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Abstract
Myo-inositol hexaphosphate, also known as phytic acid (PA), is the most abundant storage form of phosphorus in
seeds. PA acts as a strong chelator of metal cations to form phytate and is considered an anti-nutrient as it reduces
the bioavailability of important micronutrients. Although the major nutrient source for more than one-half of the
global population, rice is a poor source of essential micronutrients. Therefore, biofortification and reducing the PA
content of rice have arisen as new strategies for increasing micronutrient bioavailability in rice. Furthermore, global
climate change effects, particularly rising atmospheric carbon dioxide concentration, are expected to increase the
PA content and reduce the concentrations of most of the essential micronutrients in rice grain. Several genes
involved in PA biosynthesis have been identified and characterized in rice. Proper understanding of the genes
related to PA accumulation during seed development and creating the means to suppress the expression of these
genes should provide a foundation for manipulating the PA content in rice grain. Low-PA rice mutants have been
developed that have a significantly lower grain PA content, but these mutants also had reduced yields and poor
agronomic performance, traits that challenge their effective use in breeding programs. Nevertheless, transgenic
technology has been effective in developing low-PA rice without hampering plant growth or seed development.
Moreover, manipulating the micronutrient distribution in rice grain, enhancing micronutrient levels and reducing
the PA content in endosperm are possible strategies for increasing mineral bioavailability. Therefore, a holistic
breeding approach is essential for developing successful low-PA rice lines. In this review, we focus on the key
determinants for PA concentration in rice grain and discuss the possible molecular methods and approaches for
manipulating the PA content to increase micronutrient bioavailability.
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Background
Myo-inositol 1,2,3,4,5,6-hexakisphosphate (InsP6), commonly known as phytic acid (PA) is the principle storage
form of phosphorus (P) in cereal grains, and may account
for 65%–85% of the total seed P (Raboy 2000). The
remaining P is in the form of soluble inorganic phosphate
(Pi: approximately 5%) and cellular P (approximately 10 to
20% of the total seed P) that is found in nucleic acids,
proteins, lipids and sugars (Larson et al. 2000). PA is negatively charged and, thus, strongly chelates cations such as
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calcium (Ca), magnesium (Mg), potassium (K), iron (Fe)
and zinc (Zn) and usually exists as mixed salts referred to
as phytate or phytin (Raboy 2003). These very insoluble
salts prevent the absorption of important nutrients in the
human intestine (Mitchikpe et al. 2008) that may then
lead to micronutrient deficiencies. The daily intake of PA
is found to vary with the age (Amirabdollahian and Ash
2010), country (Ma et al. 2007) and the physiological stage
of an individual (Al Hasan et al. 2016; Niknamian and
Niknamian 2016). The average PA intake of people in
developing countries is higher than that of developed
countries due to differences in dietary patterns; i.e., vegetarian diets predominant in the developing countries leading to high levels of PA ingestion (Kwun and Kwon 2000;
Amirabdollahian and Ash 2010).
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Micronutrient deficiency or hidden hunger, is a global
health problem caused by inadequate intake of essential
vitamins and minerals from the diet. One in three people
of all ages in the world is affected by this nutritional
challenge with Fe and Zn deficiencies being the most
serious (WHO 2002); however, micronutrient deficiency
is more widespread in developing countries where plantbased diets are widely consumed (IFPRI 2016). Among
the cereals, rice (Oryza sativa L.) is one of the most important staple foods for nearly one-half of the global
population and the most important crop in Asia (FAO
2013). Although rice is the major source of energy,
protein and minerals for mankind, the grain does not
provide sufficient amounts of essential micronutrients to
fulfill the daily human nutritional requirements compared to other cereals, especially for rice eating populations (Juliano 1993). Hence, enriching rice with essential
micronutrients, i.e., Fe and Zn biofortification, is identified as a major strategy to overcome micronutrient
malnutrition especially in developing countries (Bouis
and Saltzman 2017).
The phosphorus and inositol in PA are generally not
bioavailable to non-ruminant animals who lack the
digestive enzyme phytase that hydrolyzes P from the PA
molecule (Mroz et al. 1994; Marounek et al. 2010). In
addition, PA inhibits enzymes needed for protein degradation in the stomach and small intestine (Kies et al.
2006). Ruminants are readily able to digest PA because
rumen microorganisms produce phytase. To overcome P
deficiency in non-ruminants, phytase is usually given as
a supplement (Pontoppidan et al. 2007), which then
results in excess P excretion leading to environmental
problems, such as eutrophication. Therefore, a low-PA
(lpa) rice bran would be of greater value for nonruminant livestock feeds, including poultry, swine, and
fish feeds, than would brans derived from normal rice.
Furthermore, the rising carbon dioxide concentration
([CO2]) in the atmosphere and predicted global warming
are expected to influence global crop production. Elevated atmospheric [CO2] will also affect grain micronutrient concentration and will increase the PA content
(Myers et al. 2014; Dietterich et al. 2015). In spite of
these dire predictions, the need for developing cereals
and grains with low-PA levels has not been given the
attention this important matter requires.
Effective approaches for improving P-utilization and
reducing the environmental impact while reducing the
effect of PA are envisioned by developing low-PA crops
by plant breeding, improving fertilizer management and
by optimizing food processing techniques (Erdal et al.
2002; Bentsink et al. 2003; Bregitzer and Raboy 2006;
Liang et al. 2008). However, the progress in developing
lpa rice is modest compared to the success made for
maize or barley (Ockenden et al. 2004; Kim et al. 2008),
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and efforts to improve micronutrient bioavailability in
rice have seemed a challenge until the present (Larson et
al. 2000; Liu et al. 2007). Over the past decade, several
physiological, genetic and molecular studies have been
carried out to biofortify rice grains with Zn and Fe.
Although there are many published studies on Fe and
Zn uptake, translocation inside the plant, grain loading
and biofortification of rice grains (Cakmak et al. 2010;
Murgia et al. 2012; Nakandalage et al. 2016), information
on lowering the PA content of rice with improved bioavailability is very limited. A better understanding of the
molecular and physiological basis of PA biosynthesis,
distribution of grain PA, effects of genetic and environmental factors on PA accumulation and possible ways to
increase micronutrient bioavailability by lowering the
effects of PA is essential for developing low-PA crops.
This review focuses on physiological, genetic and molecular aspects of PA and the key factors affecting the
PA concentration of rice grain. We also discuss strategies for developing low-PA rice to increase micronutrient bioavailability.

Review
Antinutrient Effects of PA

The major concern of having PA in the diet is its negative effect on the bioavailability of several minerals. PA is
enzymatically hydrolyzed by phytase to lower inositol
phosphates, inositol pentaphosphate (InsP5), inositol tetraphosphate, inositol triphosphate, inositol diphosphate
and inositol monophosphate, during grain storage, fermentation, germination, food processing and digestion
in the human gut (Burbano et al. 1995; Azeke et al.
2011; Hayakawa et al. 2014). However, only InsP6 and
InsP5 have a major inhibitory effect on mineral bioavailability (Sandberg et al. 1999). Micronutrient malnutrition affects over three billion people in the world (WHO
2002); most notably, Zn and Fe deficiencies are reported
to be linked to high PA intake (Al Hasan et al. 2016).
The relatively low bioavailability of these essential minerals is a global nutritional issue at present. For example,
Fe is an essential element in hemoglobin, myoglobin and
the cytochromes and is important for cognitive development and metabolic functions, whereas Fe deficiency is
recognized as the most prevalent nutritional problem in
the world (WHO 2015), causing approximately 0.8
million deaths annually (WHO 2002). PA binds to Fe
ions in the grain, thereby inhibiting Fe absorption (Iwai
et al. 2012). Zinc is a co-factor of more than 300
enzymes important in the physiologies of both plants
and animals (McCall et al. 2000) and is an essential
micronutrient in cereal grains. Zinc is required for
proper function of the immune system and for growth
of human tissues. Zinc deficiency causes growth retardation, immune dysfunction, increased mortality, and
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adverse effects on neurological system development
(Wuehler et al. 2007). PA is a key determining factor for
Zn absorption (Couzy et al. 1998) and is also reported to
react with some proteins and disturb proteolysis through
altering protein structure (Kies et al. 2006). Negative
effects of PA, especially low bioavailability of minerals, has
a significantly greater effect on infants, pregnant and lactating women when cereal-based food is a large portion of
their diet (Chan et al. 2007; Al Hasan et al. 2016). Therefore, groups most vulnerable to micronutrient deficiencies,
young children, pregnant and lactating women, should
consume a low-PA diet to facilitate higher mineral absorption. Moreover, reducing PA also seems important for
increasing the bioavailability of available minerals in cereal
grains for both human and animal nutrition.
In spite of the negative effects on human nutrition, PA
is also reported to be beneficial as a natural plant antioxidant and as a protector against oxidative stress in
seeds (Doria et al. 2009). In yeast, PA is involved in
mRNA export and translation, RNA editing, DNA repair
and vesicular trafficking (Saiardi et al. 2002; Bolger et al.
2008). The negative impacts of PA in nutrition have
been emphasized, whereas the beneficial role of PA on
plant biology has been underplayed. More attention
should also be focused on retaining the beneficial effects
of PA in concert with efforts to modify the concentration or the distribution pattern of PA in grain.
PA in Rice

PA is a naturally occurring compound in plant seeds,
mainly in cereals, legumes, oilseeds and nuts and is a
common constituent of plant-derived food (Lolas et al.
1976; Garcia-Estepa et al. 1999). In contrast to other
small-grain cereals such as wheat, P accumulates in rice
plants throughout all stages of development (Rose et al.
2010). P is primarily concentrated in the leaves at the
tillering stage, moves to and accumulates in the stems
during node elongation until the booting stage, and finally translocate to the panicles where it localizes mostly
in the seeds at maturity (Delin and Zhaomin 1996).
Phosphorus in the grain is the result of both P uptake at
the post-flowering stage (exogenous accumulation) and
P remobilization from vegetative parts of the plant (endogenous accumulation) (Julia et al. 2016). Studies with
dry bean genotypes suggested that if sufficient P is
absorbed during the early growth stages, P can be easily
redistributed to growing organs that translocate P to
seeds where the nutrient is immediately converted to PA
(Coelho et al. 2002). This observation indicates that
there is a correlation between the PA content and the P
content in seeds. Additionally, the P content in different
plant organs is also important in determining the grain
PA content. During germination, phytate is degraded by
the action of phytases, providing P, mineral cations and
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myo-inositol to the growing seedlings (Afify et al. 2011).
However, the mechanism for P loading to the grain and
the relative contributions of endogenous and exogenous
processes for producing grain PA are not completely
understood.
Determinants of PA Content

The PA content of seeds is primarily influenced by
genetic and environmental factors (Liu 2005). Environmental factors broadly include climatic conditions, crop
and fertilizer management practices and soil characteristics including soil physical, chemical and biological
factors (Dintzis et al. 1992; Kaya et al. 2009; Dhole and
Reddy 2015; Brankovic et al. 2015). Also, anticipated
climate change effects, especially rising temperature and
[CO2], may affect the PA content in seeds (Seneweera
and Norton 2011; Fernando et al. 2014). However, information about the effect of genetic and environmental
factors on P uptake, translocation, remobilization, P partitioning in the rice grain and PA accumulation in rice
grain is limited.
Effect of Soil Environment (Fertilizer, Physicochemical and
Biological Factors)

Phosphorus fertilizer is the second most widely used
fertilizer after nitrogen (FAO 2016) and is an essential
macronutrient required for vegetative and reproductive
plant growth (Hajabbasi and Schumacher 1994). Continuous rice cultivation without supplemental P fertilizer
causes depletion of soil P levels (Srilatha and Sharma
2015). Furthermore, as most of the P is stored in the
grain, harvesting the crop leads to continuous removal
of P taken up by the plant. Consequently, P fertilizer
application is required to address soil P deficiencies that
could have adverse consequences on crop growth.
Rice plants usually absorb P from both the soil and P
fertilizer, but if the soil-available P content is high, plants
will absorb more P from the soil and decrease their uptake of P fertilizer; thus, the contribution from P
fertilizer to rice yield is reduced (Delin and Zhaomin
1996). Moreover, P availability in wetland rice soils is
much higher than in upland soils because reducing conditions facilitate P solubility and thus improve P uptake
by plants growing in flooded conditions (Hajiboland et
al. 2009). As a result, grain P concentration tends to be
higher under lowland conditions than under upland conditions, irrespective of whether P fertilizer has been applied (Somaweera et al. 2015). Interestingly, the soil P
fraction is believed to be positively correlated with the
PA content in rice grain (Rose et al. 2016). Moreover,
the P concentration of different plant parts varies with
the P concentration in the soil (Seneweera and Conroy
1997). Furthermore, arbuscular mycorrhizal fungi also
contribute significantly to the uptake of P in lowland
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rice (Hajiboland et al. 2009). In addition, decreases in
root-zone oxygen are reported to negatively affect P uptake (Insalud et al. 2006). Studies with pearl millet have
shown that application of P increased the concentrations
of PA in the grain between 25 and 29%, increased the
PA:Zn molar ratio and decreased Zn concentrations
between 6 and 11% due to greater P uptake and a dilution of Zn by the large yield increases after P application
(Buerkert et al. 1998). On the other hand, intensive P
fertilizer application raises more environmental issues,
especially when P is leached into water sources. Soil P or
P fertilizer seem to be important for controlling grain
PA since approximately 70% of the total grain P is stored
as PA; however, the contribution of available P or Pfertilizer in P loading to rice grain and practical recommendations for P fertilizer applications that would
reduce grain PA without decreasing plant growth and
grain yield still remain to be identified.
Effect of Elevated [CO2] on PA Content

Global [CO2] is expected to reach 550 ppm by year 2050
from the present level of 400 ppm, increasing at the rate
of 1.5 to 1.8 μmol mol−1 yr.−1 (IPCC 2013). Rising [CO2]
is likely to increase plant yield and affect the physical
and chemical properties of rice grain (Seneweera 2011;
Seneweera and Norton 2011; Myers et al. 2014). The
yield enhancements caused by elevated [CO2] are mainly
due to promoting photosynthetic rates and possibly
reducing crop water use (Hasegawa et al. 2013). In contrast, a decrease in the concentrations of most nutrients
such as nitrogen (N), P, K, Ca, sulfur (S), Mg, Fe and Zn
were observed in most cereals including rice grown in
elevated [CO2] conditions (Myers et al. 2014). It has
been reported that P demand is increased at elevated
[CO2] which is partly due to stimulation in photosynthesis and plant growth (Seneweera et al. 1996; Kumar
et al. 2012). At elevated [CO2], a 1.2% increase in phytate content in rice grains was observed compared to
that from plants grown in ambient [CO2] (Myers et al.
2014). This finding may be explained by enhanced grain
yield and suggested the existence of a critical requirement for increased P at elevated [CO2] (Seneweera et al.
1994) that must be acquired from the available P pool in
the soil (Coelho et al. 2002). These findings suggest that
plants will require a large amount of P at elevated [CO2]
and later can remobilize P into the grain with part of the
P content present as PA-P. Phosphorus partitioning to
different rice plant organs varies at elevated [CO2] with
reduced P concentrations in leaf sheaths, leaf blades and
roots, although the total uptake remains unaffected
(Seneweera and Conroy 1997). In contrast, the micronutrient concentrations, mainly Fe and Zn, decrease at
elevated [CO2] in the most important staple crops,
including rice (Dietterich et al. 2015). A decrease in Zn
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content of 3.3% (p < 0.001) and a decrease in Fe content
of 5.2% (p < 0.001) were observed in rice grown at
elevated [CO2] (Myers et al. 2014). The mechanism(s)
responsible for the decline in micronutrient concentration at elevated [CO2] was hypothesized to be associated
with CO2-stimulated carbohydrate production (Myers et
al. 2014). However, if a nutrient was diluted by elevated
[CO2], all other nutrients should change by a similar
magnitude; however, this was not the case in most studies (Seneweera 2011; Fernando et al. 2014). Furthermore,
alterations in root morphology, quantity of root exudates
and increases in rooting depth may be observed in an elevated [CO2] environment (Rogers et al. 1992; Nie et al.
2013). The results of a free-air CO2 enrichment (FACE)
study revealed a 37% increase in total root dry mass in
spring wheat during the stem elongation stage (Wechsung
et al. 1999). Increases in root length (+10%) and root dry
weight (+43%) were observed in soybeans grown in a
[CO2] of 700 μmol mol−1 (Rogers et al. 1992). The exudates from roots of shortleaf pine (Pinus echinatu Mill.)
increased after 34 weeks of growth under elevated [CO2]
(Norby et al. 1987). Changes in root morphological and
functional traits may allow plants to acquire additional P to meet the increased demand. However,
despite the consensus that P acquisition must increase
due to growth and yield enhancements, there is no
information on the role of P uptake and transporter
genes performing at elevated [CO2] conditions. This
limitation emphasizes the necessity for advanced
physiological, chemical and molecular analyses to
demonstrate how elevated [CO2] affects the use and
acquisition of P by plants.
Genotypic Variation of PA in Rice

Breeding programs have been primarily concentrated on
increasing the grain yield potential; attention directed
toward improving grain quality traits, especially lowering
grain PA, has not been a priority during the past few
decades. However, recent research has focused on decreasing the grain PA level while maintaining the potential for high grain yield. Therefore, as a primary step, it
is important to study different genotypes in diverse
climatic conditions and evaluate their genetic variability
and environmental interactions related to PA and Pi
content and yield traits to identify better lines for breeding. In a study that evaluated brown rice grains from
three indica rice cultivars, ZN 7, ZN 60 and ZN 34, PA
contents of 7.34 mg/g, 3.99 mg/g and 6.79 mg/g were
reported, respectively (Wang et al. 2011). Among the 24
japonica rice cultivars studied by Liu (2005), the PA content ranged from 0.68% for ‘Xiu 217’ to 1.03% for ‘Huai
9746’. Spikelet architecture changes panicle morphology
that can cause grain PA variation in rice depending on
the cultivar (Su et al. 2014). The variation in PA-P
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content among 18 different rice cultivars grown in
Tsukuba, Japan was evident in an experiment conducted
using FACE technology (Fig. 1). These studies indicated
that considerable genotypic variation exists for this trait
in rice. Whether this variation is heritable and, if so, the
proportion of genetic variability responsible for expression of the trait remain unknown at present.
Genetic Factors other than PA-related Genes that Influence
the PA Content of Rice Grain

Genotype significantly affects P uptake, concentration
and distribution in rice grain (Ren et al. 2006; Tian et al.
2016). Root characteristics, including root morphology
and the length and density of root hairs, affect the acquisition of P ions from the soil solution (Hammond et al.
2009; Vejchasarn et al. 2016). Phosphorus is taken up in
the inorganic form by roots mainly by diffusion rather
than mass flow (Oliveira et al. 2010) and uptake of these
ions is accomplished through active absorption via Pi
transporters belonging to the phosphate transporter
(PT) family (Jia et al. 2011; Liu et al. 2011). To date, 13
plasma membrane-mediated Pi transporters belonging
to the PHT1 family (OsPT1-OsPT13) have been identified in rice (Liu et al. 2011). OsPT1 is constitutively
expressed in roots and is important for Pi acquisition
regardless of Pi availability (Sun et al. 2012), whereas
OsPT2 and OsPT6 function in Pi uptake and translocation throughout the plant (Ai et al. 2009). OsPT4 is a
functional Pi transporter localized mainly in the plasma
membrane of rice root exodermis cells; overexpression
of the OsPT4 gene resulted in higher Pi concentrations
in brown rice (Ye et al. 2015). Moreover, OsPT8, OsPT9

Fig. 1 PA-P content of different rice cultivars. The raw data were taken
from experiments conducted in Tsukuba, Japan (Dietterich et al. 2015).
The average value of the PA-P content and standard deviation for each
cultivar are presented in the figure. Means followed by the same letter
denote no significant differences according to Tukey’s test (P < 0.05)
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and OsPT10 are high-affinity Pi transporters important
for Pi uptake in rice (Jia et al. 2011; Wang et al. 2014).
Among the reported rice PTs, OsPT11 was shown to
play a major role in the arbuscular mycorrhizal Pi uptake
pathway (Paszkowski et al. 2002; Yang et al. 2012). The
absorbed P enters the epidermal and cortical cells of
roots (Santner et al. 2012), is transported to shoots and
to the above-ground organs, including seeds, and is
synthesized into PA. A SULTR-like phosphorus distribution transporter (SPDT), which encodes a plasma
membrane-localized transporter for P, controls the allocation of P to the grains (Yamaji et al. 2017). Knockout
mutants of SPDT alter the distribution of P, resulting in
a 20% reduction in total P and an approximately 30%
reduction in the grain PA concentration.
PA-related Genes in Rice

PA biosynthesis initiates at 4 days after flowering (DAF)
in rice (Yoshida et al. 1999) and continues in the aleurone layer and the embryo throughout seed development
until 25 DAF (Iwai et al. 2012). In plants, there are two
pathways to PA synthesis; namely a lipid-dependent
pathway that is common in plant tissues and a lipidindependent pathway that predominates in the seeds of
cereals and legumes (Shi et al. 2005; Suzuki et al. 2007;
Bhati et al. 2014). Several genes that may be involved in
the metabolism of inositol phosphates and PA accumulation have been identified in rice including, 2-phosphoglycerate kinase (2-PGK), inositol monophosphatase
(IMP), inositol-pentakisphosphate 2-kinase 1 (IPK1), 1D–
myo-inositol 3-phosphate synthase (MIPS), inositol polyphosphate 2-kinase 2 (IPK2), inositol 1,3,4-triskisphosphate 5/6-kinase (ITP5/6 K) and myo-inositol kinase
(MIK) (Suzuki et al. 2007; Kim et al. 2008a, b). The first
step of inositol biosynthesis in developing seed is conversion of glucose 6-phosphate (G6P) to myo-inositol 3phosphate (Ins(3)P1) by MIPS (Mitsuhashi et al. 2008),
followed by a series of phosphorylation steps (Fig. 2). Of
the two Ins(3)P1 synthase genes reported, INO1(RINO1)
located on chromosome 3, plays an important role in PA
biosynthesis and is expressed in developing seed embryos and in the aleurone layer of rice (Yoshida et al.
1999; Kuwano et al. 2006). The biosynthetic pathway
and the enzymes involved in the process of PA synthesis
from Ins(3)P1 seem to be complicated and are not fully
understood (Kuwano et al. 2009). OsIPK1 catalyzes the
last step, resulting in the production of InsP6 from Ins
(1,3,4,5,6) P5 (Suzuki et al. 2007). Consistently low levels
of PA in the inner endosperm during seed development
as measured by ion chromatography suggested that PA
synthesized in the inner endosperm may be transported
immediately to the aleurone layer and/or PA synthesis
occurs in the outer endosperm (Iwai et al. 2012). During
seed development, the IPK2 genes are involved in the
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are expressed in developing seeds in the ovary, embryo
and endosperm (Fig. 3).
Strategies to Develop Low-PA Grains with High
Micronutrient Availability

Fig. 2 Schematic diagram of the lipid-independent PA biosynthetic
pathway in rice seeds. Genes involved in the steps of PA biosynthesis
are illustrated

lipid-dependent PA biosynthetic pathway in seeds
(Suzuki et al. 2007). Nevertheless, the PA biosynthetic
pathway in developing seeds is not completely characterized (Shi et al. 2005). In the Rice Annotation Project
Database, RAP-DB (Sakai et al. 2013), we found at least
15 genes putatively involved in PA biosynthesis and
transport (Table 1). The rice microarray database, RiceXPro (Sato et al. 2013) reveals that these genes have different expression patterns among organs; some genes

PA inhibits the absorption of micronutrients, therefore
reducing the PA content is important for improving the
micronutrient bioavailability of cereals. A reduced PA
content is effective in increasing the absorption of Zn
(Egli et al. 2004) and Fe (Hurrell et al. 2003). Several
physical, biological and biotechnological methods for reducing the PA content and increasing the bioavailability
of essential nutrients have been reported (Fretzdorff and
Brummer 1992; Shi et al. 2007; Ertas and Turker 2014).
PA can be eliminated from food by soaking and
sprouting seeds, thereby activating endogenous phytase
enzymes that hydrolyze PA (Lestienne et al. 2005;
Kumari et al. 2014; Mahesh et al. 2015). Although soaking for 24 h at 30 °C could be used to increase Zn bioavailability, this method is not effective for Fe as such a
treatment tends to leach Fe ions to the medium (Lestienne et al. 2005). Soaking followed by cooking is an effective means to significantly reduce the PA content of
legumes (Huma et al. 2008). Processing techniques, for
example milling, will eliminate PA but also remove the
majority of minerals (Liang et al. 2008) and, thus, are
not considered a suitable option for PA removal. Transgenic cereals that express and accumulate microbial
phytase in seeds have been developed but these materials
require laborious processing steps before the product
can be fed to animals (Brinch-Pedersen et al. 2003).
Therefore, more simple, economical and sustainable
solutions are required (Kuwano et al. 2009).

Table 1 List of the Genes Responsible for PA Biosynthesis and Transport in Rice
Gene name

Gene Symbol

RAP-ID

Position

MSU ID

Myo-inositol 3-phosphate synthase-1

INO1

Os03g0192700

chr03:4,825,697..4829533

LOC_Os03g09250

Myo-inositol 3-phosphate synthase-2

INO2

Os10g0369900

chr10:11,624,392..11629513

LOC_Os10g22450

Myo-inositol monophosphatase-1

IMP-1

Os03g0587000

chr03:21,681,989..21685007

LOC_Os03g39000

Myo-inositol monophosphatase-2

IMP-2

Os02g0169900

chr02:3,792,694..3796762

LOC_Os02g07350

Myo-inositol kinase

MIK

Os07g0507300

chr07:19,258,741..19268283

LOC_Os07g32400

Inositol 1,3,4,5,6-pentakisphosphate 2-kinase 1

IPK1

Os04g0661200

chr04:33,735,145..33739378

LOC_Os04g56580

Inositol 1,3,4,5,6-pentakisphosphate 2-kinase 2

IPK2

Os02g0523800

chr02:19,121,903..19125625

LOC_Os02g32370

Multidrug resistance-associated protein 13

MRP13

Os03g0142800

chr03:2,367,856..2374437

LOC_Os03g04920

2-Phosphoglycerate kinase

2-PGK

Os02g0819400

chr02:35,170,411..35175254

LOC_Os02g57400

Inositol 1,3,4-trisphosphate 5/6-kinase 1

ITPK1

Os10g0103800

chr10:301,799..308024

LOC_Os10g01480

Inositol 1, 3, 4-trisphosphate 5/6-kinase 2

ITPK2

Os03g0230500

chr03:6,902,118..6907409

LOC_Os03g12840

Inositol 1,3,4-trisphosphate 5/6-kinase 3

ITPK3

Os03g0726200

chr03:29,535,973..29543273

LOC_Os03g51610

Inositol 1,3,4-trisphosphate 5/6-kinase 4

ITPK4

Os02g0466400

chr02:15,697,843..15699151

LOC_Os02g26720

inositol 1,3,4-trisphosphate 5/6-kinase 5

ITPK5

Os10g0576100

chr10:22,943,712..22945124

LOC_Os10g42550

Inositol 1,3,4-trisphosphate 5/6-kinase 6

ITPK6

Os09g0518700

chr09:20,243,654..20248528

LOC_Os09g34300
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Fig. 3 Heat map of PA biosynthetic and transporter genes and their
expression profiles among various organs at different developmental
stages of the rice plant. A total of 15 PA-biosynthetic and transporter
genes identified from the Rice Microarray database (RiceXpro) were
analyzed by hierarchical clustering. A heat map was created using the
spatio-temporal gene expression values of various organs throughout
plant development in the field (Sato et al. 2013) with the heatmap.2
function from the gplot package in R (version 3.2.1). High expression
values are shown in red. D; day, N; night, DAF; days after flowering

Identifying lpa mutants impaired in PA biosynthesis or
transport is another strategy for increasing the bioavailability of essential micronutrients such as Fe and Zn.
Such mutants could significantly improve human nutrition and reduce environmental P pollution (Ockenden et
al. 2004; Andaya and Tai 2005; Bhati et al. 2014). In this
regard, understanding the functional and biochemical
characteristics of the genes and gene products involved
in PA biosynthesis in developing grains is essential.
Next, we discuss possible strategies, the use of lpa
mutants, transgenic technology and genetic markers
and describe two key approaches: manipulating grain
PA and micronutrient distribution and the PA/micronutrient ratio.
lpa Mutants

A possible approach for developing low-PA crops is to
identify mutants (Kim et al. 2008). Mutations that block
the synthesis or accumulation of PA during seed development are called lpa mutations and have been isolated
from some important crops, including maize (Raboy et
al. 2000; Pilu et al. 2003), barley (Dorsch et al. 2003), rice
(Liu et al. 2007), soybean (Hitz et al. 2002), and wheat
(Guttieri et al. 2004). The PA content of these mutants
was reduced by 45–95% compared to wild-type seeds
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(Larson et al. 2000; Frank et al. 2009). In order to develop lpa plants, altering or inhibiting the first step of
PA biosynthesis is proposed to be the most useful
approach (Yuan et al. 2007; Kuwano et al. 2009). In rice,
lpa mutant lines have been developed with significantly
reduced levels of PA and increased Pi contents (Bryant
et al. 2005; Kim et al. 2008). Comparable increases in Pi
will be essential for maintaining panicle photosynthesis
as a large amount of Pi is invested in the photosynthetic
process.
The first lpa mutant rice, ‘Kaybonnet’ lpa1–1, a nonlethal single recessive mutant, was found to have an approximately 45% reduction in bran PA and a molar
equivalent increase in Pi compared to wild type (Larson
et al. 2000). Thereafter, several rice lpa mutants with
34% to 75% reductions in seed PA content were developed and characterized (Liu et al. 2007; Kim et al. 2008).
The rice lpa1 locus was fine mapped and further delimited to a 47-kb region between markers RM3542 and
RM482 (Andaya and Tai 2005). Total P, Ca, manganese
(Mn), and PA-P contents in whole grains were lower
and the Zn content was higher in lpa1 seeds compared
with the wild-type, whereas the K, Fe and Mg levels
were similar (Liu et al. 2004). Another lpa mutant of the
2-PGK gene (Os-lpa-XQZ-1) developed from an indicatype rice, had significantly higher Fe (+16%), Zn (+19%)
and Ca (+20%) levels and 12% – 35% reduction in PA
than the wild type from all the locations tested (Frank et
al. 2009). Os-lpa-XS110–1, a mutant of the MIK gene,
had a 46% reduction in PA and increased levels of myoinositol, raffinose, galactose and galactinol with no accumulation of lower inositol phosphates (Frank et al.
2007). Os-lpa-XS110–2, which is closely related to
OsMRP13, a transporter of PA (Nagy et al. 2009), and is
similar to an lpa1-type mutation in maize that is a multidrug resistance protein gene (ZmMRP4) mutant, observed with 23% reduction in PA and higher Pi content
but does not accumulate lower inositol phosphates
(Goodman et al. 2004; Frank et al. 2007; Liu et al. 2007).
These mutants also show a variation in P fractions and
micronutrients (Table 2). Such a combination of traits is
desirable for enhancing mineral bioavailability, since
chelation of minerals by PA would be reduced when the
seed PA content is low.
With any newly developed trait, breeders are most
concerned about the impact on final yield. In general,
reduced germination, poor agronomic performance and
yield reduction issues have been observed in mutant rice
lines. (Raboy et al. 2000; Zhao et al. 2008). This low performance may have negatively affected the practical use
of these lines in breeding programs. Both seed yield and
seedling vigor of rice lpa mutants appear to be inferior
to those of wild-type. In a study with lpa mutants compared with their wild-type parental varieties, a yield
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Table 2 PA-P, Pi, Total P (TP) and Micronutrient Contents in some Mutants, Transformants and Wild Type Rice
Mutant/wild type/Transformant

PA-P (mg/g)

Pi (mg/g)

TP (mg/g)

Ca (mg/kg)

Fe (mg/kg)

Zn (mg/kg)

Reference

Os-lpa-XS-110-1

0.66–0.76

1.17–1.45

2.61–3.03

129–154

13.0–18.3

17.3–28.1

Os-lpa-XS-110-2

1.28–1.30

0.66–0.84

2.75–3.23

133–172

11.4–22.7

23.3–35.8

Frank et al. 2009
Liu et al. 2007

XS 110 (WT)

1.82–2.08

0.17–0.23

2.8–3.34

125–161

13.2–17.8

19.3–31.9

Os-lpa-XQZ-1

1.22–2.28

1.24–1.55

3.32–3.68

125–180

12.4–19.3

20.2–32.3

XQZ (WT)

2.11–2.28

0.21–0.25

3.3–3.33

105–130

10.5–16.9

17.1–29.8

Kaybonnet lpa1–1

1.28–1.45

0.86–0.97

3.24–3.62

101–115

13–16

22.0–25.0

Bryant et al. 2005

3.16–5.23

1.8–2.3

3.91–3.97

7.52a

12.61a

26.62a

Ali et al. 2013a

a

24.13a

Ali et al. 2013b

Mutant

Transformant
T4 IO6–97-4 & IO6–10-5
T3 196–11-6

4.273

2

3.939

7.196

a

11.62

a

WT-Wild type rice, indicates the values from milled seeds

reduction of 12.5–25.6% and a 7.8–26.3% reduction in
seed viability were reported (Zhao et al. 2008). These
results highlight the inability to use these lines for breeding comparatively high yielding lpa varieties. In contrast,
two lpa mutants, barley lpa1–1 and soybean Gm-lpaZC-2, have not shown any yield reduction (Bregitzer and
Raboy 2006; Yuan et al. 2007). Though the lpa rice lines
developed through mutation have negative impacts on
plant performance, studies on barley and soybean
emphasize the possibility of developing suitable rice lpa
mutants when more attention is given simultaneously to
yield, yield-related traits and agronomic performance.

detrimental alterations in important metabolic pathways
utilizing myo-inositol, a compound that plays key roles
in different plant metabolic pathways (Ali et al. 2013b).
Therefore, to reduce the PA content in seeds, transgenic
rice plants targeting a later stage in PA biosynthesis were
generated by silencing the IPK1 gene using the Ole 18
promoter in an RNAi-mediated approach. The resulting
transgenic rice plants had a substantial reduction in seed
PA levels without hampering seed development or
germination (Ali et al. 2013a). Accordingly, transgenic
approaches offer several possible ways to develop rice
lines with decreased PA contents (Table 2).

Transgenic Approaches

Use of DNA Marker Technology

As conventional breeding attempts using mutants most
often results in poor agronomic performance and low
seed germination, the use of transgenic plants is a complementary approach to overcome these issues (Kuwano
et al. 2006). In transgenic rice, reducing the PA content
in seeds by suppressing RINO1 gene expression driven
by the RINO1 or CaMV35S promoters resulted in an increase in available Pi but no reduction in the total seed
P levels (Feng and Yoshida 2004). These investigators
observed that the RINO1 and CaMV35S promoters were
also active in vegetative tissues in addition to developing
seeds; however, the effects of the transgenes were low
compared to the effects of the lpa mutants. Thereafter,
seed-specific promoters from the rice major storage proteins GlutelinB-1 (GluB-1) (Kuwano et al. 2006) and 18kDa Oleosin 18 (Ole 18) were used to suppress RINO1
gene expression in rice seeds (Kuwano et al. 2009). The
Ole 18 promoter drives expression specifically in the
aleurone layer and embryo of the seeds (Qu and Takaiwa
2004). The resulting transgenic lines showed strong lpa
phenotypes with a 68% reduction in PA content, a concomitant increase in Pi and no negative effects on seed
weight, germination or plant growth (Kuwano et al.
2009). However, silencing the MIPS gene might lead to

Genetic DNA marker technology enhances the efficiency
of plant breeding through marker-assisted selection of
improved traits. Using these molecular techniques in
future rice breeding should be an effective approach for
reducing micronutrient deficiency issues; however, limited molecular level research studies have been carried
out, and only a few Quantitative Trait Loci (QTLs) for
PA content are known in rice. Two QTLs for PA content
were identified from an ‘IR64’ X ‘Azucena’ mapping
population that were localized to chromosomes 5 and 12
and explained 24% and 15% of the total phenotypic variation, respectively (Stangoulis et al. 2006). These results
indicate clearly that grain PA concentrations are under
genetic control. The QTL on chromosome 5 was common for PA and total P and was flanked by markers RM
305 and RM 178, whereas the other QTL for PA on
chromosome 12 was flanked by RM 247 and RM 179.
No genes related to PA biosynthesis were found on
chromosome 5 nor on chromosome 12 (Table 1). There
might be unknown regulatory factors regulating PA
content in these chromosomal regions. The QTLs for
PA content did not overlap with QTLs for Fe, Zn or Mn
accumulation (Stangoulis et al. 2006), suggesting that
using molecular markers in breeding could be used to
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modify the PA level without affecting grain micronutrient content. To date, there are no reports of using
these markers in rice breeding programs.
Manipulation of PA and Micronutrient Distribution Patterns
in Grain

The increasing global population requires an increase in
rice yield with high micronutrient concentrations and its
bioavailability to meet the nutritional demand. Rice grain
typically consists of the hull and the inner edible
portion; the average weight distribution of brown rice
includes 89–94% starchy endosperm, 1–2% pericarp, 4–
6% seed coat and aleurone and 2–3% embryo (Juliano
1972). In rice seeds, approximately 70% of the total seed
P is found in the form of PA with approximately 80% or
more present in the aleurone and pericarp and less than
10% in the embryo (O’Dell et al. 1972; Iwai et al. 2012).
Approximately 90% of all seed PA is located in the aleurone layer and the remainder is in the embryo of many
seeds, except for maize where more than 90% is stored
in the embryo (O’Dell et al. 1972). PA accumulates in
protein bodies called globoids, and a large number of
these structures are present in the aleurone layer with
fewer located in the starchy endosperm cells (Yoshida et
al. 1999). A study investigating the effect of the degree
of milling (DOM) on three indica rice cultivars reported
variations in the distribution of PA and minerals in bran
and the endosperm fraction of rice grains (Wang et al.
2011) (Table 3).
A significant amount of nutritionally important mineral
elements accumulates in rice bran (embryo and aleurone
layers), whereas a lower amount is found in the endosperm (Lamberts et al. 2007). As most of the PA is present
in the aleurone layer and, due to its chelating ability, there
is a high probability of PA binding to minerals inside the
aleurone layer. According to synchrotron-based X-ray
micro-fluorescence (μ-XRF) investigations, the relative
concentrations of Zn, Fe and K are in the following order:
bran > hull > whole grain > brown rice > polished rice (Lu
et al. 2013). Zinc and Fe concentrations in the bran are
three-times and seven-times higher than that of the hull
and endosperm, respectively (Lu et al. 2013). Therefore,
grain processing results in a significant reduction in the
micronutrient content of rice (Liang et al. 2008) in which
approximately 40–45% of the total Zn, two-thirds of the
Table 3 Distribution of PA, Zn and Fe in Bran and Core
Endosperm of three indica Rice Cultivars (Wang et al. 2011)
Cultivar

Bran

Core endosperm

PA %

Zn%

Fe%

PA %

Zn%

Fe%

ZN 7

38

15.46

50.83

2.15

53.35

23.3

ZN 60

44.32

17.29

55.68

2.44

61.75

17.92

ZN 34

59.82

14.05

48.49

4.31

66.82

35.04

total Fe, and most of the total K, Ca and Mn are removed
during polishing (Lu et al. 2013). As rice is mainly consumed after polishing, this significant removal of nutrients
from rice bran affects human nutrition. Consequently,
manipulating the micronutrient distribution, that is reducing the amount in bran and increasing the amount in
endosperm, will be another approach for improving
human micronutrient intake. Using μ-XRF analysis, Iwai
et al. (2012) revealed the dynamic spatial distributions of
micronutrients in developing rice seeds. The fine mapping
method revealed that Zn is distributed from the aleurone
layer to the inner endosperm with more than one-half of
the total Zn present in the endosperm; Fe is localized in
the aleurone layer. Considering the embryo separately, Zn
is mainly found in the central parts of the embryo (the
plumule and radicle), whereas Fe levels are higher in the
scutellum and hull (Lu et al. 2013). The total amount of
mineral elements in lpa seeds was identical to those of
wild type, and the decreased PA content in seeds did not
affect the translocation of mineral elements from vegetative organs into seeds but did affect mineral localization
(Sakai et al. 2015). Zn and Cu were primarily localized in
the narrow space around the aleurone layer, whereas P
and K mainly diffused from the aleurone layer into the
endosperm of the lpa seeds; however, the distribution
pattern of Fe in lpa seeds was similar to that of the wild
type. However, the optimal amount of the micronutrient
present in different parts of rice grains, the mechanism
responsible for differences in the distribution of micronutrients, and the resulting effects arising with the changes
in micronutrient distribution should be broadly considered during low-PA development process.
Manipulation of the PA/micronutrient Ratio in Grain

Effects of PA on mineral bioavailability also depend on
the PA/micronutrient ratio (Frank et al. 2009). Zinc bioavailability is largely dependent on the PA/Zn molar ratios in humans (WHO 1996) and is inhibited when the
molar ratio increases above 15:1 (Ma et al. 2007). Therefore, the PA/micronutrient molar ratio is a determinant
for understanding mineral availability in food types
(Frank et al. 2009). The molar ratio of PA/Fe is recommended to be 1 or lower for better Fe absorption from
cereals when there are no enhancers for absorption
(Hurrell and Egli 2010). In rice, grains in the primary
rachis and upper rachises tend to have a lower molar ratio of PA/Zn relative to grains in the secondary rachis
and lower rachises of the panicle, suggesting that grain
position has an effect on Zn bioavailability (Su et al.
2014). To develop rice with a higher micronutrient bioavailability, it is wise to consider the PA/micronutrient
ratio and set the target as a high micronutrient content
as well as a low-PA content. The relationship between
rice seed PA-P and Zn content from a published data set
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(Dietterich et al. 2015) is shown in Fig. 4. Both the PA
and Zn contents varied mainly based on genotypic
differences. Members of the group located in the quadrant corresponding to low-PA content and high-Zn content have higher Zn bioavailability; cultivars in the
highlighted quadrant are expected to have the desired
lower PA/Zn ratio. Searching for low-PA/high micronutrient cultivars from diverse rice germplasm could be a
beneficial approach for finding a donor cultivar that can
be used in genetic approaches to enhance grain micronutrient content as a strategy for improving the nutritional value of human diets.

Conclusions
Sustainable solutions to improve mineral absorption and
to overcome global micronutrient deficiencies will be
mainly achieved through a combination of traditional
and modern agricultural strategies. Plant breeding and
molecular biological approaches are further required to
reduce the effect of PA and increase the bioavailable
micronutrient content of rice, while simultaneously
promoting better agronomic and yield performances.
Targeting the suppression of the PA biosynthetic genes,
where the manipulation has no effect on physiological
fitness, seems a fine approach for achieving low-PA
crops. Further, focusing on manipulating the PA and
micronutrient distributions in the endosperm and
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aleurone layer of rice grain, and the PA/micronutrient
ratio appears to be a viable strategy to achieve rice
biofortification.
Currently, information on the effect of elevated [CO2]
on PA is limited but is needed to face the upcoming
challenges of resulting nutrient deficiencies. Responsibility should be placed on developing breeding programs
designed to alter the genetic makeup according to the
challenges arising with elevated [CO2]. Identifying
possible genotypes with a low-PA content and exploiting
natural variation should be beneficial towards rice biofortification. Also, a better understanding of P absorption by roots and P translocation and accumulation in
grains is vital for manipulating grain PA content. The
effect of genetic (plant) and environmental factors and
the impact from the manipulated genes to other traits
should be broadly considered.
Abbreviations
[CO2]: Carbon Dioxide Concentration; DAF: Days After Flowering; FACE: Freeair CO2 Enrichment; G6P: Glucose 6-phosphate; Ins(3)P1: 1D–myo-inositol 3phosphate; InsP5: Inositol Pentaphosphate; InsP6: myo-inositol 1,2,3,4,5,6hexakisphosphate; lpa: Low-phytic Acid; PA: Phytic Acid; Pi: Inorganic
Phosphate; QTL: Quantitative Trait Loci; RAP-DB: Rice Annotation Project
Database
Acknowledgements
IP is supported by the Japanese government Monbukagakusho (MEXT)
scholarship. We would like to thank the Ministry of Education, Culture,
Sports, Science and Technology, Japan for the scholarship.
Availability of Data and Materials
Not Applicable
Authors’ Contributions
The manuscript was written by IP and revised by SS and NH. All the authors
read and approved the final manuscript.
Ethics Approval and Consent to Participate
Not Applicable
Consent for Publication
Not Applicable
Competing Interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Fig. 4 Relationship between PA-P and Zn concentrations in rice cultivars.
The same data set as that used in Fig. 1 was used to construct this figure.
Data for the nutrient concentrations of the edible portions of rice seeds
of 18 rice cultivars were obtained without regard to their specific rachis
position. Cultivars located in the red highlighted area are characterized
by a low-PA content and a high-Zn content, two properties that are
important for increased bioavailability

Author details
1
Graduate School of Life Sciences, Toyo University, 1-1-1 Izumino,
Itakura-machi, Oura-gun, Gunma 374-0193, Japan. 2Centre for Crop Health,
University of Southern Queensland, Toowoomba QLD 4350, Australia.
3
Faculty of Life Sciences, Toyo University, 1-1-1 Izumino, Itakura-machi,
Oura-gun, Gunma 374-0193, Japan.
Received: 27 September 2017 Accepted: 5 January 2018

References
Afify AEMMR, El-Beltagi HS, Abd El-Salam SM, Omran AA (2011) Bioavailability of
iron, zinc, phytate and phytase activity during soaking and germination of
white sorghum varieties. PLoS One 6:e25512

Perera et al. Rice (2018) 11:4

Ai P, Sun S, Zhao J, Fan X, Xin W, Guo Q, Yu L, Shen Q, Wu P, Miller AJ, Xu G
(2009) Two rice phosphate transporters, OsPht1;2 and OsPht1;6, have
different functions and kinetic properties in uptake and translocation. Plant J
57:798–809
Al Hasan SM, Hassan M, Saha S, Islam M, Billah M, Islam S (2016) Dietary phytate
intake inhibits the bioavailability of iron and calcium in the diets of pregnant
women in rural Bangladesh: a cross-sectional study. BMC Nutrition 2:24
Ali N, Paul S, Gayen D, Sarkar SN, Datta K, Datta SK (2013a) Development of low
phytate rice by RNAi mediated seed-specific silencing of Inositol 1,3,4,5,6pentakisphosphate 2-kinase gene (IPK1). PLoS One 8:e68161
Ali N, Paul S, Gayen D, Sarkar SN, Datta SK, Datta K (2013b) RNAi mediated down
regulation of myo-inositol-3-phosphate synthase to generate low phytate
rice. Rice 6:12
Amirabdollahian F, Ash R (2010) An estimate of phytate intake and molar ratio of
phytate to zinc in the diet of the people in the United Kingdom. Public
Health Nutr 13:1380–1388
Andaya CB, Tai TH (2005) Fine mapping of the rice low phytic acid (Lpa1) locus.
Theor Appl Genet 111:489–495
Azeke MA, Egielewa SJ, Eigbogbo MU, Ihimire IG (2011) Effect of germination on
the phytase activity, phytate and total phosphorus contents of rice (Oryza
sativa), maize (Zea mays), millet (Panicum miliaceum), sorghum (Sorghum
bicolor) and wheat (Triticum aestivum). J Food Sci Technol 48:724–729
Bentsink L, Yuan K, Koornneef M, Vreugdenhil D (2003) The genetics of phytate
and phosphate accumulation in seeds and leaves of Arabidopsis thaliana,
using natural variation. Theor Appl Genet 106:1234–1243
Bhati KK, Aggarwal S, Sharma S, Mantri S, Singh SP, Bhalla S, Kaur J, Tiwari S, Roy
JK, Tuli R, Pandey AK (2014) Differential expression of structural genes for the
late phase of phytic acid biosynthesis in developing seeds of wheat (Triticum
aestivum L.) Plant Sci 224:74–85
Bolger TA, Folkmann AW, Tran EJ, Wente SR (2008) The mRNA export factor
Gle1 and inositol hexakisphosphate regulate distinct stages of
translation. Cell 134:624–633
Bouis HE, Saltzman A (2017) Improving nutrition through biofortification: a review
of evidence from HarvestPlus, 2003 through 2016. Glob Food Sec 12:49–58
Brankovic G, Dragicevic V, Dejan D, Zoric M, Knezevic D, Zilic S, Dencic S, Surlan
G (2015) Genotype × environment interaction for antioxidants and phytic
acid contents in bread and durum wheat as influenced by climate. Chil j
agric res 75:139–146
Bregitzer P, Raboy V (2006) Effects of four independent low-phytate mutations
on barley agronomic performance. Crop Sci 46:1318–1322
Brinch-Pedersen H, Hatzack F, Sorensen LD, Holm PB (2003) Concerted action of
endogenous and heterologous phytase on phytic acid degradation in seed
of transgenic wheat (Triticum aestivum L.) Transgenic Res 12:649–659
Bryant RJ, Dorsch JA, Peterson KL, Rutger JN, Raboy V (2005) Phosphorus and
mineral concentrations in whole grain and milled low phytic acid (lpa) 1-1
rice. Cereal Chem 82:517–522
Buerkert A, Haake C, Ruckwied M, Marschner H (1998) Phosphorus
application affects the nutritional quality of millet grain in the Sahel.
Field Crops Res 57:223–235
Burbano C, Muzquiz M, Osagie A, Ayet G, Cuadrado C (1995) Determination of
phytate and lower inositol phosphates in Spanish legumes by HPLC
methodology. Food Chem 52:321–325
Cakmak I, Pfeiffer WH, McClafferty B (2010) Review: biofortification of durum
wheat with zinc and iron. Cereal Chem 87:10–20
Chan SSL, Ferguson EL, Bailey K, Fahmida U, Harper TB, Gibson RS (2007) The
concentrations of iron, calcium, zinc and phytate in cereals and legumes
habitually consumed by infants living in east Lombok, Indonesia. J Food
Comp Anal 20:609–617
Coelho CMM, Santos J, Tsai S, Vitorello V (2002) Seed phytate content and
phosphorus uptake and distribution in dry bean genotypes. Braz J Plant
Physiol 14:51–58
Couzy F, Mansourian R, Labate A, Guinchard S, Montagne DH, Dirren H (1998)
Effect of dietary phytic acid on zinc absorption in the healthy elderly, as
assessed by serum concentration curve tests. Br J Nutr 80:177–182
Delin L, Zhaomin Z (1996) Effect of available phosphorus in paddy soils on
phosphorus uptake of rice. J Radioanal Nucl Chem 205:235–243
Dhole VJ, Reddy KS (2015) Genetic variation for phytic acid content in mungbean
(Vigna radiata L. Wilczek). Crop J 3:157–162
Dietterich LH, Zanobetti A, Kloog I, Huybers P, Leakey AD, Bloom AJ, Carlisle E,
Fernando N, Fitzgerald G, Hasegawa T, Holbrook NM, Nelson RL, Norton R,
Ottman MJ, Raboy V, Sakai H, Sartor KA, Schwartz J, Seneweera S, Usui Y,

Page 11 of 13

Yoshinaga S, Myers SS (2015) Impacts of elevated atmospheric CO2 on
nutrient content of important food crops. Scientific Data 2:150036
Dintzis FR, Lehrfeld J, Nelson TC, Finney PL (1992) Phytate content of soft wheat
brans as related to kernel size, cultivar, location, and milling and flour quality
parameters. Cereal Chem 69:577–581
Doria E, Galleschi L, Calucci L, Pinzino C, Pilu R, Cassani E, Nielsen E (2009) Phytic
acid prevents oxidative stress in seeds: evidence from a maize (Zea mays L.)
low phytic acid mutant. J Exp Bot 60:967–978
Dorsch JA, Cook A, Young KA, Anderson JM, Bauman AT, Volkmann CJ, Murthy
PPN, Raboy V (2003) Seed phosphorus and inositol phosphate phenotype of
barley low phytic acid genotypes. Phytochemistry 62:691–706
Egli I, Davidsson L, Zeder C, Walczyk T, Hurrell R (2004) Dephytinization of a
complementary food based on wheat and soy increases zinc, but not
copper, apparent absorption in adults. J Nutr 134:1077–1081
Erdal I, Yilmaz A, Taban S, Eker S, Torun B, Cakmak I (2002) Phytic acid and
phosphorus concentrations in seeds of wheat cultivars grown with and
without zinc fertilization. J Plant Nutr 25:113–127
Ertas N, Turker S (2014) Bulgur processes increase nutrition value: possible role in
in-vitro protein digestability, phytic acid, trypsin inhibitor activity and mineral
bioavailability. JFST 51:1401–1405
FAO (2013) FAO statistical yearbook. World food and agriculture. Food and
Agriculture Organiation of the United Nations, Rome
FAO (2016) World fertilizer trends and outlook to 2019. Food and Agriculture
Organization of the United Nations, Rome
Feng X, Yoshida KT (2004) Molecular approaches for producing low-phytic-acid
grains in rice. Plant Biotechnol J 21:183–189
Fernando N, Panozzo J, Tausz M, Norton RM, Fitzgerald GJ, Myers S, Nicolas ME,
Seneweera S (2014) Intra-specific variation of wheat grain quality in response
to elevated [CO2] at two sowing times under rain-fed and irrigation
treatments. J Cereal Sci 59:137–144
Frank T, Habernegg R, Yuan FJ, Shu QY, Engel KH (2009) Assessment of the
contents of phytic acid and divalent cations in low phytic acid (lpa) mutants
of rice and soybean. J Food Comp Anal 22:278–284
Frank T, Meuleye BS, Miller A, Shu QY, Engel KH (2007) Metabolite profiling of
two low phytic acid (lpa) rice mutants. J Agric Food Chem 55:11011–11019
Fretzdorff B, Brummer JM (1992) Reduction of phytic acid during breadmaking of
whole-meal breads. Cereal Chem 69:266–270
Garcia-Estepa RM, Guerra-Hernandez E, Garcia-Villanova B (1999) Phytic acid
content in milled cereal products and breads. Food Res Int 32:217–221
Goodman CD, Casati P, Walbot V (2004) A multidrug resistance-associated protein
involved in anthocyanin transport in Zea Mays. Plant Cell 16:1812–1826
Guttieri M, Bowen D, Dorsch JA, Raboy V, Souza E (2004) Identification and
characterization of a low phytic acid wheat. Crop Sci 44:418–424
Hajabbasi MA, Schumacher TE (1994) Phosphorus effects on root growth and
development in two maize genotypes. Plant Soil 158:39–46
Hajiboland R, Aliasgharzad N, Barzeghar R (2009) Phosphorus mobilization and
uptake in mycorrhizal rice (Oryza sativa L.) plants under flooded and nonflooded conditions. Acta Agric Slov 93:153–161
Hammond JP, Broadley MR, White PJ, King GJ, Bowen HC, Hayden R, Meacham
MC, Mead A, Overs T, Spracklen WP, Greenwood DJ (2009) Shoot yield drives
phosphorus use efficiency in Brassica oleracea and correlates with root
architecture traits. J Exp Bot 60:1953–1968
Hasegawa T, Sakai H, Tokida T, Nakamura H, Zhu C, Usui Y, Yoshimoto M,
Fukuoka M, Wakatsuki H, Katayanagi N, Matsunami T, Kaneta Y, Sato T,
Takakai F, Sameshima R, Okada M, Mae T, Makino A (2013) Rice cultivar
responses to elevated CO2 at two free-air CO2 enrichment (FACE) sites in
Japan. Funct Plant Biol 40:148–159
Hayakawa T, Suzuki K, Miura H, Ohno T, Igaue I (2014) Myo-inositol
polyphosphate intermediates in the dephosphorylation of phytic acid by
acid phosphatase with phytase activity from rice bran. Agric Biol Chem
54:279–286
Hitz WD, Carlson TJ, Kerr PS, Sebastian SA (2002) Biochemical and molecular
characterization of a mutation that confers a decreased raffinosaccharide and
phytic acid phenotype on soybean seeds. Plant Physiol 128:650–660
Huma N, Anjum M, Sehar S, Issa Khan M, Hussain S (2008) Effect of soaking and
cooking on nutritional quality and safety of legumes. NFS 38:570–577
Hurrell R, Egli I (2010) Iron bioavailability and dietary reference values. Am J Clin
Nutr 91:1461S–1467S
Hurrell RF, Reddy MB, Juillerat MA, Cook JD (2003) Degradation of phytic acid in
cereal porridges improves iron absorption by human subjects. Am J Clin
Nutr 77:1213–1219

Perera et al. Rice (2018) 11:4

IFPRI (2016) Global nutrition report 2016: From promise to impact: Ending
malnutrition by 2030. International Food Policy Research Institute (IFPRI),
Washington, DC
Insalud N, Bell RW, Colmer TD, Rerkasem B (2006) Morphological and
physiological responses of rice (Oryza sativa) to limited phosphorus supply in
aerated and stagnant solution culture. Ann Bot 98:995–1004
IPCC (2013) Climate change 2013. The physical science basis: contribution of
working group 1 to the fifth assessment report of the intergovernmental
panel on climate change. Cambridge University Press, Cambridge, United
Kingdom and New York
Iwai T, Takahashi M, Oda K, Terada Y, Yoshida KT (2012) Dynamic changes in the
distribution of minerals in relation to phytic acid accumulation during rice
seed development. Plant Physiol 160:2007–2014
Jia H, Ren H, Gu M, Zhao J, Sun S, Zhang X, Chen J, Wu P, Xu G (2011) The
phosphate transporter gene OsPht1;8 is involved in phosphate homeostasis
in rice. Plant Physiol 156:1164–1175
Julia C, Wissuwa M, Kretzschmar T, Jeong K, Rose T (2016) Phosphorus uptake,
partitioning and redistribution during grain filling in rice. Ann Bot 118:1151–1162
Juliano BO (1972) The rice caryopsis and its composition. In: Houston DF (ed)
Rice Chemistry and Technology. American Association of Cereal Chemists, St.
Paul, Minnesota, p 16–74
Juliano BO (1993) RICE in human nutrition. Food and Agriculture Organization of
the United Nations, Rome
Kaya M, Kucukyumuk Z, Erdal I (2009) Phytase activity, phytic acid, zinc,
phosphorus and protein contents in different chickpea genotypes in relation
to nitrogen and zinc fertilization. AJB 8:4508–4513
Kies AK, De Jonge LH, Kemme PA, Jongbloed AW (2006) Interaction between
protein, phytate, and microbial Phytase. In vitro studies. J Agric Food Chem
54:1753–1758
Kim SI, Andaya CB, Goyal SS, Tai TH (2008a) The rice OsLpa1 gene encodes a novel
protein involved in phytic acid metabolism. Theor Appl Genet 117:769–779
Kim SI, Andaya CB, Newman JW, Goyal SS, Tai TH (2008b) Isolation and
characterization of a low phytic acid rice mutant reveals a mutation in the
rice orthologue of maize MIK. Theor Appl Genet 117:1291–1301
Kumar M, Swarup A, Patra AK, Chandrakala JU, Manjaiah KM (2012) Effect of
elevated CO2 and temperature on phosphorus efficiency of wheat grown in
an Inceptisol of subtropical India. Plant Soil Environ 58:230–235
Kumari S, Krishnan V, Jolly M, Sachdev A (2014) In vivo bioavailability of essential
minerals and phytase activity during soaking and germination in soybean
(Glycine max L.) AJCS 8:1168–1174
Kuwano M, Mimura T, Takaiwa F, Yoshida KT (2009) Generation of stable ‘low
phytic acid’ transgenic rice through antisense repression of the 1D-myoinositol 3-phosphate synthase gene (RINO1) using the 18-kDa oleosin
promoter. Plant Biotechnol J 7:96–105
Kuwano M, Ohyama A, Tanaka Y, Mimura T, Takaiwa F, Yoshida KT (2006) Molecular
breeding for transgenic rice with low-phytic-acid phenotype through
manipulating myo-inositol 3-phosphate synthase gene. Mol Breed 18:263–272
Kwun IS, Kwon CS (2000) Dietary molar ratios of phytate:zinc and millimolar
ratios of phytatexcalcium:zinc in south Koreans. Biol Trace Elem Res 75:29–41
Lamberts L, De Bie E, Vandeputte GE, Veraverbeke WS, Derycke V, De Man W,
Delcour JA (2007) Effect of milling on colour and nutritional properties of
rice. Food Chem 100:1496–1503
Larson SR, Rutger JN, Young KA, Raboy V (2000) Isolation and genetic mapping of a
non-lethal rice (Oryza sativa L.) low phytic acid 1 mutation. Crop Sci 40:1397–1405
Lestienne I, Icard-Verniere C, Mouquet C, Picq C, Trèche S (2005) Effects of
soaking whole cereal and legume seeds on iron, zinc and phytate contents.
Food Chem 89:421–425
Liang J, Li Z, Tsuji K, Nakano K, Nout MJR, Hamer RJ (2008) Milling characteristics
and distribution of phytic acid and zinc in long-, medium- and short-grain
rice. J Cereal Sci 48:83–91
Liu F, Chang XJ, Ye Y, Xie WB, Wu P, Lian XM (2011) Comprehensive sequence
and whole-life-cycle expression profile analysis of the phosphate transporter
gene family in rice. Mol Plant 4:1105–1122
Liu JC, Irene O, Michael T, John NAL (2004) Phytic acid-phosphorus and other
nutritionally important mineral nutrient elements in grains of wild-type and
low phytic acid (lpa1–1) rice. Seed Sci Res 14:109–116
Liu QL, Xu XH, Ren XL, Fu HW, Wu DX, Shu QY (2007) Generation and
characterization of low phytic acid germplasm in rice (Oryza sativa L.) Theor
Appl Genet 114:803–814
Liu Z (2005) Grain phytic acid content in japonica rice as affected by cultivar and
environment and its relation to protein content. Food Chem 89:49–52

Page 12 of 13

Lolas GM, Palamidis N, Markakis P (1976) The phytic acid- total phosphorus
relationship in barley, oats, soybeans and wheat. Cereal Chem 53:867–871
Lu L, Tian S, Liao H, Zhang J, Yang X, Labavitch JM, Chen W (2013) Analysis of
metal element distributions in rice (Oryza sativa L.) seeds and relocation
during germination based on X-ray fluorescence imaging of Zn, Fe, K, ca,
and Mn. PLoS One 8:e57360
Ma G, Li Y, Jin Y, Zhai F, Kok FJ, Yang X (2007) Phytate intake and molar ratios of
phytate to zinc, iron and calcium in the diets of people in China. Eur J Clin
Nutr 61:368–374
Mahesh S, Pavithra GJ, Parvathi MS, Rajashekara R, Shankar AG (2015) Effect of
processing on phytic acid content and nutrient availability in food grains. Int
J Agr Sci 5:771–777
Marounek M, Skrivan M, Rosero O, Rop O (2010) Intestinal and total tract phytate
digestibility and phytase activity in the digestive tract of hens fed a wheatmaize-soyabean diet. J Anim Feed Sci 19:433–442
McCall KA, Huang C, Fierke CA (2000) Function and mechanism of zinc
metalloenzymes. J Nutr 130:1437–1446
Mitchikpe ECS, Dossa RAM, Ategbo EAD, Vanraaij JMA, Hulshof PJM, Kok FJ (2008)
The supply of bioavailable iron and zinc may be affected by phytate in
Beninese children. J Food Comp Anal 21:17–25
Mitsuhashi N, Kondo M, Nakaune S, Ohnishi M, Hayashi M, Hara-Nishimura I,
Richardson A, Fukaki H, Nishimura M, Mimura T (2008) Localization of myoinositol-1-phosphate synthase to the endosperm in developing seeds of
Arabidopsis. J Exp Bot 59:3069–3076
Mroz Z, Jongbloed AW, Kemme PA (1994) Apparent digestibility and retention of
nutrients bound to phytate complexes as influenced by microbial phytase
and feeding regimen in pigs. J Anim Sci 72:126–132
Murgia I, Arosio P, Tarantino D, Soave C (2012) Biofortification for combating
'hidden hunger' for iron. Trends Plant Sci 17:47–55
Myers SS, Zanobetti A, Kloog I, Huybers P, Leakey AD, Bloom AJ, Carlisle E,
Dietterich LH, Fitzgerald G, Hasegawa T, Holbrook NM, Nelson RL, Ottman
MJ, Raboy V, Sakai H, Sartor KA, Schwartz J, Seneweera S, Tausz M, Usui Y
(2014) Increasing CO2 threatens human nutrition. Nature 510:139–142
Nagy R, Grob H, Weder B, Green P, Klein M, Frelet-Barrand A, Schjoerring JK,
Brearley C, Martinoia E (2009) The Arabidopsis ATP-binding cassette protein
AtMRP5/AtABCC5 is a high affinity inositol hexakisphosphate transporter involved
in guard cell signaling and phytate storage. J Biol Chem 284:33614–33622
Nakandalage N, Nicolas M, Norton RM, Hirotsu N, Milham PJ, Seneweera S (2016)
Improving rice zinc biofortification success rates through genetic and crop
management approaches in a changing environment. Front Plant Sci 7:764
Nie M, Lu M, Bell J, Raut S, Pendall E (2013) Altered root traits due to elevated
CO2: a meta-analysis. Glob Ecol Biogeogr 22:1095–1105
Niknamian S, Niknamian S (2016) High untreated phytic-acid in the diet, may
lead to mineral deficiencies, specifically, during pregnancy. JMEST 3:5765–
5770
Norby RJ, O’neill EG, Hood WG, Luxmoore RJ (1987) Carbon allocation, root
exudation and mycorrhizal colonization of Pinus echirzata seedlings grown
under CO2 enrichment. Tree Physiol 3:203–210
O’Dell BL, de Boland AR, Koirtyohann SR (1972) Distribution of phytate and
nutritionally important elements among the morphological components of
cereal grains. J Agric Food Chem 20:718-723
Ockenden I, Dorsch JA, Reid MM, Lin L, Grant LK, Raboy V, Lott JNA (2004)
Characterization of the storage of phosphorus, inositol phosphate and
cations in grain tissues of four barley (Hordeum vulgare L.) low phytic acid
genotypes. Plant Sci 167:1131–1142
Oliveira EMM, Ruiz HA, Alvarez VVH, Ferreira PA, Costa FO, Almeida ICC (2010)
Nutrient supply by mass flow and diffusion to maize plants in response to
soil aggregate size and water potential. R Bras Ci Solo 34:317–327
Paszkowski U, Kroken S, Roux C, Briggs SP (2002) Rice phosphate transporters
include an evolutionarily divergent gene specifically activated in arbuscular
mycorrhizal symbiosis. PNAS 99:13324–13329
Pilu R, Panzeri D, Gavazzi G, Rasmussen SK, Consonni G, Nielsen E (2003)
Phenotypic, genetic and molecular characterization of a maize low phytic
acid mutant (lpa241). Theor Appl Genet 107:980–987
Pontoppidan K, Pettersson D, Sandberg AS (2007) Peniophora lycii phytase is stabile
and degrades phytate and solubilises minerals in vitro during simulation of
gastrointestinal digestion in the pig. J Sci Food Agr 87:2700–2708
Qu LQ, Takaiwa F (2004) Evaluation of tissue specificity and expression strength
of rice seed component gene promoters in transgenic rice. Plant Biotechnol
J 2:113–125
Raboy V (2000) Low-phytic-acid grains. Food Nutr Bull 21:423–427

Perera et al. Rice (2018) 11:4

Raboy V (2003) myo-Inositol-1,2,3,4,5,6-hexakisphosphate. Phytochemistry 64:
1033–1043
Raboy V, Gerbasi PF, Young KA, Stoneberg SD, Pickett SG, Bauman AT, Murthy
PPN, Sheridan WF, Ertl DS (2000) Origin and seed phenotype of maize low
phytic acid 1-1 and low phytic acid 2-1. Plant Physiol 124:355–368
Ren XL, Liu QL, Wu DX, Shu QY (2006) Variations in concentration and
distribution of health-related elements affected by environmental and
genotypic differences in rice grains. Rice Sci 13:170–178
Rogers HH, Peterson CM, McCrimmon JN, Cure JD (1992) Response of plant roots
to elevated atmospheric carbondioxide. Plant Cell Environ 15:749–752
Rose T, Kretzschmar T, Liu L, Lancaster G, Wissuwa M (2016) Phosphorus
deficiency alters nutrient accumulation patterns and grain nutritional quality
in rice. Agronomy 6:52
Rose TJ, Pariasca-Tanaka J, Rose MT, Fukuta Y, Wissuwa M (2010) Genotypic
variation in grain phosphorus concentration, and opportunities to improve
P-use efficiency in rice. Field Crops Res 119:154–160
Saiardi A, Sciambi C, McCaffery JM, Wendland B, Snyder SH (2002) Inositol
pyrophosphates regulate endocytic trafficking. PNAS 99:14206–14211
Sakai H, Iwai T, Matsubara C, Usui Y, Okamura M, Yatou O, Terada Y, Aoki N,
Nishida S, Yoshida KT (2015) A decrease in phytic acid content
substantially affects the distribution of mineral elements within rice
seeds. Plant Sci 238:170–177
Sakai H, Lee SS, Tanaka T, Numa H, Kim J, Kawahara Y, Wakimoto H, Yang CC,
Iwamoto M, Abe T, Yamada Y, Muto A, Inokuchi H, Ikemura T, Matsumoto T,
Sasaki T, Itoh T (2013) Rice annotation project database (RAP-DB): an integrative
and interactive database for rice genomics. Plant Cell Physiol 54:e6
Sandberg AS, Brune M, Carlsson NG, Hallberg L, Skoglund E, Rossander Hulthen L
(1999) Inositol phosphates with different numbers of phosphate groups
influence iron absorption in humans. Am J Clin Nutr 70:240–246
Santner J, Smolders E, Wenzel WW, Degryse F (2012) First observation of
diffusion-limited plant root phosphorus uptake from nutrient solution. Plant
Cell Environ 35:1558–1566
Sato Y, Takehisa H, Kamatsuki K, Minami H, Namiki N, Ikawa H, Ohyanagi H, Sugimoto
K, Antonio BA, Nagamura Y (2013) RiceXPro version 3.0: expanding the informatics
resource for rice transcriptome. Nucleic Acids Res 41:D1206–D1213
Seneweera S (2011) Effects of elevated CO2 on plant growth and nutrient
partitioning of rice (Oryza sativa L.) at rapid tillering and physiological
maturity. J Plant Interact 6:35–42
Seneweera S, Blakeney A, Milham P, Basra AS, Barlow EWR, Conroy J (1996)
Influence of rising atmospheric CO2 and phosphorus nutrition on the grain
yield and quality of rice (Oryza sativa cv. Jarrah). Cereal Chem 73:239–243
Seneweera S, Milham P, Conroy J (1994) Influence of elevated CO2 and
phosphorus nutrition on the growth and yield of a short-duration rice (Oryza
sativa L. Cv. Jarrah). Aust J Plant Physiol 21:281–292
Seneweera S, Norton RM (2011) Plant responses to increased carbon dioxide. In:
Yadav SS, Redden RJ, Hatfield JL, Lotze-Campen H, Hall AE (eds) Crop
adaptation to climate change. Wiley-Blackwell, Oxford, UK, pp 198–217
Seneweera SP, Conroy JP (1997) Growth, grain yield and quality of rice (Oryza
sativa L.) in response to elevated CO2 and phosphorus nutrition. Soil Sci
Plant Nutr 43:1131–1136
Shi J, Wang H, Hazebroek J, Ertl DS, Harp T (2005) The maize low-phytic acid 3
encodes a myo-inositol kinase that plays a role in phytic acid biosynthesis in
developing seeds. Plant J 42:708–719
Shi J, Wang H, Schellin K, Li B, Faller M, Stoop JM, Meeley RB, Ertl DS, Ranch JP,
Glassman K (2007) Embryo-specific silencing of a transporter reduces phytic
acid content of maize and soybean seeds. Nat Biotechnol 25:930–937
Somaweera KATN, Suriyagoda LDB, Sirisena DN, De Costa WAJM (2015)
Accumulation and partitioning of biomass, nitrogen, phosphorus and
potassium among different tissues during the life cycle of rice grown under
different water management regimes. Plant Soil 401:169–183
Srilatha M, Sharma SHK (2015) Influence of long term use of fertilizers and
manures on available nutrient status and inorganic “phosphorous” fractions
in soil under continuous rice – rice cropping system. IJAR 3:960–964
Stangoulis JCR, Huynh B-L, Welch RM, Choi E-Y, Graham RD (2006) Quantitative
trait loci for phytate in rice grain and their relationship with grain
micronutrient content. Euphytica 154:289–294
Su D, Sultan F, Zhao NC, Lei BT, Wang FB, Pan G, Cheng FM (2014) Positional
variation in grain mineral nutrients within a rice panicle and its relation to
phytic acid concentration. J Zhejiang Univ Sci B 15:986–996
Sun S, Gu M, Cao Y, Huang X, Zhang X, Ai P, Zhao J, Fan X, Xu G (2012) A
constitutive expressed phosphate transporter, OsPht1;1, modulates

Page 13 of 13

phosphate uptake and translocation in phosphate-replete rice. Plant Physiol
159:1571–1581
Suzuki M, Tanaka K, Kuwano M, Yoshida KT (2007) Expression pattern of inositol
phosphate-related enzymes in rice (Oryza sativa L.): implications for the
phytic acid biosynthetic pathway. Gene 405:55–64
Tian Z, Li J, Jia X, Yang F, Wang Z (2016) Assimilation and translocation of dry
matter and phosphorus in rice genotypes affected by salt-alkaline stress.
Sustainability 8:568
Vejchasarn P, Lynch JP, Brown KM (2016) Genetic variability in phosphorus
responses of rice root phenotypes. Rice 9:29
Wang KM, Wu JG, Li G, Zhang DP, Yang ZW, Shi CH (2011) Distribution of phytic
acid and mineral elements in three indica rice (Oryza sativa L.) cultivars. J
Cereal Sci 54:116–121
Wang X, Wang Y, Pineros MA, Wang Z, Wang W, Li C, Wu Z, Kochian LV, Wu P
(2014) Phosphate transporters OsPHT1;9 and OsPHT1;10 are involved in
phosphate uptake in rice. Plant Cell Environ 37:1159–1170
Wechsung G, Wechsung F, Wall GW, Adamsen FJ, Kimball BA, Pinter PJ Jr,
Lamorte RL, Garcia RL, Kartschall TH (1999) The effects of free-air CO2
enrichment and soil water availability on spatial and seasonal patterns of
wheat root growth. Glob Chang Biol 5:519–529
WHO (1996) Trace elements in human nutrition and health. World Health
Organization, Geneva, Switzerland
WHO (2002) The world health report 2002 - reducing risks, promoting healthy
life. World Health Organization (WHO), Geneva, Switzerland
WHO (2015) The global prevalence of anaemia in 2011. World Health
Organization (WHO), Geneva, Switzerland
Wuehler SE, Peerson JM, Brown KH (2007) Use of national food balance data to
estimate the adequacy of zinc in national food supplies: methodology and
regional estimates. Public Health Nutr 8:812–819
Yamaji N, Takemoto Y, Miyaji T, Mitani-Ueno N, Yoshida KT, Ma JF (2017)
Reducing phosphorus accumulation in rice grains with an impaired
transporter in the node. Nature 541:92–95
Yang SY, Gronlund M, Jakobsen I, Grotemeyer MS, Rentsch D, Miyao A, Hirochika
H, Kumar CS, Sundaresan V, Salamin N, Catausan S, Mattes N, Heuer S,
Paszkowski U (2012) Nonredundant regulation of rice arbuscular mycorrhizal
symbiosis by two members of the PHOSPHATE TRANSPORTER1 gene family.
Plant Cell 24:4236–4251
Ye Y, Yuan J, Chang X, Yang M, Zhang L, Lu K, Lian X (2015) The phosphate
transporter gene OsPht1;4 is involved in phosphate homeostasis in Rice.
PLoS One 10:e0126186
Yoshida KT, Wada T, Koyama H, Mizobuchi-Fukuoka R, Naito S (1999) Temporal
and spatial patterns of accumulation of the transcript of myo-Inositol-1phosphate synthase and phytin containing particles during seed
development in rice. Plant Physiol 119:65–72
Yuan FJ, Zhao HJ, Ren XL, Zhu SL, Fu XJ, Shu QY (2007) Generation and
characterization of two novel low phytate mutations in soybean (Glycine max
L. Merr.) Theor Appl Genet 115:945–957
Zhao HJ, Liu QL, Fu HW, Xu XH, Wu DX, Shu QY (2008) Effect of non-lethal low
phytic acid mutations on grain yield and seed viability in rice. Field Crops
Res 108:206–211

