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ABSTRACT Populations that depend on grains and legumes as staple foods consume diets rich in phytic acid
(myo-inositol-1,2,3,4,5,6-hexkisphosphate), the storage form of phosphorus in seeds. This compound binds tightly
to important mineral nutrients such as iron and zinc, forming salts that are largely excreted. This phenomenon can
contribute to mineral depletion and deficiency. As one approach to solving this and environmental problems
associated with seed-derived dietary phytic acid, the U. S. Department of Agriculture and others have isolated
cereal and legume low-phytic acid mutations and have used these to breed first-generation low-phytate hybrids,
cultivars and lines of maize (Zea mays), barley (Hordeum vulgare), rice (Oryza sativa) and soybean (Glycine max).
Seed phytic acid is reduced in these crops by 50–95%. The progress in the genetics, breeding and nutritional
evaluation of low-phytate crops are reviewed in this article. J. Nutr. 132: 503S–505S, 2002.
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A number of issues concerning the nutritional quality of
grains and legumes revolve around the seed phosphorus (P)3

storage compound called phytic acid (myo-inositol-1,2,3,4,5,6-
hexakisphosphate) (1). Phytic acid represents from 1% to
several percentage of seed dry weight and typically is deposited
in seeds as mixed phytate or phytin salts of potassium and
magnesium, although these salts can also contain other min-
eral cations such as calcium, iron and zinc (1,2). Phytic acid P
typically represents from 65% to 85% of seed total P (1). As a
polyanion at physiological pH, phytic acid is an effective
chelator of positively charged cations. When consumed in
feeds and foods, phytic acid will bind to nutritionally impor-
tant mineral cations that it encounters in the intestinal tract,
such as calcium, iron and zinc, and to proteins as well. Humans
and nonruminants, such as poultry, swine and fish, excrete a
large fraction of these salts.

This phenomenon can contribute to human mineral defi-
ciency, particularly with respect to iron and zinc (3,4). Dietary
phytic acid may also have beneficial health roles, for example
as an antioxidant or anticancer agent (5,6). The relative
merits of dietary phytic, therefore, must be evaluated on a
case-by-case basis. For example, a subpopulation at greatest
risk for mineral deficiencies caused in part by dietary phytic

acid would be children and child-bearing women in rural
communities in the developing world that depend on cereals
and legumes as staple foods. A subpopulation that might
benefit from dietary phytic acid may be aging adults in the
developed world. In the context of poultry and swine produc-
tion, because the bulk of grain P is phytic acid P and is
excreted, to provide for an animal’s nutritional requirement
for P and optimal productivity, feeds must be supplemented
either with an available form of P or with the enzyme phytase
(7). Phytic acid-derived P in animal waste can contribute to
water pollution, a significant problem in the United States,
Europe and elsewhere (8).

Low-phytic acid genetics and breeding

Low-phytic acid (lpa) mutations were first isolated in the
cereal grains maize (Zea mays), barley (Hordeum vulgare) and
rice (Oryza sativa; Fig. 1) (9–12). Hybrids, cultivars and lines
developed using these mutations represent a first generation of
plant genetic resources useful in studying and possibly reducing
problems associated with mineral malnutrition due to high
seed phytic acid. Plants having the lpa characteristic produce
seeds that have normal levels of total P but greatly reduced
levels of phytic acid P. These mutations, therefore, do not
affect the ability of a plant to take up P and transport it to a
developing seed. Instead, lpa mutations block the ability of a
seed to synthesize P into phytic acid P.

More than 20 independent lpa mutations have been iso-
lated in both maize and barley, resulting in reductions in seed
phytic acid P ranging from 50% to �95% (13). These reduc-
tions are matched either by increases in inorganic P (phos-
phoric acid, H3PO4 the lpa1-like mutations) or by increases in
inorganic P and myo-inositol phosphates with five or fewer P
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esters per molecule (compared with phytic acid’s six P esters
per molecule, the lpa2-like mutations; Fig. 1). In the case of
rice, only one lpa mutation has been reported to date, and as
a homozygote confers a reduction of seed phytic acid P of
�50% (12).

Whereas normal seeds have consistently low levels of in-
organic P at maturity, typically �0.5 mg P/g, lpa seed typically
contain �1.0 mg/g. This high inorganic P (HIP) phenotype of
lpa seeds provides the basis for a quick, sensitive, inexpensive
and straightforward test for the trait, which is essential to
make plant breeding practical (9). This is illustrated in Figure
2. Using tests for the HIP phenotype, the first maize lpa
mutation, lpa1-1 has been introduced into a number of maize
inbred lines, using traditional backcrossing breeding methods.
Currently, the most work and progress concerning low-phytate
crops has been accomplished with this first maize mutant, with
55–66% lower phytic acid content compared with normal
seeds.

For maize, numerous pairs of near-isogenic lines, each pair
consisting of two lines of the same parental genetic back-
ground, have been developed: one line that is essentially
similar to the parent inbred line in most genes and homozy-
gous for the normal or wild-type Lpa allele (normal phytic acid
content) and the second line again essentially similar to the
parent line in most genes but homozygous for the recessive
lpa1-1 allele (low-phytic acid content). These pairs of near-
isogenic lines are then used as parents to produce pairs of
near-isogenic maize hybrids. These sets of near-isogenic in-
breds and hybrids represent a powerful experimental model to
study the effects of lpa mutations on plant and seed growth and
function and agronomic performance, as well as human nutri-
tion and health.

The first trials that compared yield and other agronomic
characteristics of normal vs. lpa1-1 isohybrids evaluated 14
such first-generation isohybrid pairs (14). These trials indi-
cated that homozygosity for the lpa1-1 allele had little or no
effect on germination in the field or in a cold-test, stand
establishment, lodging, plant height, ear height, growth rate in
the field and grain moisture. In 6 of the 14 hybrid pairs, no
effect on grain yield was observed. In the remaining 8 pairs,
the lpa1-1 line had reduced yield compared with the normal
hybrid, with an average yield loss of 5.5% for the lpa1-1
hybrids vs. the normal hybrids.

These initial observations for maize and similar studies of
barley lpa lines (13) provide a proof of principal; a classical

genetics approach can be used to produce hybrids or cultivars
that produce seed with greatly reduced (�50%) phytic acid
while retaining good productivity for a first-generation tech-
nology (within 90% or more of sibling normal hybrids or
cultivars). The yields of these first generation hybrids like
maize lpa1-1 or cultivars like barley Harrington M 422 or M
635 (13) compare well enough with their near-isogenic normal
counterparts to suggest that simple plant breeding may im-
prove these yields to the point where yield reductions are
minimal, perhaps at an acceptable level for a nutritionally
improved grain. A logical first step would be to determine
whether approaches using classical genetics and breeding
methods that only manipulate crop species’ native genes are
adequate (15). Still, common sense suggests that it is unlikely
that this first-generation technology will represent the optimal
technology, even with additional breeding efforts.

lpa mutations probably affect all the tissues of the plant, not
just the seed. The yield losses observed could result from
effects of these mutations on the vegetative processes of the
growing plants. Also, little is known at present concerning the
impact of these mutations on stress response or disease suscep-
tibility. It, therefore, seems probable that if a low-phytate grain
is desirable, a biotechnology approach might prove most suc-
cessful. The best target genes are identified, and molecular
methods are used to manipulate target gene expression only in
specific tissues of the developing seed, thus, avoiding any
undesirable effects on plant growth and productivity (15). A
biotechnology approach might also allow us to achieve opti-
mal reductions in seed phytic acid, on the order of 95%, while
avoiding large effects on yield observed in lines like barley M
955 (13).

FIGURE 2 A simple assay for the high inorganic phosphorus (HIP)
phenotypes of low-phytic acid (lpa) seed. Shown here are tests of 20
single seeds sampled from ears of maize that were either wild-type
(columns 1 and 2), homozygous lpa1-1 (columns 3 and 4), segregating
(Seg) for lpa1-1 (columns 5 and 6), homozygous lpa2-1 (columns 7 and
8) or segregating for lpa2-1 (columns 9 and 10). Single seeds are
individually crushed and extracted overnight in 0.4 M HCl (10 v/w). Ten
�L of extract is then assayed for inorganic P in microtitre plate wells.
Reagent inorganic P is used as colorimetric standards. Reagent inor-
ganic P is added to five standard wells to give: 0.0 �g P; 0.15 �g P;
0.46 �g P; 0.93 �g P; and 1.39 �g P. Using this test, normal seeds
usually produce color development less than standard 3, whereas lpa
seeds usually produce color development greater than standard 3.

FIGURE 1 Seed phosphorus (P) fractions in normal or wild-type
(WT) and low-phytic acid (lpa) isolines of maize, barley and rice. All
fractions are given as their elemental P (atomic weight 31) contents.
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Whether one is considering the improvement of diets for
populations in the developing world or for livestock feeds for
use in the United States or Europe, even if the cereal grain
content of phytic acid is reduced by as much 95%, the legume
dietary component may still contribute enough phytic acid to
contribute significantly to mineral depletion or to phosphorus
waste. An important, recent breakthrough, therefore, was the
isolation of two soybean (Glycine max) lpa mutations, one of
which reduced the phytic acid concentration by 80% (16).
Although this is a fairly new development, initial indications
are that seeds homozygous for this mutation germinate well
and produce adequately productive plants.

Human nutrition studies

Animal nutrition studies of low-phytate types, involving
poultry, swine and fish (14,17–19), first addressed the avail-
ability of phosphorus in low-phytate grains. These and other
ongoing studies also address the effect of dietary phytic acid on
mineral nutrition, such as calcium and zinc utilization and
protein and energy utilization. One trend is that substantial
reductions in feed phytic acid result in improvements in cal-
cium utilization (14,19). Improvement in zinc utilization has
been reported in one rat study of a low-phytate feed (20).
However, if feeds are sufficiently fortified with additional min-
erals, such as iron and zinc, little or no differences in mineral
retention from normal-phytate vs. low-phytate diets are de-
tected (18).

The first use of normal-phytate and low-phytate isolines in
a human nutrition study evaluated fractional absorption of
iron from tortillas. Fractional absorption of iron was 8.2% of
intake from the low-phytate tortilla, whereas it was 5.5% from
the normal-phytate tortilla, an improvement of 49% (21). A
similar study found that fractional absorption of zinc from an
lpa1-1 maize food was 30%, whereas it was 17% from normal
maize (22). However, as observed in the studies using animal
models, fortification with iron could offset any benefit of
reduced phytic acid in a low-phytate grain (23). These results
illustrate two of the major approaches to dietary problems
associated seed phytic acid: genetic reduction of food or feed
phytic acid; supplementation of foods or feeds with minerals or
phytase enzymes (24). These and other alternative approaches
can be complementary, used together to deal with these im-
portant nutrition and health problems (15,24,25).

Most previous studies of the health and nutritional effects
of dietary phytic acid have been small-scale clinical or field
studies that have evaluated short-term effects, involved small
numbers of subjects, or looked at the effects on only one
mineral nutrient. A major potential value to the low-phytate
genetics technology discussed here is that it provides an ex-
perimental approach that permits large-scale field studies in-
volving large numbers of subjects. Currently, grain produced
by normal- or low-phytate isohybrids of maize or isocultivars of
barley is readily available in sufficient amounts to supply large
numbers of individuals in communities that traditionally rely
on such grains as staple foods for extended periods. This
provides an approach to study the long-term effect of con-
sumption of phytic acid on steady-state mineral nutritional
status in a global sense, in that the iron, zinc and calcium
nutritional status of individuals within these populations then
can be studied over time. This should allow the first truly
definitive determinations of the effects of dietary phytic acid
on phosphorus or mineral nutrition. The development of

low-phytate variants of common food legumes like the black
bean remains an unfulfilled objective critically important to
the large-scale field studies described above.
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