], matched time of fecal collection and
colonic sampling for the rate of cell proliferation, whether the patients were
maintained on the same diets as they were at the time of fecal collection or how
fecal PA levels relate to dietary PA intake. Any effects of dietary PA on cell pro-
liferation may require long-term exposure to constant levels of dietary PA, and
therefore, clinical experiments in this area will require long-term consumption
of controlled diets with known levels of PA and minerals. Fecal PA may not
necessarily be reflective of the rate of cell proliferation, because it is essentially
unreactive as it is complexed with other dietary components. It is possible that
colonic cell proliferation may be influenced by PA that is degraded within the
colon to lower inositol phosphates or PA that is absorbed by the colonocytes.

3.5. PA SUPPLEMENTATION-ENDOGENOUS
VERSUS EXOGENOUS

Because wheat bran is one of the richest dietary sources of PA, some studies
[17,44,45], have used it in dietary models of PA intake. However, the use of
wheat bran as a source of PA compared to addition of pure PA to a purified animal
diet or drinking water brings out the issue of endogenous versus exogenous
sources of PA. Due to its chemical properties, pure exogenous PA in the diet
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can interact with other food components. For example, it may form complexes
with the mineral, protein or starch components in the diet [12]. Pure PA given
in the drinking water may also interact with other food components provided
that it is consumed concurrently with diet. If the animal consumes its water
and food at different time periods, then the interaction of the pure PA in the
drinking water with other components of the diet may be minimized. However,
endogenous PA present within the matrix of a high-fiber food source such
as wheat bran, may not be able to interact with other dietary components or
even the colonic mucosa, because it may already be tightly bound to the fiber,
proteins, starch or minerals. Thus, the extent of the anticancer effects of PA
may be related to whether it is given as exogenous, pure PA, in the diet or
drinking water, or provided as a natural component (endogenous) of a high-
fiber food such as wheat bran. Although the literature contains suggestions
that supplementation of a diet with pure PA, for the purpose of cancer risk
reduction, may be better than eating fiber-rich foods [16,46], it must be noted
that a high-fiber diet will likely provide many more phytochemicals than just
PA. These other phytochemicals may also be protective of a variety of cancers
as well as diseases other than cancer. Therefore, it is still more practical to
eat diets containing high-fiber foods than a refined diet supplemented with just
one phytochemical. Nonetheless, to date, very little comparison has been made
between endogenous and exogenous PA and their effects on early markers of
colon carcinogenesis [17] or colon tumorigenesis [45].

The study of Jenab and Thompson [17] differentiated the role of endogenous
PA present within the matrix of 25% wheat bran versus exogenous pure PA
(1.0%; equivalent to the amount of PA in the 25% wheat bran diet) added to
a low-fiber diet on aberrant crypt foci (ACF) and sialomucin producing ACF,
early biomarkers of colon cancer risk. To test the effect of endogenous PA, they
compared the results of the 25% wheat bran group to a group of animals fed
25% dephytinized wheat bran (wheat bran with the endogenous PA removed),
1.0% pure PA or 25% dephytinized wheat bran plus 1.0% pure PA. In this
study, since food intake did not differ among the treatment groups, the actual
intake of pure exogenous PA was equivalent to that of the endogenous PA in
wheat bran. Thus, any variation in results may not be due to differences in
level of PA intake. The exogenous PA significantly reduced the number and
size of ACF, while all the treatment groups significantly reduced the num-
ber of sialomucin-producing ACF versus the control diet. These data suggest
that although endogenous and exogenous PA are both effective, exogenous PA
may be more so. In addition, Jenab and Thompson [17] showed that although
all the treatment diets significantly reduced the labeling index of cell prolif-
eration in the top 40% of the crypt versus the control diet, the wheat bran
with its endogenous PA was significantly more effective than the other diets
(Figure 14.2). This suggests that the endogenous PA is playing a more important
role than the wheat bran fiber because the removal of PA from the wheat bran
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Figure 14.2 Labeling index in the top 40% of the crypt in the colon of rats. Values are means £
SEM; n = 12 rats per group; BD = basal diet control group; WB = 25% wheat bran; DWB = 25%
dephytinized wheat bran; DWBPA = 25% dephytinized wheat bran plus 1% pure PA; PA = 1%
pure phytic acid group. Values with different superscripts are significantly different, p < 0.05.
(Adapted from Reference [17].)

caused an increase in the rate of cell proliferation. In addition, the endogenous
PA may be more effective than the exogenous PA, because although the rate
of cell proliferation with the 1% PA diet was significantly lower relative to the
control group, it was significantly higher than the wheat bran group. This dif-
ferential effect of endogenous and exogenous PA suggests that although both
are effective, they may be acting through different mechanisms.

In a long-term colon tumorigenesis study, Reddy et al. [45] found that the
effect of a 10% wheat bran diet did not differ significantly from a 10% wheat
bran diet with its oil or endogenous PA components removed, with or without
addition of 0.4% exogenous PA. Many of the other colon carcinogenesis studies
on wheat bran and PA discussed above used levels of PA greater than 0.4%
(Table 14.1) and levels of wheat bran greater than 10% [47-51]. Thus, the use
of higher levels of wheat bran and PA supplementation in this study may have
produced more positive results. Nonetheless, the results suggest that PA may
not be a strong factor in the protective effects of wheat bran, since removal of
endogenous PA and addition of exogenous PA did not significantly affect colon
tumorigenesis.

However, the most important finding of the study by Reddy et al. [45] is that
removal of both the oil and PA components of wheat bran caused a significant
increase in the number of adenocarcinomas, suggesting that the colon cancer
protective effects of wheat bran may be associated with a combination of its
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PA and other components such as its oil. In the Reddy et al. [45] study, wheat
bran oil (at a level of 2% which is an amount in excess to that found in 10%
wheat bran) added either alone or in combination with 0.4% pure PA to a 10%
dephytinized and defatted wheat bran diet significantly reduced the number of
adenocarcinomas versus the 10% wheat bran diet. This suggests that wheat bran
oil may also be an important colon cancer protective component of wheat bran
and highlights the point that consumption of high dietary fiber sources of PA
may be of greater overall benefit than consumption of pure PA in a low-fiber
diet. It must be pointed out, however, that because the amount of oil added
in this study was largely in excess of the amount found in 10% wheat bran,
making direct comparisons with the wheat bran is difficult, and thus, the cancer
protective role of wheat bran oil must be further studied.

The results of the above studies suggest that endogenous PA derived from
high dietary fiber foods such as wheat bran, along with exogenous pure PA
added to a low-fiber diet, may be colon cancer protective. They also highlight
the point that the colon cancer protective effects of high-fiber diets may stem
from more than just one important component.

4. MAMMARY CANCER

In vitro, pure PA added to estrogen receptor positive MCF-7 and estrogen
receptor negative MDA-MB-231 human breast cancer cells has been shown to
inhibit their growth and increase their cell differentiation and maturation [52].

Table 14.2 provides a summary of animal studies on the effect of endogenous
or exogenous PA on mammary cancer and its early risk markers. In animal
studies, dietary PA supplementation (1.2%) reduced cell proliferation in the
mammary gland [15]. The reductions were stronger when the PA was added
to diets supplemented with high levels of iron and calcium, suggesting that PA
was binding these cations and inhibiting their promotive effects. In mammary
tumorigenesis studies, PA supplementation was initially shown to bring about a
slight, nonsignificant decrease [53]. However, subsequent experiments [16,54]
showed that pure PA, supplemented in the drinking water, effectively decreased
tumor incidence in a dimethylbenzanthracene (DMBA) mammary tumor model.
Since then, similar effects have been observed with pure PA provided in the
diet [32,55].

The debate over endogenous versus exogenous PA discussed above for mod-
els of colon cancer has been addressed to an extent for models of mammary
cancer by Vucenik et al. [16], who showed that levels of wheat bran up to 20%
were ineffective in reducing rat mammary tumorigenesis, while PA (0.4%)
added in pure form to the drinking water caused a significant reduction in the
tumor incidence. However, the researchers [16] indicated that the level of pure
exogenous PA in the drinking water of one group was matched to the level of
endogenous PA present in the 20% wheat bran diet of the other group, it is
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TABLE 14.2.  Summary of Studies on the Effect of Endogenous or Exogenous
Phytic Acid (PA) on Various Cancers and Early Risk Markers.

Pure Exogenous
PA provided in
Endogenous
Parameters PA in Wheat Drinking Amount of
Measured Bran Diet Water Effect PA Reference
Mammary cell . J 1.2% [15]
proliferation
Mammary tumor
Number . NS 15 mM [583]
. ! 2.0% [32]
Frequency* . 1 15 mM [54]
. . I 0.4% [44]
Size . 1 2.0% [55]
. J 2.0% [129]
Soft tissue tumor . ) 8.9% [61]
Skin tumor . 1 2.0% [63]
Liver tumor . l 2.0% [129]
Bladder tumor . 4 2.0% [64]
o 18 2.0% [130]
. 18 2.0% [129]
Multi-organ . NS 1.0% [131]
tumorigenesis

Abbreviations: NS = not significant; *also includes tumor incidence and multiplicity; ® significant effect
only when PA combined with 15mM inositol; fendogenous PA in wheat bran not shown to have any
significant effects; *also includes tumor diameter; §significant effect only with sodium salt of PA; arrows
pointing down indicate a lowering or protective effect; arrows pointing up indicate an increase.

unclear how much PA the two groups consumed or whether these levels were
comparable. Thus, in this case, it is very difficult to compare the effects of the
endogenous PA in wheat bran to exogenous pure PA given in the drinking water
or to judge one as being more effective than the other.

5. OTHER CANCERS

In vitro, purified PA at various concentrations has been shown to decrease the
growth and increase the differentiation of K562 human erythroleukemia cell
lines [56], human PC-3 prostate adenocarcinoma [57] and human HepG2 liver
cancer [58] cells. In addition, PA has also been shown to decrease the growth
of human rhabdomyosarcoma [59] cells in culture.

In vivo, the growth of HepG?2 liver cancer cells injected in immunodeficient
mice was inhibited by pure PA (40 mg/kg of body weight) given via the drinking
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TABLE 14.3. Summary of Studies Using Nondietary Modes of Phytic Acid (PA)
Supplementation.

Parameters Mode of PA Amount of
Measured Administration Effect PA Reference
Liver tumor
weight Intratumoral injection I 40 mg/kg of [60]
body weight
Soft tissue tumor
Incidence Peritumoral injection ¢ 40 mg/kg of [59]
body weight
Growth Peritumoral injection 1 40 mg/kg of [59]
body weight
i.p. injection 1 0.25% [62]

Arrows pointing down indicate a lowering or protective effect.

water [60] (Table 14.2). Furthermore, immunodeficient mice, not treated with
PA but inoculated with HepG2 cells that were pretreated with PA, developed
substantially less tumors than mice inoculated with untreated cells [60]. PA
(40 mg/kg of body weight) has been shown to inhibit human rhabdomyosarcoma
growth when injected directly into the tumor in mice [59] (Table 14.3), while PA
treatment, at 8.9% given in the diet, has reduced the growth of rat fibrosarcoma
[61] (Table 14.2) and, at a level of 0.25% delivered by direct i.p. injection,
subcutaneously transplanted mice fibrosarcoma cells as well as the number of
established pulmonary metastases from those cells [62] (Table 14.3). PA (2%)
has also been protective against skin 2-step papillomas [63] when given in the
drinking water and has inhibited hepatocellular carcinomas in the liver and
putative preneoplastic lesions in the pancreas [64] when administered via the
diet (Table 14.2).

6. POSSIBLE MECHANISMS OF ANTICANCER EFFECTS

Because PA is ubiquitous to every mammalian cell, it is not surprising that
it has a cancer protective effect on different tissues, in different experimental
models and under various conditions. However, the mechanisms of PA action
are not clear and are open to conjecture.

Many of the proposed mechanisms of PA action are related to its structure
and its physical properties (Figure 14.3). For example, PA may potentially bind
important proteins and enzymes, either within the cell or in the digestive tract.
Within the cell, binding of enzymes may alter the cell’s growth characteristics.
Although PA has been shown in vitro to inhibit the activity of several cellular
enzymes such as serine/threonine protein phosphatases [65], the potential effect
of this on individual cells or in vivo is not known. The mechanisms of PA
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action may well depend on whether PA enters the cell intact or is reformed
intracellularly. PA has been shown to be rapidly absorbed and converted to
lower inositol phosphates in various murine and human cells in vitro [66] and
inrats [67]. However, the potential exists that hydrolysis products of dietary PA,
hydrolyzed by either dietary, intestinal or bacterial phytases, may also enter the
cell and be used for intracellular production of inositol phosphates and PA [68].

The inhibition of enzymes within the digestive tract may lead to inhibition
of digestion and absorption of dietary components [69,70] [Figure 14.3(A)].
PA may bind to enzymes necessary for starch digestion or, alternatively, it may
also reduce the rate of digestion and absorption of starches [Figure 14.3(B)]
either by hydrogen binding to starch [12,71], binding to proteins that starch
is bound to [12,70] or by binding amylase or enzyme cofactors such as Ca’*
[4]. Studies suggest that PA may slow starch digestion and absorption in vivo
[72,73]. Such undigested and unabsorbed starch may reach the colon where
it may either contribute to fecal bulk and increase the dilution of potential
carcinogens, or it may be fermented to short-chain fatty acids (SCFA), which
may subsequently decrease the colonic pH [Figure 14.3(B)]. The increased
production of SCFA, particularly butyrate, may play a protective role in colon
carcinogenesis. Butyrate has been shown in several in vitro studies to slow
the growth rates of human colorectal cancer cell lines [74,75] and to induce
apoptosis in human colon cancer cell lines [76]. In in vivo studies, rats fed
butyrate pellets were shown to have reduced rates of apoptosis [77], while
increased production of butyrate from dietary fiber consumption has been shown
to suppress colon tumor formation [78]. Decreased pH has been suggested to
be protective of colon carcinogenesis [79] by possibly causing alterations in the
metabolic activity of colonic flora [80], altering bile acid metabolism [81] and
inhibiting ammonia production and absorption [82]. Thus, PA consumption
as part of the diet may potentially lead to starch malabsorption resulting in
colon content dilution, increased butyrate and decreased pH, which could be
potentially protective of colon carcinogenesis.

Also due to its structure, PA can chelate polyvalent cations, such as iron,
calcium and zinc [83] [Figure 14.3(C)]. These minerals are required for vital
cellular functions, and their chelation may affect cellular growth kinetics. The
chelation of minerals vital to DNA synthesis and cell growth may be a factor in
studies that have shown a decrease in cell proliferation with PA supplementation
[13,17]. This may also be a mechanism in the protective effects of PA on human
rhabdomyosarcoma [59] and HepG2 liver cancer cells in athymic mice, where
PA was injected directly into the tumor. In fact, studies have shown that PA can
reduce increased colonic cell proliferation [15] and inhibit colon tumorigenesis
[33] induced by the addition of minerals such as iron to the diet.

Iron may play arole in oxidative damage [84] and catalysis of hydroxyl radical
production [85]. Such radicals may play a role in the etiology of colon carcino-
genesis by causing either direct cellular and genetic damage or by promoting
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the conversion and oxidation of procarcinogens to carcinogens, if they are gene-
rated in fecal material close to colonic epithelium. In vitro, the addition of PA
to a superoxide radical-generating system has been shown to inhibit the hy-
droxyl radical formation [2,86], inhibit iron-catalyzed lipid peroxidation [3]
and inhibit the production of reactive oxygen species [87].

Because the iron necessary to catalyze hydroxyl radical production may be
diet derived [88], its chelation by PA may inhibit hydroxyl radical production
and subsequent oxidative damage [Figure 14.3(C)]. In fact, individuals con-
suming less dietary fiber, and presumably less PA, have been shown to produce
significantly more hydroxyl radicals [89]. Dietary PA is capable of binding iron
in the digestive tract. A correlation has been observed between fecal PA and
iron content [42,87], suggesting that increased dietary PA consumption may
contribute to decreased hydroxyl radical production and oxidative damage. Al-
though Porres et al. [90] have shown that breakdown of endogenous PA in a
corn-soy diet by addition of phytase enzyme can cause an increase in colonic
lipid peroxidation, more research is required in this area of PA action, particu-
larly in light of observations by Rimbach and Pallauf [86] showing no effect of
PA on liver oxidant or antioxidant status even in a high iron situation.

Since PA is ubiquitous to all mammalian cells, PA from the diet may be
absorbed and possibly converted to lower inositol phosphates (InsP;-s) [66,67].
The PA or lower InsPs formed from it may participate in cellular inositol phos-
phate pools. In fact, in vitro, PA has been shown to be rapidly absorbed and to
be converted to lower inositol phosphates in various murine and human cells
[66]. Similar results have been shown in vivo [19]. Because InsPs may act as
secondary messengers responsible for vital cellular functions, the modulation
of the levels of these InsPs by dietary PA may play a role in alteration of cellular
growth kinetics in a variety of tissues.

This role may be potentiated by the ability of PA or lower InsPs to mod-
ulate cellular calcium levels. For example, inositol triphosphate (InsP3), is a
second messenger capable of causing mobilization of intracellular Ca** and
alteration of cellular calcium concentration [91]. The potential of InsP3; and
possibly other InsPs [92] to modulate cellular calcium concentration may also
allow them to modulate some isoforms of protein kinase C (PKC), a family of
calcium-dependent enzymes involved in many cellular processes such as cell
proliferation and differentiation [93]. The activity of PKC may also be affected
by diacylglycerol (DAG). DAG, along with InsP3, are produced from the break-
down of phosphatidylinositol-4,5-bisphosphate (PIP,) [94]. Thus, if dietary PA
can influence intracellular InsP; levels and modulate PIP, breakdown, it may
also alter DAG production, affecting PKC activity and manipulating cellular
processes such as proliferation, differentiation and apoptosis. In fact, relatively
new data suggest that PA may induce G1 phase cell cycle arrest via PKC 8
activation and affect the levels of cyclin D1, cyclin E, cyclin-dependent kinase
2 and 4, retinoblastoma protein and cyclin-dependent kinase inhibitor p27 in
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various human breast cancer cell lines [95]. This study shows that the cellular
effects of PA are very complicated, and that PA, or its breakdown products,
may be intimately involved in many cellular processes. Certainly, these effects
of PA require much further and in-depth study.

Intracellularly, PA may also be affecting the activity of certain enzymes,
such as phosphatidylinositol-3-kinase, vital to cell growth processes [96]. In
fact, this enzyme has been implicated in the growth promotion of a number
of cancer cell lines [97,98], and its activity is shown to be higher in colorectal
tumors [99]. Within the cell, PA, or lower InsPs produced from it, may also
act to upregulate p53, involved in some apoptotic pathways, and p21WAF-1/CIP1
gene expression, whose protein product is growth inhibitory and results in G1
cell cycle arrest by binding PCNA [21]. This may explain the ability of PA to
reduce cell proliferation in vivo as observed via a decrease in PCNA levels [17].

The potential for the effects of PA to be modulated by lower InsPs or
myo-inositol, the parent compound of PA, produced from its breakdown,
have been observed in some studies. Myo-inositol alone has been shown to
protect against both mammary [54] and lung cancers [100]. Shamsuddin et al.
[23] have observed that the colon cancer protective effects of PA are more
pronounced in the presence of myo-inositol. The Shamsuddin group has made
similar observations in metastatic and mammary models of cancer [53,54]. In
these studies, the PA + myo-inositol groups showed greater decrease of tumor
burden along with lesser number and multiplicity of tumors than animals fed
either the PA or inositol alone.

Potential modulation of lower InsP and cellular secondary messenger levels
by PA suggest that PA may directly affect cellular processes such as cell prolif-
eration and apoptosis. In fact, a number of in vitro [20,21,67] and in vivo studies
[13-15,17,22,25] have shown that PA can reduce the rate of colonic cell prolifer-
ation. Jenab and Thompson [17] have recently shown that both the endogenous
PA in 25% wheat bran and exogenous PA (1%) added either to dephytinized
wheat bran or to a low-fiber diet can increase the colonic rate of apoptosis and the
degree of differentiation along with the previously observed decrease in the rate
of cell proliferation. Because these measures are important indicators of colon
cancer risk and tumor development [101], they provide a mechanism whereby
endogenous and exogenous PA may be protective of early biomarkers of colon
cancer risk and suggest that part of the beneficial effects of PA can be modulated
through alterations in cell proliferation, apoptosis and differentiation.

PA may also exert its effects by affecting the immune system. Enhancement
of natural killer cell activity has been shown in carcinogen-treated mice fed
with PA and in vitro when splenocytes from normal mice were treated with PA
[102].

It is clear that PA, whether from a high dietary fiber source or in its pure
form, along with its breakdown products, may modulate many cellular and
physiological processes. However, the extent of this modulation and how it can
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be harnessed to prevent or treat various cancers is not yet clear and should be
the focus of intense study in the future. PA, perhaps via many of these same
potential mechanisms, may also affect disease states other than cancer. These
are discussed below.

7. HEART DISEASE

A high zinc/copper ratio has been linked to hypercholesterolemia [103].
Thus, by virtue of its ability to bind these divalent cations and potentially alter
their balance and availability [7,8], PA may also affect serum cholesterol levels
[Figure 14.3(C)]. In fact, some foods rich in PA, such as bengal gram beans, have
been shown to have hypocholesterolemic effects [104]. Although cereal fiber
has been associated with decreased coronary heart disease risk [105] and wheat
fiber left over from the amylolytic digestion of wheat flakes, which may con-
tain some PA, have been suggested to favorably affect serum cholesterol [106],
wheat bran, a rich source of PA, has not been shown to reduce blood lipid levels
[107,108]. A reduction of serum cholesterol as a result of PA supplementation
has been shown in animal studies [109—111]. Sharma [110] showed that the
addition of 0.2% PA to a high-cholesterol diet in hypercholesterolemic rats re-
duced serum cholesterol along with serum triglycerides. Jariwalla et al. [111]
tested the effect of a much higher amount of PA on serum lipids in hyperlipi-
demic rats fed a high-cholesterol diet. They fed groups of rats either a control
diet with 6% saturated fat or control diet supplemented with 0.6% cholesterol
for 11 weeks. In addition, two other groups of rats received one or the other of
these diets for five weeks and were then fed the same diet as before, supple-
mented with 8.3% PA. They found that increased consumption of cholesterol
led to an increase in total serum cholesterol and serum zinc/copper ratio. The
addition of 8.3% PA to the control and the high-cholesterol diet significantly
reduced the elevated total cholesterol and triglyceride levels. However, the zinc/
copper ratio was only significantly lowered by the addition of PA to the high-
cholesterol diet. Despite the high level of PA, the researchers [11] did not note
any adverse effects on serum mineral levels. However, because others have
shown that lesser amounts of PA can lead to renal [112] and urinary bladder
[64] papillomas, the safety and efficacy of such high levels of PA intake must
be further scrutinized.

The ability of PA to chelate iron and possibly reduce its free radical generating
potential and subsequent lipid peroxidative damage [Figure 14.3(C)] may also
protect the heart from ischemic and reperfusion injury [113]. Rao et al. [113]
intravenously injected rats with saline or PA at levels up to 15 mg per 100 g of
BW. Shortly after, the hearts were excised, and reperfusion injury was induced
in vitro. The higher levels of injected PA resulted in lessened reperfusion injury
by significantly reducing creatine kinase release, decreasing lipid peroxidation

© 2002 by CRC Press LLC



and enhancing coronary flow and recovery of ventricular function versus the
control group.

It has also been suggested that the calcium-binding ability of PA may help
to reduce the level of calcium in soft tissues prone to calcification [114]. Seely
[114] suggests that calcification of the aorta may lead to loss of elasticity and
development of hypertension. It is argued that PA may bind excess calcium,
reduce the level of aortic calcification and improve hypertension. Although
hydrolysates of PA have been shown to reduce aortic calcifications in the rat
[115], the effect on hypertension is still unclear.

It is clear that the role of PA, particularly dietary PA, in the prevention of
heart disease is still open to much conjecture, and thus, a greater amount of
emphasis must be placed on research in this area.

8. DIABETES

PA may play an important role in the inhibition of starch digestion and
absorption [116] [Figure 14.3(B)]. It can bind to starch either by hydrogen
bonding, indirectly via proteins it is bound to [70,116], or by inhibiting the
proper digestion and hence absorption of starch by binding amylase or enzyme
cofactors such as Cat [4]. In fact, PA has been shown in vitro to inhibit amylase
activity under a variety of circumstances [117,118]. Yoon et al. [72] have shown
that increasing levels of PA intake from cereal and legume foods are negatively
correlated with the glycemic index, suggesting that PA can slow dietary starch
digestion and absorption. In addition, an increased rate of digestion and blood
glucose response seen upon dephytinization of navy bean flour was reversed by
re-addition of PA [73], again suggesting a role for PA in starch digestion and
absorption. Similar effects have been observed in vitro, where the addition of
PA (2%) to wheat starch significantly reduced the rate of starch digestion [72].

Naturally, the extent and severity of these interactions depends on the ratio
of starch to PA and the overall PA content of the diet. The role of PA in starch
absorption may also depend on the interaction of PA with other dietary com-
pounds. For example, the inhibitory effects of PA on starch digestibility and
absorption have been reversed by the addition of calcium, which is preferentially
chelated by the PA. The PA is then unable to bind to or interact with starches
in the ingested food [107]. Thus, the effects of pure PA added to a diet may be
different from the same amount of PA present within the matrix of a foodstuff.

Any starch that is not digested and absorbed in the small intestine would
probably lessen the glucose absorption at that site, thus decreasing the glycemic
effect and the required insulin response. This is of consequence not only in di-
abetes, but also in heart disease. Because reductions in plasma glucose and
insulin may lead to lower hepatic lipid synthesis, the hypoglycemic effects of
PA may also contribute to its hypolipidemic effects described above. In fact, PA
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(0.5%) has been shown to significantly decrease sucrose-induced increases in
total hepatic lipids, serum triacylglycerols and phospholipids [119]. The hypo-
glycemic effects of PA may also be important in light of the insulin hypothesis
of colon carcinogenesis [120—122], whereby lesser insulin response may equate
to decreased tumor growth promotion. The slowing of digestion and absorption
of starch by PA allows the starch to reach the colon, where it may increase fecal
bulk or be fermented to short-chain fatty acids (SCFA), thereby decreasing pH.
All of these factors may also play a role in the observed colon cancer protective
effects of dietary PA (Table 14.1).

9. OTHER DISEASES

By virtue of its mineral-binding abilities, PA may also aid in the prevention
of renal calculi [Figure 14.3(C)]. PA has been shown in vitro to best prevent
brushite, a form of calcium phosphate and component of renal calculi, crystal-
lization and precipitation [123]. In rats, it has been observed that PA treatment
can reduce the number of ethylene-glycol-induced calcifications and total cal-
cium amount in the kidney [124]. Grases et al. [125] have also shown that the
propensity of the AIN-76A rat diet to cause renal calculi is due to a lack of di-
etary PA. In humans, it has been shown that individuals prone to stone formation
had significantly lower urinary PA levels than those not prone to stone forma-
tion [126]. Also in humans, Ohkawa et al. [127] have shown that consumption
of rice bran, rich in PA, for periods ranging from one to three years can reduce
kidney stone formation. Thus, it appears that PA can effectively inhibit renal
crystallization of calcium salts. Because urinary PA levels are directly related
to dietary PA intake [128], a sufficient intake of PA is necessary to inhibit renal
calculi formation.

10. CONCLUSIONS

From numerous in vitro and in vivo studies, it is clear that purified exogenous
PA, given either in the drinking water or the diet, as well as endogenous PA,
as a phytochemical component of wheat bran, have cancer protective effects
on a variety of tissues. It is also apparent that pure PA may play a role in
reducing serum cholesterol and lipids and thus reduce the risk of heart disease,
while both exogenous and endogenous PA may have hypoglycemic effects and
thus be of consequence in diabetes. PA consumption may also be beneficial for
those suffering from buildup of renal calculi. Although only a limited number of
studies have been conducted on the role of endogenous versus exogenous PA, it
appears thatendogenous PA may be, in part, responsible for the cancer protective
effects of high-fiber foods, particularly wheat bran, a rich source of PA, while
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exogenous PA is also very effective. However, the effects of PA observed in
animal studies need to be validated in humans, so well-designed, prospective
clinical studies are necessary. Several mechanisms have been suggested for the
disease protective effects of PA, including its ability to bind starch, proteins,
enzymes, and minerals such as the pro-oxidant iron, its potential participation in
cellular inositol phosphate pools and its involvement in signal transduction, cell
signaling cascades and gene expression. PA is a major phytochemical in many
high dietary fiber foods, which may, in part, be responsible for the disease
risk reduction effect attributed to many of these foods. However, additional
research is necessary to better characterize the effects of PA on various diseases
and to further compare the effectiveness of endogenous versus exogenous PA,
particularly in human populations.
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